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Abstract 
Ferromagnetic nanostructures and thin film heterostructures have long been interesting 

systems due to their interesting spin configuration, spin dynamics and damping as well 

as their potential applications in high density magnetic storage, memory, logic, transistor 

and communication devices. Therefore, realization and control over high-frequency spin 

dynamics, commonly known as magnetization dynamics, in magnetic nanostructures and 

thin films may lead to paradigm-shifting, next generation devices including high density 

spintronics and neuromorphic systems.  The aim of this thesis is to explore and control 

spin-waves in ferromagnetic thin film heterostructures and nanoscale structures of 

different shapes, geometry and dimensions. We have employed Brillouin light scattering 

(BLS) spectroscopy and time-resolved magneto-optical Kerr effect (TRMOKE) techniques 

for studying the frequency-resolved and time-resolved magnetization dynamics, 

respectively.  

In this thesis, we have investigated experimentally and numerically the magnetization 

dynamics in Ni80Fe20 (permalloy) connected nanodot arrays of varying filling fractions to 

understand the role of rectangular-connector nanochannels to control the spin-wave 

modes of magnetic nanodots. This study paves the way for the designing of the spin-wave 

based demultiplexer. Subsequently, we have investigated the effect of field reversal study 

of spin-wave modes in a two-dimensional (2D) square artificial spin ice (ASI) system 

made of permalloy. We have explored the role of magnetic microstates of the 2D ASI on 

its spin-wave modes. Two anticrossing between the spin-wave branches were observed 

with the anticrossing gap of around 1 GHz due to coupling between magnonic and 

phononic degrees of freedom. The latter was excited by the femtosecond laser as a result 

of the variation of thermal expansion of permalloy and silicon.  

We have studied the precessional magnetization dynamics in a three-dimensional (3D) 

cobalt tetrapod structure fabricated by two-photon lithography and electrodeposition 

using TRMOKE microscope. Three distinct spin-wave modes were observed with 

frequencies spanning up to 30 GHz. The 3D spin-wave mode profiles were calculated 

using micromagnetic simulations, which revealed the presence of uniform and standing 

spin-wave modes in the nanowires forming the tetrapod structure. However, due to the 

isolated nature of the 3D structure, it was unable to provide coherent spin waves 

extending through a 3D network. To explore that we have further studied the coherent 
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spin waves in a permalloy connected nanowire network arranged in a 3D diamond bond 

lattice geometry forming a 3D-ASI structure. We have measured the spin-wave modes in 

this 3D-ASI system using BLS spectroscopy as a function of the bias magnetic field.  Two 

clear spin-wave modes with nearly monotonic bias-field dispersion over a broad 

magnetic field range were observed. The spin-wave mode profiles along the different 

planes of the 3D structure were calculated to obtain insights into the spatial nature of the 

modes in this complex connected structure.   

Finally, we have studied the modulation of Gilbert damping in thin film heterostructures 

made of Ta(t)/CoFeB(3 nm)/SiO2(2 nm) with varying Ta thickness by sending charge 

current through the Ta layer. The pure spin current generated by the spin Hall effect in 

the Ta layer was injected in the adjacent CoFeB layer exerting a damping-like spin-orbit 

torque (SOT). The damping-like SOT efficiency was found to be large and stable over the 

wider range of Ta thickness regime (3 - 20 nm) maintaining a stable β-Ta phase. 
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Figure 3. 19. Schematic of the BLS setup present in our laboratory at S.N. Bose National Centre for 
Basic Sciences. ................................................................................................................................................................. 81 

Figure 3. 20. Photograph of the BLS setup present in our laboratory at S.N. Bose National Centre 
for Basic Sciences........................................................................................................................................................... 82 

Figure 3. 21. Correlation between micromagnetics with ab-initio and macrospin model. ............ 83 

Figure 3. 22. Generation of spherical shape in – (a) finite difference method (cuboidal cell) and 
(b) finite element method (tetrahedral cell). ..................................................................................................... 84 

Figure 4. 1. Scanning electron micrographs are shown for (a) S1, (b) S2 and (c) S3. The scale bar 
is common to three samples, as shown in (b). A magnified view of the constituent nanodot with 
the four nanochannels is shown at the inset of each image. (d) A schematic of sample is shown 
where the dot size (S), and nanochannels length (l) and width (w) are marked. ............................... 95 

Figure 4. 2. (a) Schematic of experimental geometry is shown. Focusing of pump and probe beam 
and direction of applied magnetic field (H) are highlighted. Typical time resolved (b) reflectivity 
and (c) Kerr rotation data of sample S1 are shown at a bias magnetic field of 1.67 kOe. ............... 96 

Figure 4. 3. (a) Experimental time-resolved Kerr rotation showing precessional oscillation for all 
three samples at H = 1.67 kOe. The FFT power spectra of time-resolved (b) experimental and (c) 
simulated precessional oscillations are shown. Spin-wave modes are numbered in the ascending 
value of frequency. ........................................................................................................................................................ 97 

Figure 4. 4. Simulated spatial distributions of power of spin-wave modes are shown. The 
corresponding phase profiles are shown in the inset. ................................................................................... 98 

Figure 4. 5. (a) Magnetostatic field distribution of all the samples at H = 1.67 kOe. Linescans of the 
magnetostatic field distributions taken along (b) horizontal nanochannels: HNCs (R1) and (c) 
vertical nanochannels: VNCs (R2) as shown by dotted lines on S1 of (a). (d) Variation of 
magnetostatic field with filling fraction. The difference in Bin between HNC and VNC is shown in 
the inset. ............................................................................................................................................................................ 99 

Figure 4. 6. (a) Simulated power spectra of only nanodots and nanochannels of S1 are shown. 
Modes are marked by numbers in order of ascending frequency value. (b) Simulated spatial 
distribution of power of spin-wave modes is shown. The corresponding phase profile is presented 
at the top right corner of each power map. The colour maps of power and phase profiles are 
shown at the top right side of (b). Black dashed lines are a guide to the eye to show the positions 
of nanodots or nanochannels. ................................................................................................................................ 100 

Figure 4. 7. Simulations showing propagating nature of spin-wave modes (a) M3, (b) M5 and (c) 
M7. Spin-wave of desired frequency is excited at the centre (marked by I) of the array highlighted 
by dark blue coloured dashed line as shown in (c). Here ‘O’ corresponds to the output of the spin-
wave propagation through the nanochannels. The colour map of spin-wave power is shown at the 
right side. ........................................................................................................................................................................ 101 

Figure 5. 1. (a) Atomic force microscope and (b) scanning electron microscope images of the Py 
square ASI structure. The length-scale bars are shown at bottom right corner. Some characteristic 
structural parameters of the ASI structure are marked in (a). (c) Energy dispersive x-ray spectrum 
showing elemental composition of the sample. The peak positions of different elements are 
identified in the spectrum. ....................................................................................................................................... 109 

Figure 5. 2. (a) Magnetic hysteresis loop measured by static-MOKE showing the reversal 
mechanism of Py square ASI. (b) Remanent state MFM image is shown. Simulated (c) magnetic 
hysteresis loop, (d) remanent state MFM and (e) remanent state magnetization configuration is 
shown. Multidomain magnetic states are marked by dotted boxes in (d) and (e). The color bars 
and wheel are shown at top right corner. ......................................................................................................... 110 

Figure 5. 3. Experimental time-resolved Kerr rotation data is shown for four different bias 
magnetic field values. The FFT power spectra of the time-resolved  (b) experimental and (c) 
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simulated precessional oscillations are shown. The spin-wave modes are numbered in the 
descending value of frequency. The magnetic field values are mentioned inside each panel. The 
spin-wave modes only observed in simulation are marked by * in the simulated spectra. ......... 111 

Figure 5. 4. (a) Surface plot of spin-wave power spectra with field (H) is shown. The solid symbols 
superposed on the surface plot represent peak frequencies of spin-wave modes obtained from 
the FFT power spectra. The color bar is shown at right. The spin-wave mode anticrossing regions 
are marked by black solid circles. Four important H values are marked by vertical dashed lines 
on the surface plot whose spin-wave spectra are shown in (b). In panels 1 and 4, the anticrossings 
and corresponding gaps are shown (b).  In panels 2 and 3, M2 starts to show field dispersion.
 ............................................................................................................................................................................................. 112 

Figure 5. 5. Magnetic field dispersion of experimental and simulated spin-wave frequencies is 
shown. Solid symbols represent experimental data, which are reproduced from Fig. 5.4(a), while 
the dotted and dash-dotted lines represent simulated frequencies. ..................................................... 113 

Figure 5. 6. Equilibrium state magnetization configurations at six different magnetic fields (H) are 
shown. The magnetic field values are mentioned at the top of each image. Magnified views of 
magnetic microstates are shown in the bottom panels. The color wheel and the magnetic field 
geometry are shown at the bottom left. ............................................................................................................. 115 

Figure 5. 7. (a) Simulated spin-wave power profiles at different magnetic field values are shown.
 ............................................................................................................................................................................................. 116 

Figure 5. 7. (b) Simulated spin-wave phase profiles at different magnetic field values are shown.
 ............................................................................................................................................................................................. 116 

Figure 5. 8. (a) Simulated spin-wave power profiles at different magnetic field values are shown.
 ............................................................................................................................................................................................. 117 

Figure 5. 8. (b) Simulated spin-wave phase profiles at different magnetic field values are shown.
 ............................................................................................................................................................................................. 117 

Figure 5. 9. Correlation between magnetic microstates and spin-wave mode profile is shown. 
Magnetic microstates are shown on the left side and corresponding spin-wave power and phase 
profiles are presented at middle and right sides of each panel respectively. The colour bars and 
wheels are presented at bottom right. ................................................................................................................ 118 

Figure 5. 10. (a) Oscillations in time-resolved reflectivity data are shown for four different applied 
magnetic fields. (b) Surface plot of FFT power spectra of the time-resolved reflectivity is shown. 
Positions of different acoustic modes are marked by horizontal arrows, while the color bar is 
shown at the left side. Calculated acoustic frequencies are shown by dashed lines in (b). .......... 120 

Figure 6. 1. Scanning electron micrograph of (a) an array of tetrapod structures and (b) a single 
tetrapod structure. ...................................................................................................................................................... 129 

Figure 6. 2. (a) Schematic diagram of the cobalt tetrapod and the experimental geometry. Typical 
time-resolved (b) reflectivity and (c) Kerr rotation data are shown at H = 3.92 kOe. .................... 130 

Figure 6. 3. (a) Time-resolved Kerr rotation data for three different bias magnetic field values. (b) 
Power spectra for the entire time-resolved data. (c) Power spectra for the marked region in time-
resolved data. Corresponding values of bias magnetic fields are shown. ............................................ 131 

Figure 6. 4. Simulated (a) power spectra and (b) normalized static magnetization configuration 
(z-component) for ground state at three different bias magnetic fields are shown. ...................... 133 

Figure 6. 5. Simulated spin-wave mode profiles for H = 3.40, 3.92 and 4.50 kOe. ........................... 134 

Figure 6. 6. (a) Magnified view of mode profile and (b) sliced view of the tetrapod junction for 
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Figure 7. 1. (a) Scanning electron micrograph showing top view of full array of 3D-ASI with size 
50×50×10 µm3, the scale bar is 25 µm. A constituent tetrapod element is shown in the inset by 
capturing a zoomed view of 3D array where the scale bar is 1 µm (b) A magnified view of the 
interconnected nanowires in the lattice is shown. Four sub-lattice layers are highlighted. Scale 
bar in (b) is 2 µm. (c) Magnetic hysteresis loop of the 3D-ASI sample measured using static 
magneto-optical Kerr effect. Applied magnetic field (H) geometry is shown in (b). ....................... 140 

Figure 7. 2. (a) Schematic of BLS measurement geometry. The measurement was performed at θ 
= 0°. The applied field (H) direction is shown in the left inset and the scale bar is 2 µm. The 3D-
ASI network is presented by a schematic on the right side of the image. (b) BLS spectra for three 
different magnetic field values are shown. Open circles present the experimental data points. 
Here, cyan and red color solid lines present the fitting of individual peak and the grey color solid 
line presents the resultant of the multi-peak fitting. .................................................................................... 141 

Figure 7. 3. (a) Spin-wave frequencies of mode 1 (M1) and mode 2 (M2) are plotted as a function 
of applied magnetic field. Here, symbols present the experimentally measured data points. The 
elastic peak fitted with a Gaussian function is shown at the inset. (b) Simulated spin-wave spectra 
for three intermediate field values are shown. The dotted lines in (a) present the simulated 
results. .............................................................................................................................................................................. 142 
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Figure 8. 1. (a) X-ray diffraction patterns measured at grazing angle of incidence from Ta films of 
thicknesses of 4, 6, 10 and 15 nm are shown. Peaks correspond to β phase of Ta are marked in the 
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Chapter 1 

1. Introduction 

Magnetism is one of the fascinating and oldest research fields. It found its utility over the 

evolution of humankind, starting from the old-age marine compass to current data 

storage devices. Magnet is a part of human evolutionary history. All the applications were 

made possible by fundamental research of magnetism, search for new materials and 

discovery of novel phenomena. The story of magnetite (Fe3O4) to attract iron was known 

even around 2500 years ago. The word ‘magnet’ originates from the Greek word 

“magnesia”. In ancient times, people found that a specific shape of floated magnetite 

aligned itself around the north-south direction of the earth. A needle-shaped iron rubbed 

on magnetite showed the same behaviour which gave rise to marine compass. The first-

ever scientific study on magnetism was done by William Gilbert around 1600 AD when 

he published his classic book “On the Magnet” [1]. He demonstrated the behaviour of the 

earth's magnetic field by experimenting with loadstone and iron. Later on, the correlation 

between electricity and magnetism was anticipated by the different discoveries at the 

beginning of the nineteenth century by Oersted [2], Ampere and Faraday. However, a 

theoretical correlation was missing until the development of the unified theory of 

electricity and magnetism by Maxwell in 1865 [3] based on the mathematical works of 

Laplace, Poisson, Green, Gauss and Faraday’s observations. The unified theory described 

light as propagation of electric and magnetic oscillation together. In the late 19th and early 

20th centuries, different approaches were taken to understand magnetism such as 

Langevin theory [4] and Weiss molecular field theory [5]. The famous discovery of 

relativistic mechanics by Einstein [6], described the magnetic field to originate from 

current carrying wire as observed by Oersted but was not able to explain the origin of 

magnetization in loadstone. Until the progress of quantum mechanics at the beginning of 

the 20th century, the origin of magnetism in material (loadstone) was not understood. 

Some phenomenal work was done by Niels Bohr and Hendreka van Leeuwen 

independently (Bohr-van Leeuwen theory [7]), which states that from classical 

mechanics points of view, magnetization cannot exist at a finite temperature. The 

progress of quantum mechanics in the 1920s resulted in the description of diamagnetism 
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and paramagnetism in materials, and later, based on Heinsberg’s discovery of exchange 

interaction [8] and Pauli’s exclusion principle description of spontaneous magnetization 

in ferromagnet and ferrimagnet (loadstone) was possible. The first experimental 

observation of electron spin was made by Stern and Gerlach in 1922 [9]. Later on, it was 

theorized by Goudsmit and Uhlenbeck [10] to describe quantized angular momentum as 

observed by Stern and Gerlach. In 1928. Dirac gave his famous equation known as the 

‘Dirac equation’ [11] which is a combination of relativity and quantum mechanics, two 

landmarks of modern physics to describe the origin of spin − the primary source of 

electron magnetism. The first part of the 20th century was a revolution in theoretical 

physics. With the passing of the 20th century, the research field of magnetism made its 

own revolution. In 1956, the pioneering work on surface anisotropy by Neel [12] 

suggested that the broken symmetry at an interface result in a surface magnetic 

anisotropy. Later on, the evolution of nanotechnology and nanoscience [13] opened the 

path for the exploration of the universe of nanomagnets. The nanomagnets show novel 

functionalities [14,15] which are not possible in their bulk counterparts. An important 

milestone in thin film magnetism research was the discovery of giant magnetoresistance 

(GMR) in 1988 by Fert [16] and Grunberg [17]. This discovery revolutionized hard disk 

drive (HDD) where GMR is now used as read head. Current HDD has a data density of 

more than 1000 Gb/in2. Since the discovery of GMR, the research in spintronics, which 

deals with interactions between transported electron’s spin and magnetization 

configuration and its dynamics, have been boosted. This leads to the designing of the 

magnetic tunnel junction (MTJ) where two magnetic layers (reference and free layer) are 

separated by an insulating (metallic layer used in GMR). The tunnelling 

magnetoresistance (TMR) [18] property of MTJ makes it suitable for magnetic memory 

devices. The MTJs have been used in magnetic random-access memory (MRAM) which 

can be employed as primary memory in computers. With the development of spin-

transfer torque (STT) mechanism [19], STT based MRAM (STT-MRAM) [20,21] has 

emerged as non-volatile universal memory. Despite, its potential application, STT-MRAM 

faces issues of barrier breakdown and switching by small read current [22].  The spin-

orbit torque (SOT) is emerging as an alternative for STT. The SOT mainly arises from the 

interfacial Rashba effect [23,24] and bulk spin Hall effect (SHE) [25,26]. The low power 

and high-speed switching using SOT [27] are promising for SOT-MRAM. The generation 

of spin current via SHE is a promising way to induce SOT in the magnetic layer. The SHE 
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was first observed in 2004 in semiconductor material [28] since its prediction in 1971 

[25]. The SHE is majorly explored in heavy metal (HM)/ferromagnet (FM) structures. 

Besides the HMs, topological insulators [29] and noncollinear antiferromagnet [30] are 

promising for generating large SHE to induce SOT in FMs. Besides SHE, HM/FM 

heterostructures can possess different novel phenomena such as interfacial Dzyloshinskii 

Moriya interaction (iDMI) [31], perpendicular magnetic anisotropy (PMA) [32], spin 

pumping [33], inverse SHE (iSHE) [34] and interfacial Rashba effect [23]. These novel 

functionalities of HM/FM have made them an integral part of modern spintronics 

research. The study of spintronics gave rise to a number of sub-fields such as spin 

orbitronics [35], spin caloritronics [36], magnon spintronics [37], ultrafast spin 

photonics [38] and spin mechatronics [39]. The progress of spintronics is promising for 

the designing of next generation storage and information devices [38,40]. 

As spintronics deals with the transportation of spin, magnonics deals with the wave 

motion of spins in a magnetic system. The field of magnonics began with the desire to 

control and explore spin waves in periodically patterned magnetic structures with a goal 

to use spin waves as information encoders and processors instead of diffusive spin 

current. The periodically patterned structures are commonly known as magnonic 

crystals [41], a magnetic analogue of photonic crystal [42]. The concept of spin-wave was 

first proposed by F. Bloch in 1930 [43]. Spin waves can be described as propagation of 

ripple or perturbed energy in from of phase in a coupled magnetic system, like ‘Mexican 

wave’.  Spin waves like other waves of different origins (such photon, phonon) show wave 

characteristics, namely, reflection and refraction [44,45], propagation [46,47], 

interference [48], tunnelling [49] Doppler effect [50] and diffraction [51]. These wave 

properties of spin-wave promoted the study of the magnonic crystals which can be 

designed by periodic modulation of magnetic parameters (magnetization, anisotropy, 

exchange constant) or external parameters (magnetic field, stress, electric field, electrical 

current) in a magnetic thin film. Besides the fundamental interests, the magnonic crystals 

are a potential candidate to fulfil the ever-increasing demand for energy-efficient 

information carriers for data storage and processing [37,52].  Therefore, a large number 

of experimental and numerical studies on the static and dynamic responses of the 

magnonic crystals have been carried out in one-dimension (1D: magnonic waveguides 

[53], stripes [54], nanowires [55]), two-dimension (2D: dot [56], antidot [57], bi-

component magnonic crystal [58]) and three-dimension (3D: arrays of sphere [59]). The 
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study of spin-wave dynamics in different dimensional magnonic crystals led to the 

observation of several interesting phenomena such as channelling of spin-wave [60], 

opening of magnonic bandgap [61], mode crossover [62], dynamic configuration 

anisotropy [63], mode splitting [64], magnon-magnon coupling [65], symmetric and 

asymmetric mode [66] to name a few. Further, the variation of constituent elements’ 

width [67-69], aspect ratio [70,71], shape [72,73], lattice constant [56,74], lattice 

symmetry [75,76], base material [77,78] as well as the variation of external bias magnetic 

field strength and orientation [79-81] were explored to understand the spin-wave 

behaviours and also to achieve more control over the spin-wave dynamics. This leads to 

the designing of a number of miniaturized components and devices such as spin wave-

based multiplexer [82], interferometer [83], grating [84], magnonic waveguides [85,86], 

phase shifters [87], directional couplers [88], nanomagnetic antenna [89] and many 

more. Further, the coupling between magnon with other quasiparticles such as phonon 

[90], optical and microwave photon [91,92], spin ensemble [92,93], fluxon [94] etc. are 

promising for ‘hybrid magnonics’ where more than one parameter can be useful for 

tuning spin-wave dynamics. These developments are promising to build a foundation for 

future all-magnon circuits [95], spin-wave based computing [96], neuromorphic [97] and 

quantum computing [98].  

The recent emergence of artificial spin ice (ASI) as a reconfigurable magnetic structure 

with monopole defect states and the 3D magnetic structure with more dimensional 

flexibility (compared to 1D and 2D) have the potential to introduce new functionalities in 

the magnonic crystals for further progress towards future energy-efficient storage and 

information devices. 

A brief overview of few aspects of magnonics and spintronics are presented in succeeding 

paragraphs which have inspired the present thesis work. 

1.1 Interfacial Properties of Heavy-metal/Ferromagnet 

Layer Structure 
As mentioned earlier, HM/FM thin film interfaces play a crucial role in spintronics 

devices. PMA can originate from the magnetic anisotropy at the interface between 

HM/FM such as Co/Pd(Pt) [32,99] multilayer system and heterostructure of HM (Ta 

[100], Ru [100], W [101], Mo [102], Hf [103] )/CoFeB/MgO. Experimental studies showed 

that HM/FM interface is crucial for PMA. Although, in the case of HM/FM/Oxide structure 
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besides the HMs (Ta, Ru, W, Mo, Hf), the oxide layer (MgO) adjacent to the FM layer also 

plays an important role to induce PMA. The HM/FM structures have also been used as 

free layer [20], reference layer [104] and as both layers [100] in perpendicularly 

magnetized MTJs where high TMR ratios have been reported. These PMA structures were 

also used in synthetic antiferromagnets [105]. The antiferromagnetic state is induced via 

interlayer exchange coupling between two PMA bilayer systems (Co/Pt) separated by a 

spacer layer (Ru). The broken inversion symmetry at HM/FM interface can induce iDMI. 

The DMI was discovered by Dzyloshiskii [106] and Moriya [107] to describe weak 

ferromagnetism in an antiferromagnet. The iDMI favours canted spin texture which can 

stabilize topologically protected skyrmion [108] spin texture in HM/FM system. The 

study of iDMI is interesting for the exploration of asymmetric spin-wave propagation and 

stabilization of chiral spin textures. A large number of studies on iDMI have been reported 

for different HM/FM systems [109-116] to estimate the value of the iDMI constant which 

is a crucial parameter for stabilization of skyrmion texture. In most of the studies, Pt/FM 

systems were used. To avoid interfacial anisotropy induced by Pt, others HMs (W [117], 

Ta [113], Hf [118], TaN [119]) have been studied. Reduction in iDMI due to symmetric 

interfaces have been reported in [120]. The asymmetric HM/FM/HM structure with two 

different HMs of different DMI chirality (Pt and Ir) [121] enhances the iDMI strength. 

Recently, room temperature skyrmions [122,123] in HM/FM heterostructure have been 

observed. The combination of SOT with skyrmion [124] can lead to skyrmion based 

racetrack memory for application in MRAM. Although the implementation is facings 

difficult due to the skyrmion Hall effect which can be overcome using skyrmionium [125] 

and synthetic antiferromagnet [126]. Spin pumping is another phenomenon that occurs 

at the interfaces of HM/FM. The excitation of ferromagnetic resonance (FMR) in FM leads 

to the generation of macroscopic spin current in the adjacent HM which diffuses away 

from the interface [127,128]. It occurs due to time and spin-dependent scattering of 

magnetization precession at the interface. The spin pumping in HM/FM heterostructures 

[129,130] has been studied to determine the spin mixing conductance (related to 

interface quality) and diffusion length (related to spin-orbit coupling (SOC) strength in 

HM). In general HMs with high SOC possess a diffusion length of few nanometres 

[131,132]. This spin current (due to spin pumping from FM to HM) generates an electric 

current in HM which is known as iSHE. For this behaviour spin pumping phenomenon is 

also called a spin battery [133]. Spin pumping and SHE generate pure spin current over 
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the large interfacial area which is injected to HM from FM and FM to HM respectively. The 

charge current through an HM with high SOC generates spin current via SHE which can 

be transferred to adjacent FM layers to control its magnetization state and dynamics. The 

spin current exerts a torque on the FM layer magnetization, also known as SOT which is 

a combination of damping-like torque (DLT) and field-like torque (FLT). The SOT 

efficiency depends on spin-mixing conductance and spin Hall angle (θSH)). The θSH 

represents the charge to spin conversion efficiency. Several studies have been carried out 

to determine θSH in different HMs [26,134-140]. Enhancement in θSH with increasing 

resistivity [139] and HM phase transition [140] have been reported. There are several 

experimental techniques to determine θSH spin current, such as, non-local spin valve 

technique [141], second harmonic generation [142], spin-torque FMR (ST-FMR) [136], 

iSHE measurement [34], static magneto-optical Kerr effect (static-MOKE) [143], etc. 

However, θSH reported from various techniques are found to vary over a wide range (e.g., 

between 0.0037 and 0.08 in Pt [52]). The determination of θSH using an all-optical 

detection technique based on a time-resolved MOKE (TRMOKE) magnetometer can be a 

reliable technique for measuring θSH. The all-optical TRMOKE method does not suffer 

from the effect of defects and inhomogeneities due to the large area averaging and it does 

not require any delicate micro-fabrication techniques for sample preparation. It can 

eliminate possible experimental artefacts involved in the electrical detection techniques 

[138,140]. Moreover, magnetization damping can be extracted directly from the decaying 

profile of time-resolved precessional oscillation, which is more advantageous than other 

available techniques. 

1.2 Ferromagnetic Nanostructures: Antidot and Connected 

Nanodot Lattice 
Periodically arranged grooves or holes are known as antidot lattice as known from 

photonics [144] and nanoelectronics [145]. The magnetic antidots are an integral part of 

magnonic crystals, with potential application in non-volatile memory [146], a mesh of 

connected waveguides [79], logic devices and others. In the case of antidots, the magnetic 

materials are physically connected all over the lattice, which means antidot lattices are 

exchange-dipole coupled magnetic systems. Therefore, the spin-wave frequency, group 

velocity and propagation lengths are much higher in comparison to isolated periodic 

nanostructure, i.e., dot lattice. Also, the superparamagnetic effect which is unavoidable in 
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isolated nanostructures [147], can be avoided during lowering of the magnetic element 

size. There have been several experimental [57,148-151] and numerical studies [79,152-

154] on antidot lattices to understand spin-wave behaviour and the role of the 

magnetostatic interaction, dynamic dipolar interaction and demagnetizing field. The 

antidots can tune spin-wave dynamics properties such as the introduction of antidots on 

ferromagnetic stripe [85,155] can transmit a single-mode spin-wave by lowering the 

energy leakage. The antidots can also modify the static properties such as the tunability 

of the easy and hard axis which can be achieved by changing antidot lattice symmetries 

[156]. Pechan et al. [157] reported the first-ever experimental study of spin-wave modes 

in a permalloy antidot lattice using FMR and time-resolved Kerr microscopy. They 

observed localized spin-wave modes and magnetization precessional data was drastically 

modified at the vicinity of antidot edges.  Subsequently, Neusser et al. [158] reported an 

extensive study on square antidot lattice. They observed extended and localized spin-

wave modes and depending on the external magnetic field orientation, opening-closing 

of channels for spin-wave transmission. The same group also reported [80] an 

anisotropic damping behaviour originating from edge roughness of antidots, affecting 

spin-wave dynamics.  Later on, the effect of inhomogeneity of internal field in square 

antidots on spin-wave dynamics led to the observation of magnetic normal modes [150] 

and weakly field-dependent localized mode in a strongly inhomogeneous regime [159]. 

Also, the tunable metamaterial response for spin-wave in the same type of antidot lattice 

was reported in [160]. This was followed by a number of studies on antidot lattices of 

varying shape [72], lattice symmetry [76], base material [77,161], lattice constant [74] 

and externally applied field amplitude and orientation [162] to get an internal and 

external control over spin-wave modes and band structure. Further studies have 

explored different phenomena such as bang gap opening at the boundary of Brillouin 

zone [163], formation of the mini band due to coupling between edge modes [164], mode 

conversion, positive and negative group velocity of spin-wave [81], mode hopping 

[165,166], mode softening [167] etc. Besides the regular antidot lattices, different types 

of magnonic quasicrystals such as octagonal [168-170], binary [171,172] and defective 

[173-175] antidot lattices have shown further tunability of spin-wave modes. Recently, 

connected nanodot (CND) [176,177] have attracted much attention to understand the 

role of nanochannels on spin-wave dynamics. In the case of CNDs, dots are connected 
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through regular shaped nanochannels as opposed to irregularly shaped nanochannels 

that occur in antidot lattices. 

1.3 Artificial Spin Ice 
The study of spin-wave dynamics in ASI is an emerging field due to its highly 

reconfigurable magnetic microstates. ASIs are tailor-made ferromagnetic nanostructure 

on the desired geometry to manifest the magnetic defect state or frustration. In a physical 

system, when all competitive energy terms can be minimized simultaneously to achieve 

the ground state then frustrations may occur. Pioneering work on geometrical frustration 

was reported in 1935 by Pauling [178] to describe the zero-temperature entropy [179] 

in water ice. The ambiguity to choose the hydrogen bonds in water ice leads to the “two-

in-two-out” configuration in the lower energy state of water ice by positioning two 

hydrogen atoms close to an oxygen atom and two far away. In the early 1990s, 

researchers observed some unusual behaviour in some disordered magnetic materials 

(mostly antiferromagnetically coupled) [180,181] at lower temperatures. This 

observation boosted the study of frustration in magnetic systems. Later on, Harris et al. 

[182] observed water ice-like frustration in ferromagnetically interacting pyrochlore 

materials (such as Ho2Ti2O7) obeying the ice rule. They named this frustrating behaviour 

as “spin ice”. One of the salient features of spin ice is the existence of magnetic monopoles 

[183] also known as defect states. These monopoles are always created in pairs and 

linked via effective “Dirac String”. These defect states are different from Dirac envisioned 

string and monopoles, and as a result, they do not impose any charge quantization in 

Maxwell’s equation. The ASIs can mimic the observed monopole characteristics which 

could be studied in a more controlled manner to probe the topological defects locally and 

exploring possible applications in magnetic devices. Depending on the nano bar 

arrangement geometry, different types of ASI structure can be designed, namely, square 

[184], kagome [185], pinwheel [186,187], trident [188], tetris [189], brickwork [190], 

shakti [191], toroidal [192], square–kite tessellation [193], quadrupolar [194], 

pentagonal [195], dice [196] and Penrose tiling [197,198]. The first-ever experimental 

observation of spin ice behaviour in ASI (square geometry) was reported by Wang et al. 

[184] in 2006. In the same year, the spin ice behaviour in a kagome ASI was also 

demonstrated [185]. Subsequently, the direct imagining of the magnetic monopoles and 

effective Dirac string in ASI structures were observed [199,200]. The defects can affect 
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the quasistatic, equilibrium magnetization configuration and reversal process of ASI 

structure [201-203]. These observations provoked the study of high frequency response 

in such structures to explore the effect of monopole defects, i.e., microstates on global as 

well as local spin-wave modes for designing a magnonic device with new functionalities. 

The first ever high-frequency response of ASI was studied on square ASI geometry using 

a numerical method [204]. They explored the effects of monopole defects on spin-wave 

modes. The defects showed some distinguishing characteristics on the spin-wave spectra 

and mode profiles. This was followed by the experimental study of the field swept of spin-

wave dynamics of square ASI [205]. They observed field history-dependent asymmetric 

behaviour of spin-wave modes around zero field which was claimed to be occurring from 

the local configuration of neighbouring nanobars. Later on, an extensive experimental 

and simulation study on square ASI [206] was reported. The spin-wave dynamics 

strongly depends on the field history. A systemic study on interconnected kagome ASI 

[207,208] was also reported around the same time. Here, a new spin-wave mode 

appeared in the spectra with the presence of monopoles during field reversal, and the 

mode intensity increased with the increasing monopole numbers. The resonance 

frequency variation was observed at the junctions of nanobars due to topological defects 

which can affect the exchange dominated spin waves. During the same year, spin-wave 

dynamics was reported for different types of ASI and anti-ASI structures [209]. They 

observed that the resonant modes were originated from different parts of the ASI and 

anti-ASI. Symmetry breaking Y-shaped units of kagome lattice [210] were able to 

manipulate spin-wave mode activation and deactivation by changing bias field direction. 

The microstate configuration can suppress a bulk mode in kagome ASI as reported in 

[211] using micromagnetic simulation. Symmetric mode in square ASI was also reported 

[212]. Some studies were reported on spin-wave dispersion in ASI structures [213-215]. 

Due to the weak interaction between the nanobars of square ASI, the spin wave field 

dispersion showed a flatter band [213].  The opening of the channel at a 45° angle led to 

the dispersive spin-wave band in a square anti-ASI system [214]. Theoretical calculation 

predicated that the band structure tunability could be achieved via the topological states 

in a square ASI [215]. More recently, a comprehensive study of spin-wave mode 

characteristics and selective mode behaviour in connected and disconnected kagome ASI 

nanostructures have been demonstrated [216]. It was observed that the spin-wave 

modes were strongly influenced by the ASI geometry as well as by the microstates. Most 
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of the experimental studies on spin-wave dynamics in ASI systems focused on global 

measurement. The simulation studies suggest that the local area response of the spin-

wave spectra should differ from the global response. As a result, the current focus is 

shifting towards the local measurement of spin-wave dynamics in such a structure to 

demonstrate the correlation between the local magnetic microstates and the spin-wave 

spectra.  

1.4 Three Dimensional Magnetic Nanostructures 
Over the last few years, the research of 3D magnetic nanostructure has been gaining a 

huge momentum due to the revelation of a flurry of novel phenomena such as curvature 

induced anisotropy and DMI like spin texture [217,218], frustration in 3D ASI systems 

[219,220], 3D magnonic crystals [218,221], noncollinear spin textures such as twisted 

skyrmion [222], magnetic singularities, e.g. Bloch points [223,224], hopfions [225] and 

vortex domain walls [226] as well as its potential in future applications such as magnetic 

sensors [227], neuromorphic computing [97], ultra-dense data storage devices [228,229] 

and 2.5D spintronic devices [230]. The primary roadblocks to the study of 3D magnetic 

nanostructures have been the lack of standard tools for fabrication, characterization and 

numerical study. However, some of the 2D fabrication techniques such as physical vapour 

deposition (PVD), chemical vapour deposition (CVD) has been pushed for 3D magnetic 

structure fabrication. In a broad sense, the fabrication techniques can be categorized into 

three different subgroups, such as (a) combination of thin film deposition with some 3D 

structure fabrication or other mechanisms (strain engineering), (b) chemical synthesis 

and self-assembly methods and (c) 3D nano-printing or focused electron beam ion 

deposition (FEBID).  

PVD and CVD techniques are majorly used to fabricate most of the 2D nano-patterns and 

thin films. The CVD has been used to deposit ferromagnetic layers on deep etched 

trenches and membranes [231-233] which resemble 3D-like nanostructures. PVD can be 

used to fabricate 3D magnetic structures by depositing materials on a pre-designed 3D 

skeleton [234]. This frame can be fabricated by using two-photon lithography (TPL). TPL 

is a powerful tool for the fabrication of 3D structures. For TPL, a femtosecond pulsed laser 

beam is focused on a polymer, which only interacts with the focused area without 

disturbing the neighbouring region which enables its ability to write a pattern inside a 

photoresist, leading to the fabrication of the 3D structure.  
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The characterization of the Co layer on buckyball [234] polymer 3D structure designed 

by TPL was studied by using ptychographic x-ray tomography. Helical 3D magnetic 

micromachines [235] were fabricated using TPL and e-beam evaporation. These 

structures can be useful for localized drug delivery. May et al. have demonstrated a large 

area 3D frustrated magnetic diamond lattice of connected Py nanowires by using TPL and 

e-beam evaporation [236]. Furthermore, free-standing nanoscale cobalt tetrapod 

structures [237] have been fabricated by using a combination of TPL and 

electrodeposition techniques. The curved magnetic structures can be fabricated by 

deposition of magnetic materials [238,239] on self-assembled spherical nonmagnetic 

nanoparticles. The multi-layered curved surfaces such as nanotubes [240] can be 

fabricated by using rolled up technology by strain engineering and self-assembled 

methods. Also, the self-assembly of colloidal particles [241,242] has been explored to 

fabricate 3D nanostructures.  

FEBID is a direct writing nano-lithographic technique called as ‘3D nano printing’ 

technique with the ability to fabricate 3D structures with dimensions of tens of 

nanometres within few seconds to few minutes. Recent advancement of the FEBID 

technique makes it capable of growing polycrystalline magnetic metals and alloys [243] 

and promotes it as a powerful and flexible technique for free form 3D complex-magnetic 

structure fabrication. One of the major drawbacks of the FEBID technique is the 

contamination of deposited material with oxygen and carbon. A 90% purity cobalt 

stricture has been achieved using the FEBID technique [244,245].  The MOKE loops 

obtained from FEBID fabricated cobalt nanowire with diameter 100 ±25 nm and length 

4-12 µm [244] demonstrated high optical quality samples obtained from this technique. 

The purity of other magnetic materials [246-248] was tried to be improved by some 

additional processes such as thermal annealing. In the meantime, the combination of 

FEBID [249] with sputtered deposition [234] and thermal evaporation [250] has 

emerged as an alternative technique to fabricate 3D magnetic nanostructures by avoiding 

the bottleneck of material fabrication. 

Initially, chemical synthesis techniques were commonly used in 3D nanostructure 

fabrication. The materials were deposited through the pores of pre-designed nano-

templates such as anodic alumina templates, block-copolymer templates, track-etched 

polycarbonate (PCTE) and other self-assembly methods. 3D interconnected NiCo 

nanowire’s structure [251] was fabricated by using PCTE membranes and 
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electrodeposition technique. However, this technique lacks the flexibility to design 

arbitrary shaped complex 3D nanostructure fabrication.  

Simulation guided fabrication of 3D nanostructures [117] can also be used in desired 3D 

magnetic structure fabrication. However, large area fabrication of magnetostatically 

coupled and uncoupled 3D nanostructure with high material purity [252] requires new 

techniques and strategies of fabrication for a systematic understanding of magnetism in 

the third dimension. So far, the hybrid fabrication techniques which are combinations of 

3D nanopatterning such as FEBID [249], TPL [253-256] with thin film deposition such as 

sputtering [234], electrodeposition [237] and thermal evaporation [220,250] have 

emerged as powerful ways to fabricate 3D complex magnetic nanostructures.  

Some efforts have been made in the experimental and numerical studies of 3D magnetic 

nanostructure to explore its intriguing novel functionalities. Micromagnetic simulations 

revealed the Bloch-point vortex domain-wall [257] in a nanowire. Later, the Bloch-point 

in Py nanowire was experimentally observed and propagation of domain wall through 

such structure has been studied [223,224]. The current induced motion of topologically 

defective structure has been reported in [258]. Also, 3D nanomagnetic logic devices based 

on magnetic coupling between Fe nanopillar and nanowire [259], nanomagneto-

mechanical actuators based cobalt nanorods [260] have been demonstrated. The domain 

wall motion in a magnetic ratchet [229] have been studied which is a promising candidate 

for future storage and logic devices. Recently, the theoretically predicated curvature 

induced DMI [261] has been demonstrated experimentally [217]. The evolution of vortex 

domain wall in a 3D micron sized disc was studied [226], which showed interesting spin 

texture in the 3D. The grown FeCo magnetic structures [262] have been proposed for 3D 

ASI. Magnetic monopole frustration and its propagation in a 3D ASI structure have been 

demonstrated recently [263]. These intriguing characteristics of 3D nanostructure have 

influenced the theoretical and experimental explorations of spin-wave dynamics. Some 

theoretical studies have been reported but there are very few experimental (most on 

quasi 3D structure) studies that can be found in literature as reported so far.   

Theoretical studies of spin-wave properties in 3D magnetic structure have been 

performed by using different numerical methods such as the plane wave method (PWM) 

[59,221,264-267], linear combination of atomic orbitals [268] and micromagnetic 

simulations [221,269] The 3D structures have been studied in systems of ferromagnetic 

spheres arranged in sites of a simple cubic (SC) [59,264,267,268], body centred cubic 



 
13 

 

(BCC) [264], face centred cubic (FCC) [264,266] and hexagonal close-packed (HCP) 

[265,268] crystallographic structures, embedded in a matrix [59,264-267] of 

ferromagnetic materials. Numerically calculated band structures of 3D magnonic crystal 

were first reported in [59]. The dipolar interaction affects the bandwidth [264] and spin 

relaxation [268] in these structures. The magnonic band gaps were found to be sensitive 

to exchange and magnetization contrast in between magnetic materials of sphere and 

matrix. The bandgap opening occurred above a critical value of magnetization contrast 

(even without exchange contrast) depending on the lattice type. The exchange contrast 

also played an important role in magnonic bandgap opening, but it needed very large 

values for the opening of the bandgap in the absence of magnetization contrast. The 

normalized band gap varied almost linearly with both the contrasts. The band gaps also 

depended on lattice symmetry and scattering centre shape. Among the cubic lattice, the 

FCC structure showed the highest bandgap. A systematic study of ferromagnetic material 

combination effect on band gap in HCP lattice was reported in reference [265]. The 

highest band gap was found for Ni spheres embedded in the Fe matrix. The PWM 

calculations of 3D magnonic crystals have been extended for magnetoferritin based 3D 

magnonic crystals. In these calculations, inter-particle space was filled by ferromagnetic 

material. The introduction of ferromagnetic material ignited the magnonic band gap 

opening in these systems. The FCC lattice produced by self-assembled magnetoferritin 

nanoparticles is suitable for a magnonic band gap system. The damping of spin-wave in a 

homogeneous medium is independent of the direction of spin-wave propagation. This 

scenario changed for magnonic crystals. The damping has been considered in PWM 

calculations for spin waves in 3D magnonic crystals in reference [267]. The anisotropic 

nature and wave vector dependence of damping can be tuned by changing the magnetic 

material and filling fraction of magnonic crystals. Recently, the meander like structures, 

interconnected film segments placed at 90ᵒ to each other of YIG, fabricated on a pre-

patterned substrate has been proposed for 3D magnonic crystals [221,269]. Spin-wave 

propagation and dispersion for isolated and coupled 3D magnonic crystals were studied 

by using the finite element method, micromagnetic simulation and transfer matrix 

method. The bandgap of Damon-Eshbach (DE) mode increased with the increment of the 

width of the groove. For the coupled case, the dispersion curve splits into two, symmetric 

and anti-symmetric modes. The calculation of spin-wave dispersion was extended for 

volume magnetostatic surface wave [221].  The dispersion curves become narrower with 
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the increment of groove width, which means volume waves can propagate with small 

wavenumbers. Both the volume modes can coexist in this magnonic crystal system. These 

mender shaped structures of single layer [270] and multilayers [271] have been studied 

experimentally. It was observed that the spin-wave band structures were controllable by 

varying geometrical parameters of the films. They claimed this structure as a 3D 

magnonic waveguide. The microwave response of self-assembled magnetoferritin 

nanoparticles [272] arranged in 3D FCC arrays and self-assembled rolled up multilayer 

nanowire [240] were also reported. Below the blocking temperature of nanoparticles, the 

linewidth of ferromagnetic resonance was broadened [272] due to the misalignment of 

crystal lattices of individual nanoparticles with respect to each other. The azimuthally 

quantized spin-wave mode was observed in multilayer nanowire [240] which was 

tailored by nanowire’s radius and the number of layers. So far, the experimental dynamics 

in 3D like thin film structure, multilayer nanowire and magnetoferritin structure have 

been reported. The probing of spin-wave dynamics in a 3D lithographically grown 

structure is still in its infancy due to its high roughness, which is inevitable in 3D 

structures, besides the lack of measurement techniques. However, the spin-wave 

dynamics of vertically or tilted grown 3D nano and microstructures will be interesting to 

explore due to its rich static phenomena as well as for its basic understanding. Available 

spin-wave dynamics measurement techniques such as Brillouin light scattering (BLS), 

MOKE magnetometer and FMR can be useful to explore spin-wave dynamics in such 

structures. 

1.5 Objective of the Thesis 
The research work of the thesis is primarily based on the experimental study of spin-

wave dynamics of thin film heterostructure of HM/FM/Oxide, different classes of 2D 

magnonic crystals and 3D magnetic nanostructures with the aid of TRMOKE 

magnetometer, TRMOKE microscopy and conventional BLS technique. The experimental 

studies are accompanied by numerical calculation and/or theoretical modelling. Broadly 

the studied systems can be categorized as follows: 

i) 2D magnonic crystals in the form CNDs array:  The role of nanochannels on spin-wave 

dynamics of CNDs with varying filling factors has been investigated. 
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ii) 2D magnonic crystals in form of square ASI: The influence of magnetic microstates on 

spin-wave characteristics and the interaction between an optically excited surface 

acoustic wave (SAW) with magnons have been studied. 

iii) 3D magnetic nanostructures: The precessional magnetization dynamics in 3D cobalt 

tetrapod structure has been studied to explore spin-wave behaviour in a complex 3D 

structure. The evolution of spin-wave behaviour in a connected nanowire network 

forming a 3D ASI structure has also been studied. 

iv) HM/FM heterostructures: The modulation of effective Gilbert damping parameter due 

to damping-like torque via SHE in Ta(t)/CoFeB(3nm)/SiO2(2nm) heterostructure with 

varying Ta thickness (3-20 nm) has been studied. 
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Chapter 2 

2. Theoretical Background 

In a classical electromagnetic picture, magnetism is described by a current carrying loop. 

Initially, the concept of magnetism was related to the orbital angular momentum of an 

electron. The findings of magnetism from the s-band electron of a silver atom by Stern-

Gerlach [1] gave experimental evidence of the spin degree of freedom. The modern 

concept of magnetization is based on the spin of the electron and its interaction with the 

orbital degree of freedom. Depending on the response of a magnetic material to an 

applied magnetic field, the material can be categorized in diamagnet, paramagnet, 

ferromagnet, ferrimagnet and antiferromagnet. Among these, ferromagnet and 

ferrimagnet show spontaneous magnetic behaviour. With the development of quantum 

mechanical theories, the origin of spontaneous magnetization was described by 

Heisenberg [2] introducing coupling between neighbouring spins, which is known as 

Heisenberg’s exchange interaction. According to Weiss theory [3], the competition 

between the exchange interaction and the dipolar interaction (due to free magnetic poles 

on the surface) leads to the creation of domains in ferromagnets to minimize the free 

energy. In ferromagnetic nanostructure, besides the exchange and dipolar interaction, 

the shape also plays an important role in the static and dynamic behaviours of 

magnetization. This thesis is based on the properties of ferromagnetic thin films and 

nanostructures, where the above-mentioned interactions play an important role. 

In the succeeding paragraphs, an overview of the different energies that influence the 

dynamics of ferromagnetic nanostructures is given. Subsequently, a description of the 

magnetization dynamics is given which will be followed by the origin and different ways 

of manipulating magnetic damping parameter in a ferromagnetic system. 

2.1 Different Magnetic Energies 
Ferromagnetic systems consist of different energy terms such as Zeeman energy (EZ), 

exchange energy (Eex), dipolar energy (Edip), demagnetizing energy (Edemag) and 

anisotropic energy (Eanis). The competition between these energies gives rise to 

interesting static magnetization configurations which, in turn, affect the dynamical 

properties. The effective energy (Eeff) can be written as a sum of all the energies.  
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                      Eeff = EZ + Eex + Edip + Eanis + Edemag                          (2.1) 

A magnetic system tries to achieve its ground or equilibrium state by minimizing its 

effective energy at any given condition. A brief discussion of the energy terms is 

presented below. 

2.1.1 Zeeman Energy 
In presence of an external magnetic field (Hext), the magnetic system experiences a torque 

that tries to align its magnetization (M) along the applied magnetic field direction. This 

gives rise to an energy term in the magnetic system known as Zeeman energy. 

Zeeman energy of a magnetic substance of volume V is given by the equation, 

                                            𝐸𝑍 =  −𝜇0 ∫ 𝑴 ∙ 𝑯𝒆𝒙𝒕 𝑑𝑉
𝑉

0
                  (2.2) 

where µ0 is magnetic permeability of free space. The parallel configuration of M with Hext 

archives the minimum energy state. 

2.1.2 Exchange Energy 
This is a quantum-mechanical short-range magnetic interaction energy which is an 

outcome of Coulomb interaction and Pauli exclusion principle. The exchange interaction 

was theorized by Heisenberg based on Heitler-London model for hydrogen atom. It is 

commonly known as the ‘Heisenberg exchange’ or isotropic exchange interaction. The 

magnetic ordering of ferromagnet, ferrimagnet and antiferromagnet systems can be 

described by this interaction.  

The Heisenberg exchange interaction Hamiltonian is given by,  

                𝐻𝑒𝑥 =  −2 ∑ 𝐽𝑖𝑗  𝑺𝑖 ∙ 𝑺𝑗𝑖≠𝑗                   (2.3)  

where Si and Sj are spin operators of i-th and j-th atoms, respectively, and Jij is the 

exchange integral between the atoms. For isotropic media Jij becomes site independent, 

and it can be replaced by J outside the summation. The above Hamiltonian suggests that 

for parallel spin configuration, i.e., a ferromagnetic ordering J < 0 and for antiparallel 

configuration, i.e., antiferromagnetic ordering J > 0. In continuum limit the above 

equation can be written as:  

                                          𝐸𝑒𝑥 =  𝐴 ∫ (∇𝑚)2 𝑑𝑉
𝑉

0
                   (2.4) 

where m is the normalized magnetization and A is the exchange stiffness constant. A is 

related to exchange integral J and is given by, 𝐴 =  
𝑛𝑢𝐽𝑆2

𝑎
. Here, a is the lattice constant and 

nu is the number of atoms per unit cell of a lattice. For simple cubic (SC), body centre cubic 
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(BCC) and face centre cubic (FCC) lattices, nu values are one, two and four, respectively. 

Exchange interaction is a short-range interaction and the length scale related to it is 

known as the exchange length (l) which is related to A. For soft magnetic materials, it is 

given by  𝑙 =  √
2𝐴

𝜇0𝑀𝑆
2 . Here Ms is the saturation magnetization of the material. The 

exchange length plays a crucial role to determine the spin configuration in a confined 

magnetic structure. Besides direct exchange interaction, there are several types of 

indirect exchange interactions, such as superexchange interaction [4,5], double exchange 

interaction [6] and Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction [7,8]. 

Superexchange interaction occurs in ionic solids. The non-neighbouring magnetic ions 

interact via a non-magnetic ion in-between them. Here, two cations interact through a 

nonmagnetic atom. Depending on the strength of interaction, it can be ferromagnetic or 

antiferromagnetic. In general, it gives strong antiferromagnetic coupling between 

magnetic ions. One example is antiferromagnetic ionic solid MnO. Double exchange 

interaction occurs in some oxides where the magnetic ions exhibit mixed valency. In the 

mixed valence state, different oxidation states occur which gives rise to a ferromagnetic 

arrangement. Magnetite (lodestone: Fe3O4) is one of the examples of double exchange 

interaction. RKKY interaction occurs in metals with localized magnetic moment. The 

exchange is mediated via the valance electrons. This type of exchange possesses long-

range coupling, anisotropic and oscillating behaviours. One example is rare earth metals 

with their localized 4f electrons. The asymmetric indirect exchange interaction is known 

as the Dzyloshinskii-Moriya interaction (DMI) [9,10]. This is known as a three-site 

exchange interaction where two ferromagnetic atoms interact via a non-magnetic atom. 

The DMI Hamiltonian is given by, 𝐻𝐷𝑀 =  − 𝑫 ∙ (𝑺𝑖 × 𝑺𝑗). Here D is the DMI vector which 

often leads to canted spin structures by a small angle. 

2.1.3 Dipolar Energy 
Interaction between two magnetic dipoles gives rise to magnetic dipolar energy. The 

dipolar energy between two magnetic dipoles with moments m1 and m2 and separated 

by a vector r term is given by: 

𝐸𝑑 =
𝜇0

4𝜋𝑟3
[𝒎1 ∙ 𝒎2 −

3

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

where μ0 is the permeability of free space. The above equation suggests that the energy 

varies as 1/r3 and the energy is minimized for antiparallel configuration between m1 and 
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m2. This is a long-range interaction, whereas, in the short-range, exchange energy 

dominates. In ferromagnets, this energy does not contribute to ferromagnetic ordering 

but plays a crucial role in the formation of domain, demagnetizing field distribution and 

spin-wave behaviours in long wavelength regime.  

2.1.4 Anisotropic Energy  
Due to the anisotropy energy magnetization tends to align along some preferred direction 

which is known as the easy direction of magnetization. On the contrary, the direction 

along which magnetization is difficult to align is known as the hard direction. The 

difference between the energy to align magnetization along the hard and easy axis is 

related to the anisotropy energy of a ferromagnet [11,12]. There are two primary sources 

of magnetic anisotropy, i.e., the spin-orbit interaction and dipolar interaction. Depending 

upon the origin, the magnetic anisotropy can be divided into different categories, such as 

A) magnetocrystalline anisotropy, B) shape or configurational anisotropy, C) volume, 

surface and interface anisotropy, D) strain-induced anisotropy, E) configurational 

anisotropy etc. A brief discussion on different anisotropies is given below.  

A. Magnetocrystalline Anisotropy 
This is an intrinsic magnetic behaviour that mainly originates from two distinct sources, 

namely, i) single-ion contribution and ii) two ion contributions. The primary source of 

magnetocrystalline anisotropy is the spin-orbit interaction (SOI) (single-ion 

contribution) and the secondary source is the dipolar interaction (two ion contributions) 

among the magnetic dipoles [13]. The single-ion contribution arises from the 

electrostatic interaction between the orbitals of magnetic electrons with crystal field 

potential. This interaction tends to align the magnetic moments along a preferred 

crystallographic direction along with the SOI. Two ion contribution occurs from dipole-

dipole interaction. Two different spin configurations of ferromagnetically coupled 

magnetic moments are shown in Fig. 2.1. The head to tail configuration is energetically 

favourable and the magnets align along this direction. This contribution is calculated by 

taking dipole sum over the whole lattices which vanish for certain lattices, including all 

the cubic lattices. Therefore, this is a source of anisotropic energy in noncubic lattices. 

The anisotropic exchange can be another source of two-ion contributions. 

Aforementioned, Heisenberg interaction is ideally isotropic. However, the exchange 

coupled pairs can have a preferred direction, due to the contribution from SOI in the 
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higher order corrections. The magnetocrystalline anisotropy energy for a cubic crystal 

structure (such as iron and nickel) can be written as:  

𝐸𝑐𝑟𝑦𝑠𝑡 = 𝐾0 + 𝐾1(𝛼1
2 + 𝛼2

2+𝛼3
2) + 𝐾2𝛼1

2𝛼2
2𝛼3

2 +∙∙∙∙∙∙∙                    (2.6) 

here, Ki is the i-th magnetocrystalline anisotropy constant, αi is direction cosine which 

fulfils the condition: α12 + α22 + α32 = 1. 

For tetragonal structure: 

         𝐸𝑐𝑟𝑦𝑠𝑡 = 𝐾0 + 𝐾1𝛼3
2 + 𝐾2𝛼3

4 +∙∙∙∙∙∙∙                    (2.7) 

For hexagonal structure: 

          𝐸𝑐𝑟𝑦𝑠𝑡 = 𝐾0 + 𝐾1(𝛼1
2 + 𝛼2

2) + 𝐾2(𝛼1
2 + 𝛼2

2)2 +∙∙∙∙∙∙∙               (2.8) 

B. Shape Anisotropy 
When the length scale of a magnetic element is reduced (micro or nanoscale), the shape 

of the magnetic element plays a crucial role to align its magnetization in a particular 

direction. Let us consider a polycrystalline ferromagnetic magnetic material (such as 

permalloy: Ni80Fe20), which does not possess any magnetocrystalline anisotropy due to 

the lack of particular orientations of grains. The isotropic behaviour of such system only 

holds for a spherical structure. For any other shapes, it might have one or more preferred 

directions of magnetization. The relationship of magnetic induction (B) with the applied 

magnetic field (H) and magnetization (M) is B = µ0(H + M), which is only valid for infinite 

media. A finite system exhibits free magnetic poles at its surfaces which give rise to the 

stray magnetic field outside the sample. This stray field gives rise to the demagnetizing 

field (Hdem) inside the sample.  

  

  
Figure 2. 1. (a) Broadside and (b) head to tail configuration for ferromagnetically coupled 
magnetic moments. The latter is lower in energy. 
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The energy corresponding to the stray field is given by: 

  𝐸𝑠𝑡𝑟 = −
1

2
∫ 𝜇0𝑴 ∙ 𝑯𝑑𝑒𝑚𝑑𝑉                   (2.9) 

The estimation of Hdem is complicated for arbitrary structure. In case of the 

homogeneously magnetized ellipsoid, the Hdem is constant as given by: 

    𝑯𝑑𝑒𝑚 =  −𝑁𝑴                 (2.10) 

where N is demagnetizing tensor and Tr(N) is 1 (4π) in SI (CGS). Thus, the stray field 

energy (demagnetizing energy) becomes: 

     𝐸𝑠𝑡𝑟 =
1

2
𝑉𝜇0𝑴𝑁𝑴               (2.11) 

where V is the volume of the sample. N strongly depends on sample shape and geometry. 

Finally, magnetization tries to minimize the stray energy. A non-ellipsoidal shape will be 

described by an effective demagnetizing factor. 

C. Surface and Interface Anisotropies  
Broken symmetry in the low dimensional system such as thin films and multilayers, give 

rise to an effective anisotropy term which contains two contributions, one from volume 

and one from the surface. The total contribution is given by: 

𝐾𝑒𝑓𝑓 =  𝐾𝑉 +
2𝐾𝑆

𝑡
                 (2.12) 

where KV is the volume related magnetocrystalline anisotropy constant, KS is the surface-

related magnetocrystalline anisotropy constant and t is the thickness of the system. The 

inverse thickness dependency of KS suggests its crucial role in the lower thickness of thin 

films. The factor of two is due to two surfaces of thin films. Below a critical film thickness 

(𝑡𝑐 =  −
2𝐾𝑆

𝐾𝑉
) KS dominates which prefers perpendicular direction of magnetization, 

known as perpendicular magnetic anisotropy (PMA). PMA can arise from: reduced 

coordination symmetry, altered electronic structure, localized epitaxial strain at the 

interface, electronic band structure etc. [14,15].  

D. Strain-induced Anisotropy 
Magnetic ordering in a crystal can modify its lattice parameters and as a result its volume. 

This effect is known as magnetostriction. The inverse effect, where applied stress 

modifies the magnetic property is known as the Villari effect. The key parameter behind 

the interplay is the magnetoelastic interaction [16-18]. In case of thin films and 

multilayers, the lattice mismatch between constituent layers gives rise to strain-induced 

anisotropy [19,20]. The uniaxial stress on ferromagnetic material may cause strain-
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induced anisotropy. The elastic energy density for a polycrystalline magnetic material is 

given by:   

𝐸𝑚𝑠 =  −𝜆𝑆 (
𝑌

2
) (3 cos2 𝜃 − 1)𝜖 +

1

2
𝑌𝜖2               (2.13) 

where λS is saturation magnetostriction, ϵ is strain, Y is Young’s modulus and θ defines 

the angle between magnetization direction and strain axis. By applying stress, a specific 

magnetization direction, i.e., uniaxial anisotropy can be induced. The uniaxial anisotropy 

due to stress is given by: 

𝐾𝑈 =
3

2
𝜆𝑆𝜎                (2.14) 

where σ (= ϵY) is uniaxial stress. Besides the stress, uniaxial anisotropy can be induced 

by depositions or annealing a disordered alloy in a magnetic field to create some atomic 

scale texture [21]. 

E. Configuration Anisotropy  
In case of nanomagnetic structure, the competition between exchange and dipolar 

interaction becomes very critical. Patterning of magnetic structure generally produces 

non-ellipsoidal elements. In a non-ellipsoidal element, the changes of magnetization from 

a uniform to a non-uniform state cost huge energy which is known as configurational 

anisotropy [22,23]. This anisotropy depends on the shape and arrangement of the 

nanoelements [24,25]. 

2.2 Magnetization Dynamics 
Different magnetization dynamics phenomena occur over a wide range of temporal 

regimes [26], starting from femtosecond (fs) to picosecond (ps), nanosecond (ns) and 

microsecond (μs) time scale. The timescales (τ) are estimated from the interaction 

energies (E) using Heisenberg relation: τ = h/E. The fastest occurring process in fs 

timescale includes Heisenberg interaction (~ 10 fs), spin-orbit coupling and spin-transfer 

torque (~10 fs – 1 ps) and pulsed laser-induced ultrafast demagnetization (few hundreds 

of fs). The magnetization reversal occurs in a few ps to few hundreds of ps. The vortex 

core switching occurs in few tens of ps to several ns timescale. The precessional 

magnetization dynamics occurs in few ps to few hundreds of ps and the magnetization 

damping related to precessional motions occurs in sub ns to tens of ns time. In a 

ferromagnetic material, the spin-wave propagates in a few hundred ps to tens of ns before 

getting damped. The domain wall motion occurs within a few ns to hundreds of µs. In this 
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thesis, the studies are primarily based on precessional magnetization dynamics, damping 

and corresponding spin-wave modes. A discussion of these phenomena is given below. 

2.2.1 Laser Induced Magnetization Dynamics 
When a femtosecond laser pulse hits a ferromagnetic sample a sudden drop in its 

magnetization is observed within a few hundred femtoseconds. This rapid change in 

magnetization is known as ultrafast demagnetization. The physical origin behind the 

ultrafast demagnetization is still a topic of intense debate, since its successful 

demonstration in 1996 by Beaurepaire et al. [27]. It was explained by considering a three-

temperature model (three thermalized reservoirs for exchanging energy namely, 

electron, lattice and spin systems). However, this model is not sufficient to describe the 

microscopic details of this phenomenon. Later on, several thermotical models have been 

proposed to describe the underlying physical mechanism, such as Elliot-Yafet (EY) 

scattering [28], Coulomb scattering [29], spin-orbit coupling (SOC) [30], relativistic 

quantum electrodynamics approach [31], superdiffusive spin transport [32], laser-

induced spin flip [33] etc. To date, the microscopic details of ultrafast demagnetization 

are a topic of debate.  Following the ultrafast demagnetization, the system tries to recover 

its equilibrium state via a remagnetization process. It happens through a fast relaxation 

process (within few tens of ps) due to the exchange of energy from hot electrons and 

spins to the lattice which has been phenomenologically described by the three-

temperature model [212,221]. Subsequently, there is a slow recovery of magnetization 

via the diffusion of electron and lattice heat to the surrounding environment [240,241]. 

In the course of the slow relaxation process, if an external magnetic field is applied along 

a specific direction, the precessional motion of magnetization can be induced in the 

system which eventually damps out within a few ns. 

2.2.2 Precessional Magnetization Dynamics  
In presence of an external magnetic field, the magnetic moments of a ferromagnet align 

along the field direction. The magnetic moments become parallel to each other in a 

uniform magnetization configuration. The magnetization of the whole system can be 

imagined as a giant macrospin or magnetic moment. The combination of the external field 

with exchange field, dipolar field, anisotropic field and any other fields in a ferromagnet 

gives an effective field. In the equilibrium state, the magnetization aligns along the 

effective field. The application of any perturbation such as rf-field, pulsed laser, thermal 
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energy modifies the effective field term. As a result, the magnetization deviates from the 

equilibrium position, After the perturbation, the effective field returns to its previous 

direction and it tries to pull back the magnetization along its direction. As a consequence, 

it extracts a torque on the magnetization, triggering a precessional motion of 

magnetization. The precessional motion performs a damped spiral motion with respect 

to the effective magnetic field. The precessional magnetization dynamics can be 

described by a phenomenological Landau-Lifshitz-Gilbert (LLG) equation. The LLG 

equation is a torque equation that was formulated by Landau and Lifshitz in 1935 [34], 

and later the phenomenological damping term was given by Gilbert [35,36]. In the 

classical picture, torque (T) is given by the rate change of angular momentum (L). 

𝐓 =  
𝑑𝑳

𝑑𝑡
                  (2.15) 

The spin degree of freedom is related to spin angular momentum (S). So, the above 

equation can be written as:  

𝐓 =  
𝑑𝑺

𝑑𝑡
                  (2.16) 

The magnetic moment (M) is related to the S as M = ‒ γS, where γ is the gyromagnetic 

ratio. The effective magnetic field exerts a torque on M which is given by: 

𝐓 =  𝑴 × 𝑯𝑒𝑓𝑓                 (2.17) 

The effective field term can be written as: 

𝑯𝑒𝑓𝑓 = 𝑯𝑒𝑥𝑡 + 𝐻𝑒𝑥 + 𝑯𝑑𝑒𝑚𝑎𝑔 + 𝑯𝑎𝑛𝑖𝑠 + 𝒉(𝑡)                    (2.18) 

Where Hext is the external magnetic field, Hex is the exchange field, Hdemag is the 

demagnetizing field due to dipolar interactions, Hanis is the anisotropic field and h(t) is a 

time-varying magnetic field. 

Combining equations (2.16) and (2.17), the torque equation can be written as: 

    
𝑑𝑴

𝑑𝑡
 = − 𝛾(𝑴 × 𝑯𝑒𝑓𝑓)              (2.19) 

The above equation describes the precessional motion of magnetization without any 

damping.  

In a physical system, the precession cannot exist for an infinite time. It will be damped 

out after some time. Landau and Lifshitz (LL) modified the torque equation by 

considering a damping term which is given by: 

   
𝑑𝑴

𝑑𝑡
 = −𝛾(𝑴 × 𝑯𝑒𝑓𝑓) −

𝜆

𝑀𝑆
2 𝑴 × (𝑴 × 𝑯𝑒𝑓𝑓)                (2.20) 
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where MS is saturation magnetization and λ is LL damping term with a dimension of sec-

1. Gilbert introduced a dimensionless damping parameter (α) and modified the torque 

term in the LL equation. The equation can be written as:  

     
𝑑𝑴

𝑑𝑡
 = −𝛾(𝑴 × 𝑯𝑒𝑓𝑓) +

𝛼

𝑀𝑆
𝑴 ×

𝑑𝑴

𝑑𝑡
                               (2.21) 

The Gilbert and LL damping parameter are related to each other as α = λ/ γMS. 

2.2.3 Spin-wave and Ferromagnetic Resonance  
The concept of spin-wave was first introduced by F. Bloch in 1930 [37] to explain the 

reduction in saturation magnetization with increasing temperature. In the ground state, 

all the magnetic moments, i.e., spins are parallel to each other. When they are perturbed 

by external stimuli, a phase difference between two neighbouring spins comes into the 

picture. In a coupled magnetic system such as ferromagnet, the phase difference 

propagates as spin-wave. The quanta of spin-wave are known as magnon.  

In case of uniform precession, the magnetic moments precess in phase with respect to 

the external field. As a result, the wavelength (wave vector (k)) becomes nearly infinity 

(≈ 0). On the other hand, the non-uniform precession can be described as the propagation 

of a phase difference in the system. It gives a finite wavelength corresponding to finite k. 

In this thesis, the precessional motion at k ≈ 0 have been studied which gives rise to the 

information of uniform spin-wave mode, damping in thin film heterostructures, 2D and 

3D confined structure, and different types of standing spin-wave modes in 2D and 3D 

confined structure. The uniform precessional motion is known as ferromagnetic 

resonance (FMR). In 1946, Griffiths first observed the FMR in thin films [38].  In 1947, 

Kittel [39] gave an analytical expression for the spin-wave frequency of FMR or uniform 

 

Figure 2. 2. Precessional motion of magnetization (M) with respect to effective magnetic field 
(Heff) is shown. Different torque terms of LLG equation are shown.  
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mode considering the external magnetic field (Hext) and demagnetizing field of the 

sample. The Kittel equation can be derived from the LLG equation (2.20). For simplicity, 

the damping part is neglected. For a general ellipsoid with the external bias field along z-

direction and 
𝑑𝑴𝒛

𝑑𝑡
≈ 0, the FMR frequency can be written as: 

𝑓𝐹𝑀𝑅 =  
𝛾

2𝜋
√[𝐻𝑒𝑥𝑡 + (𝑁𝑦 − 𝑁𝑧)𝑀𝑆] [𝐻𝑒𝑥𝑡 + (𝑁𝑥 − 𝑁𝑧)𝑀𝑆]              (2.22) 

Where MS is the saturation magnetization, Nx, Ny and Nz are demagnetizing factors along 

x-, y- and z-direction, respectively. Depending on the shape of the system the expression 

of fFMR gets modified. For some basic shapes expression of fFMR is given below: 

For a sphere Nx = Ny = Nz = 4π/3, 

𝑓𝐹𝑀𝑅 =  
1

2𝜋
(𝛾𝐻𝑒𝑥𝑡)                 (2.23) 

For a thin film in x-z plane, Nx = Nz = 0 and Ny = 4π, 

  𝑓𝐹𝑀𝑅 =  
𝛾

2𝜋
√𝐻𝑒𝑥𝑡 [𝐻𝑒𝑥𝑡 + 4𝜋𝑀𝑆]               (2.24) 

For an infinite circular cylinder with length along z-axis, Nx = Nz = 2π and Ny = 0 

          𝑓𝐹𝑀𝑅 =  
𝛾

2𝜋
(𝐻𝑒𝑥𝑡 + 2𝜋𝑀𝑆)               (2.25) 

2.3 Damping 
Magnetization damping plays a pivotal role to manipulate the precessional dynamics and 

spin-wave propagation in magnetic thin films and confined structures. Complete control 

over damping is desirable for future spintronics and magnonic devices [40,41]. Higher 

damping is required for data storage devices [42] to minimize thermal fluctuations, faster 

reversal rate and coherent rotation during magnetization reversal. However, lower 

damping is required for reducing the write current in STT-MRAM devices [43] and long-

  

Figure 2. 3. (a) Ground state spin configuration of a ferromagnetic material. (b) Non uniform 
precessional motion, and (c) uniform precessional motion are shown.  
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distance spin-wave propagation in magnetic nanostructures is a necessity for designing 

spin-wave based communication devices, where spin-wave acts as information encoder 

and processor. The damping can be manipulated by different mechanisms, namely, 

material composition, ion-irradiation, spin pumping, spin current among others. In a 

magnetic material the coupling between electron spin, electron orbit and lattice are the 

primary contributors to damping. Damping can originate from intrinsic properties which 

are inevitable and extrinsic factors that are avoidable. A discussion on the different 

origins of magnetic damping is given below. 

2.3.1 Intrinsic Mechanisms 

A. Spin-Orbit Coupling 
In a magnetic material, an electron's orbital angular momentum (L) and spin angular 

momentum (S) are coupled to each other. Total angular momentum is given by the sum 

of two momentums: J = L + S. In case of ferromagnetic resonance, the spins are excited to 

a higher energy level and the energy transfer between spin degree and orbital degree 

occurs. This energy transfer is interrupted by electron-lattice scattering which gives rise 

to magnetic damping. In 1976, Kambersky [44] proposed a torque correlation model 

considering intra-band and inter-band transitions to correlate SOC strength (ξ) with 

damping. The damping is proportional to ξ2 and ξ3 in high and low temperatures, 

respectively. 

B. Phonon Drag Mechanism 
In 1998, Shul [45] proposed the phonon-drag mechanism for magnetic damping. This 

mechanism is valid for samples with isotropic magnetization and lattice strain. The 

phonon drag mechanism contribution to magnetic damping is given by: 

     𝛼𝑝ℎ𝑜𝑛𝑜𝑛 =  
2𝑛𝛾

𝑀𝑆
(

𝐵2(1+𝜎)

𝑌
)

2

              (2.26) 

where n is the phonon viscosity, B2 is the magnetoelastic shear constant, Y is Young’s 

modulus, σ is the Poison ratio, Ms is the saturation magnetization and γ is the 

gyromagnetic ratio. 

C. Eddy Current Mechanism 
This mechanism [46] is important for thicker metallic ferromagnetic films with thickness 

greater than or equal to the skin depth of the microwave field. The magnetization 

precession induces eddy current in the metallic sample.  
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The eddy current mechanism contribution to magnetic damping is given by:  

     𝛼𝑒𝑑𝑑𝑦 =  
1

6
𝑀𝑆𝛾 (

4𝜋

𝑐
)

2

𝜎𝑐𝑑2          (2.27) 

where c is the speed of light in vacuum, σc is the conductivity of the metal, d is film 

thickness Ms is saturation magnetization and γ is the gyromagnetic ratio. The d2 

proportionality suggests that the eddy current contribution to magnetic damping for thin 

films is negligible. 

2.3.2 Extrinsic Mechanisms 

A. Two Magnon Scattering 
In two magnon scattering [47,48], the uniform precessional mode (k≈0) scatters from 

inhomogeneous anisotropic or exchange field to two non-uniform precessional modes (k 

≠ 0). Due to the energy conservation, the scattered modes can have the same frequency 

but the momentum does not conserve due to translational asymmetry. The phase 

mismatch between the uniform and non-uniform mode leads to dephasing of 

precessional motion which eventually increases the magnetic damping of the system. The 

contribution of two magnon scattering increases with an increase in precessional 

frequency. The number of degenerate magnons increases with increasing frequency 

which enhances the scattering probability.  

B. Magnetic inhomogeneity 
In some scenarios [49], the characteristic inhomogeneity field dominates the interaction 

field which affects the magnetic damping parameter. In case of long wavelength (small k) 

spin-waves, the damping mainly reflects the large length scale inhomogeneity which is 

different in nature from two magnon scattering.  

2.3.3 Manipulation of Magnetic Damping  
In a practical ferromagnetic system, magnetic damping has contributions from intrinsic 

(α0) and extrinsic (αext) sources. The effective damping (αeff) can be written as a sum of 

both contributions: 

𝛼𝑒𝑓𝑓 = 𝛼0 + 𝛼𝑒𝑥𝑡                              (2.28)  

The static modification of damping includes different phenomena, namely, ion irradiation 

[50], doping [51], spin pumping [52], etc. In such cases, the modification of damping 

occurs irreversibly. However, reversible or dynamic control over damping is a necessity 
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of technological importance. The dynamic manipulation of damping can be achieved by 

tailoring a pulsed magnetic field [53,54] or injecting spin current in a ferromagnetic thin 

film.  The SHE is an elegant way to generate a pure spin current that affects the 

magnetization dynamics in a ferromagnetic thin film by exerting torque on the 

precessional motion. A brief discussion on different Hall effects and the origin of SHE is 

given below.  

A. Ordinary Hall Effect 
In presence of an out of plane magnetic field, the electrons of a nonmagnetic current 

carrying conductor experience the Lorentz force which moves the electron against one 

side of the conductor. It gives a voltage, known as Hall voltage across the orthogonal 

direction to the applied current and magnetic field direction. This effect is known 

ordinary Hall effect. This landmark discovery was made by E. H. Hall in 1879 [55]. The 

Hall voltage of a metallic slab is given by: 

𝑉𝐻 =
𝐼𝐵

𝑛𝑒𝑏
                (2.29) 

where I is the amplitude of the current, B is magnetic induction, n is carrier density, e is 

electron charge value and b is slab width. This Hall voltage measurement gives the 

information of carrier density in nonmagnetic conductors and semiconductors. 

B. Anomalous Hall effect  
In 1881, Hall [56] observed a ten times larger voltage in ferromagnetic iron compared to 

the nonmagnetic conductor. This effect is known as the anomalous Hall effect. In case of 

a ferromagnet, it can arise in the absence of a magnetic field as well. The total Hall 

resistance (RH) is given by: 

𝑅𝐻 = 𝑅0𝐵 + 𝑅𝐴𝑀                 (2.30) 

Where R0 is the Hall coefficient, RA is the anomalous Hall resistance, B is magnetic 

induction and M is magnetization along the applied magnetic field direction.  

C. Spin Hall Effect 
In some nonmagnet metals, the application of charge current generates the spin 

polarization dependent deflection to the transverse direction due to spin-dependent 

scattering via SOI.  The spins with opposite polarities deflect to the two different 

directions and accumulate on two opposite surfaces which create a spin gradient known 

as spin current. This phenomenon is known as SHE [57]. A schematic of SHE is shown in 

Fig. 2.4. When an in-plane charge current (Ic) is injected in HM, it generates a spin current 
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(Is) with polarity σ and accumulates at the interface. As a result, the adjacent FM layer 

experiences SOT. These three vectors are mutually orthogonal to each other and satisfy 

the equation [58] given below: 

𝐈𝐒 =
ħ

2𝑒
𝜃𝑆𝐻(𝐈𝐜 × 𝝈)               (2.31) 

where θSH is the spin Hall angle which defines the charge current to spin current 

conversion efficiency. As the Is along z-direction as shown in the schematic, from the 

above equation it is clear that in-plane charge current results in an in-plane spin 

polarization.  

SHE can have two different origins, namely, intrinsic which relates to the band structure 

of crystal and extrinsic which relates to spin-dependent scattering of electrons. The 

extrinsic contribution primarily originates from two mechanisms, skew scattering and 

side jump. A brief discussion of these mechanisms is given below. 

I. Skew Scattering Mechanism 
This mechanism is described by Mott scattering in relativistic physics [59]. In an HM with 

high SOC (like Pt, Ta, W), the skew scattering arises from SOC of disorder potential, 

scattering of spin-orbit coupled quasiparticle from scaler potential, multiband character 

due to contribution of sub-bands to disorder potential [60].   When an electron passes 

through an electric field (E) due to impurity, a magnetic field in the transverse direction, 

B ~ v × E is experienced by its spin. This magnetic field is inhomogeneous due to disorder 

in the electric field. Therefore, the electron gets deflected due to the Zeeman effect which 

depends on spin polarity. 

  

Figure 2. 4. (a) Schematic of bulk spin Hall effect in heavy metal (HM) is shown.  Flow of charge 
current direction (Idc), spin current direction (Is) are shown. 
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II. Side Jump Mechanism 
This mechanism purely has a quantum mechanical origin. In quantum mechanical 

pictures, electrons are considered as Gaussian wave packets. When a Gaussian wave 

packet scatters from an impurity with SOI, it experiences a shift in the transverse 

direction from its previous path [61]. The wave packet experiences an anomalous velocity 

(v) which depends on spin polarity (σ). It can be derived from Pauli’s Hamiltonian (H) 

with potential due to SOI. 

      𝐻 =  
𝑝2

2𝑚
+ 𝑒𝑉 + 𝑉𝑠𝑜               (2.32) 

where 𝑉𝑠𝑜 =
ħ

4𝑚2𝑐2
(𝝈 × 𝛁𝑉). 𝒑 . 

𝒗 =  
𝜕𝐻

𝜕𝒑
=

𝒑

2𝑚
−

𝑒ħ

4𝑚2𝑐2
(𝝈 × 𝐄)              (2.33) 

where E is the electric field corresponding to potential V and p is the electron momentum. 
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Chapter 3 

3. Methods 

In this chapter, a brief discussion of the methods used in sample fabrication, 

characterization and numerical analysis is presented. Nanofabrication [1] is the core of 

nanoscience and nanotechnology [2]. It relies on the continuous improvements and 

upgrades of the fabrication process of thin films and confined nanostructures while 

maintaining the purity of the base materials and minimizing the structural defects in a 

cost-effective manner. Over the years, several thin film depositions and nanopatterning 

methods have been developed for the fabrication of thin film heterostructures and two 

dimensional (2D) confined structures. Recently, different three dimensional (3D) 

lithographic techniques are combined with thin film deposition techniques to fabricate 

high quality 3D nanostructures [3,4] while maintaining material purity. Here, we have 

used dc and rf sputtering technique for the fabrication of thin film heterostructures. The 

electron beam lithography (EBL) and two photon lithography (TPL) have been used to 

write the 2D and 3D patterned structures, respectively. Thin film deposition techniques 

(electron beam evaporation and thermal evaporation) and electrochemical deposition 

techniques have been used to deposit the magnetic materials for the fabrication of the 

patterned structures. The intrinsic features of magnetic material at the nanoscale mainly 

rely upon the crystalline and chemical ordering as well as the quality of the surface of the 

patterned structure. Therefore, detailed characterization is necessary to characterize and 

optimize the magnetic parameters of the nanostructures. The characterizations to 

determine the crystal structure, surface imaging and morphology, and the chemical 

compositions of these heterostructures and structured magnetic materials have been 

performed by X-ray diffraction (XRD) [5], scanning electron microscopy (SEM) [6], 

atomic force microscopy (AFM) [7] and energy dispersive X-ray (EDX) spectroscopy [8]. 

The static and quasistatic magnetic characterizations have been probed by magnetic 

force microscopy (MFM) [9], static magneto-optical Kerr effect (static-MOKE) [10]. 

Further, the state-of-the-art optical techniques employed to measure the magnetization 

dynamics in time and frequency domain are time-resolved magneto-optic Kerr effect 

(TRMOKE) magnetometer, and Brillouin light scattering (BLS) spectroscopy [11]. The 
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techniques are based on light-mater interaction, which can excite and detect the 

magnetization dynamics with appreciable spatio-temporal resolution. Micromagnetic 

simulation is an efficient numerical tool for studying a wide variety of magnetic 

phenomena including magnetization reversal and dynamics. The reproduction of 

experimentally observed phenomena in micromagnetic simulations is a powerful way to 

validate and understand the observed magnetic properties. Researchers have developed 

a series of micromagnetic simulators. In this thesis, we have used the object oriented 

micromagnetic framework (OOMMF), MuMax3, and LLG micromagnetic simulator. In the 

succeeding paragraphs, the aforementioned techniques are briefly discussed. 

3.1 Sample Fabrication 

3.1.1 Electron-beam Lithography 
EBL [12] is widely used for 2D nanostructure fabrication. It can produce feature size 

varies from submicron to few nanometres. In this process, an electron sensitive resist is 

exposed to electron beams to write a pattern on a clean substrate (bottom to top 

approach) or a thin film (top to bottom). The pattern structure is generated by using a 

computer aided design (CAD) which also controls the writing on the resist. This feature 

makes it a maskless pattern generator.  Depending on the resist the exposed area 

becomes soluble (+ve resist) or insoluble (-ve resist) to the developer solvent. Here, a 

bilayer (PMMA/MMA) or monolayer (PMMA) positive resist was spun on a pre-cleaned 

substrate (thin film) using a spin coater before preparing the resist pattern on the thin 

film or substrate using EBL.  Subsequently, the resist is immersed in a developer 

(compatible with the resist) to develop the pattern. In this thesis, a bilayer resists 

(PMMA/MMA) pattern on Ni80Fe20/Al2O3 thin film (deposited on self-oxidized Si (100)) 

and a monolayer (PMMA) resist pattern on self-oxidized Si (100) substrate were designed 

using EBL for the fabrication of connected nanodot (CND) and square artificial spin ice 

(ASI) structure, respectively.  

3.1.2 Two-photon Lithography 
TPL is a widely used technique in photonic and micromechanics [13-15] to produce 3D 

nanostructure with sub-micron feature size. Recently, the TPL technique has been 

adapted to fabricate nanoscale 3D magnetic nanostructures [16-19]. In case of TPL, the 

resist is polymerized by simultaneous absorption of two photons of a long wavelength 

beam usually in infrared (IR) regime. The insignificant linear absorption of IR by common 



 
51 

 

resist and the quadratic variation of polymerization rate with light intensity make TPL 

the only available technique with intrinsic 3D nanofabrication and 3D spatial resolution 

capability. In TPL, fs laser pulses are focused using a microscope objective (MO) onto a 

photoresist to write a 3D pattern. 

In this thesis, TPL was used to write tetrapod structures inside a positive photoresist 

(AZ9260) and to prepare a scaffold of 3D diamond bond lattice (3D-ASI) on a negative 

tone photoresist (IPL-780). 

3.1.3 Electrodeposition  
Electrodeposition [17,20-24] is a process to coat a surface (usually metallic coating) by 

electric current via oxidation and reduction method. Here, the electrolyte solution of a 

salt of the desired metal is used to deposit the metal on the surface. The depositing 

(substrate) surface is placed in the cathode and the inert metal (platinum, graphite etc.) 

or the coating metal can be used as an anode. In case of inert metal as the anode, the 

electrolyte has to be added to maintain the solution concentration. In this thesis, cobalt 

was deposited into the holes of the 3D resist pattern of tetrapod using electrodeposition. 

The 3D resist pattern was developed on a glass/ITO (700 nm) substrate. The electrolyte 

solution of cobalt sulphate (90 g), cobalt chloride (27 g), boric acid (14 g) and sodium 

lauryl sulphate (1 g) was used in a standard Watts bath (600 ml). The deposition was 

  

 Figure 3. 1. Schematic of a two-photon lithography (TPL). 
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performed at a constant current of 1 mA with a cobalt anode. A schematic of the 

electrodeposition process is shown in Fig. 3.2. 

3.1.4 Thermal Evaporation 
We have also used the thin film deposition techniques to deposit the magnetic thin films. 

Three most commonly used thin film deposition techniques are thermal evaporation, 

electron beam evaporation and sputtering. These are also known as the physical vapour 

deposition (PVD) technique [25]  in accordance with its deposition process. In order to 

maintain the high purity of the material, the depositions are carried out in a high vacuum 

chamber to avoid impurity from the air molecules. 

 In the thermal evaporation process, the source material is placed in a vessel, known as a 

boat. The sample is heated up using a restive heating process by passing a large amount 

of current through the boat. As a result, the source material melts and forms a gaseous 

state. In the high vacuum chamber, the gas atoms of the source material evaporate and 

hit the substrate by travelling through the vacuum chamber. On the substrate surface, the 

evaporated atoms condensate and make a thin layer of the source material.  The thickness 

of the thin layer is monitored in real time using a crystal monitor sensor. In this thesis, 

the 99.99 % pure 50-nm-thick Ni81Fe19 was deposited on the 3D scaffold of diamond bond 

lattice, in a thermal evaporator (aluminium boat) at a base pressure below 1 × 10-6 with 

a deposition rate of 0.2 nm/s [26].  For the fabrication of square ASI, a 25-nm-thick 

Ni80Fe20 film was deposited on an EBL-developed patterned structure by using thermal 

  

Figure 3. 2. Schematic of electrodeposition. 
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evaporation at a base pressure of 9.7 × 10-7 Torr [27]. A schematic of the thermal 

evaporation process is shown in Fig. 3.3.  

3.1.5 Electron-beam Evaporation 
The electron-beam evaporation [28] is similar to thermal evaporation. Here, the source 

material is heated up differently by focusing the stream of electrons generated by an 

electron gun [29] (from a filament due to thermionic emission). The source material is 

placed on a crucible and heated up by the electron beam from the electron gun which is 

accelerated using a high voltage electrode and focused on the material using magnets. 

The source material melts and evaporates. The evaporated material strikes the substrate 

and condensates to form a thin layer of the source material. Here, different materials can 

be kept in separate crucibles which are then be placed on a linear/circular train. 

Therefore, multiple materials can be deposited in an electron-beam evaporation chamber 

without breaking the vacuum or venting. In the thesis, the electron-beam evaporation 

was used to deposit Ni80Fe20 (20-nm-thick) film coated with Al2O3 (60-nm-thick) at a base 

pressure of 2 × 10-8 Torr on top of commercially available self-oxidized Si (100) substrate 

to fabricate CND structure. Also, the contact pads of chromium/gold were deposited for 

the application charge current to the heterostructures of Ta/CoFeB/SiO2.  

  

Figure 3. 3. Schematic of thermal evaporation. 
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3.1.6 Sputtering 
The working principle of sputtering is different from the above two thin film deposition 

techniques. Here, the target material is placed in a high vacuum chamber. Then an inert 

gas (generally Argon: Ar [30]) is inserted into the chamber. Subsequently, a high negative 

voltage is applied to the target material and the positive part is connected to the substrate 

holder. The voltage is high enough to pull out an electron from the Ar atoms to form an 

Ar+ ion close to the target material. The free electron tries to move away from the 

negatively charged cathode. In case of magnetron sputtering, permanent magnets are 

placed below the target material. Then the electrons travel in a circular path towards 

magnets and collide with neutral Ar molecules to generate more Ar+ ions. As a result, Ar 

plasma forms inside the vacuum chamber. Due to the high negative voltage at the target 

material, the Ar+ ions accelerate and travel towards the material with higher velocity and 

dislodge the source material. This method is known as sputtering [31]. The sputtered 

atoms travel in a typical line-of-sight cosine path and, as a result, they get deposited on 

the substrate. A sputtering system can have more than one source material. It can deposit 

single or multilayer thin films. The DC and RF voltage sources can be used in sputtering. 

The former is preferred for metal substances while the latter is preferred for the 

insulators to avoid charge accumulation at the surface of the source material. In this 

  

Figure 3. 4. Schematic of electron-beam evaporation. 
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thesis, the Ta/CoFeB/SiO2 heterostructures were deposited using RF-DC magnetron 

sputtering [32,33] at a base pressure of 2.0 × 10−7 Torr and argon pressure of about 1.0 

mTorr at a deposition rate of 0.2 Å/s. 

3.1.7 Ion Milling and Lift off Process 
Ion milling [34,35] is extensively used to fabricate patterned structures using the top-

down approach. The ions of an inert gas (Ar) from an ion beam source which is 

accelerated towards the sample to remove the materials from desired places. Here, the 

substrate is placed in a vacuum chamber on a rotation stage. The sample stage is kept at 

a tilted position to the ion source to increase the etch rate compared to normal incidence.  

In this thesis, the holes of CND structures were drilled using an ion milling system at a 

base pressure of 1 × 10-4 Torr with a beam current of 60 mA for 6 min.  

After the fabrication of the nanostructures using the top-down or bottom-up approach, 

the residual resist is removed by using the lift-off process. Here, the whole patterned 

system is immersed in a resist soluble solvent (e.g., acetone) for few minutes (1-5 min). 

Then it is kept in an ultrasonic bath to assist the removal of resist after immersion in the 

solution. Subsequently, the isopropyl alcohol and deionized water rinsing process are 

performed to clean the substrate after resist removal.  In case of the 3D tetrapod 

  

Figure 3. 5. Schematic of RF-DC magnetron sputtering. 



 
56 

 

structure, after removing the resist using acetone the sample was subjected to oxygen 

plasma treatment for 1h to remove the leftover of the resist [17]. 

3.2 Sample Characterization 

3.2.1 Scanning Electron Microscopy 
SEM imaging is used to verify the lift-off completion and check the sample surface 

morphology and topography. Here a beam of the electron is produced by cathode either 

by using thermionic emission [36] or an electric field (field emission SEM: FESEM 

[37,38]) and focused on the sample using electromagnetic lenses. The electron beam can 

detect feature size from 1-2 nm to 1-2 mm due to its very short wavelength. The electron 

beam interacts with the sample in different manners such as secondary electrons (ejected 

from the sample), backscattered electrons, transmitted electrons, absorbed electrons 

(heat), characteristic X-rays, and elastically and inelastically scattered electrons. When 

the numbers of incoming and outgoing electrons are not the same, then the sample builds 

up a charge (charging effect) and it affects the image quality.  

To avoid charging, the samples (generally insulators) are coated with a thin layer of a 

metallic film. In most cases, the secondary electrons are detected by electron sensitive 

detector to produce SEM images. The secondary electrons explore the surface feature of 

 

Figure 3. 6. Schematic of scanning electron microscope (SEM) and energy dispersive X-ray 
(EDX) is shown. The monitor at right and left captures the SEM image and EDX spectra, 
respectively. 
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the sample which gives 3D features. In this thesis, FEI Quanta 200 (at SNBNCBS) and 

Hitachi Regulus 8230 (at Cardiff University) SEMs were used to image 2D and 3D 

nanostructures. 

3.2.2 Energy Dispersive X-ray 
The EDX is a non-destructive analytical tool [38] for elemental analysis and chemical 

characterization of the materials present in a sample. Generally, it is used in conjunction 

with SEM and detected using a special EDX detector and spectrum analyzer software.  The 

basic principle of EDX is based upon the phenomenon that each element has a unique 

atomic structure that corresponds to the unique characteristic X-ray of the elements.  

When high energy of charged particles (like electrons, protons) hits the sample, it excites 

and ejects out electrons from an inner shell and creates an electron hole at that position. 

To stabilize the atom, electrons from the outer shell with higher energy jump into the 

inner shell to fill the electron-hole and emits an X-ray. The energy of the X-ray is equal to 

the difference between the energy of the outer and inner shell. This emitted X-ray is 

detected by an EDX detector to generate EDX spectra.  

3.2.3 X-ray Diffraction 
The X-ray wavelength is comparable to the lattice constant of the material which makes 

it a suitable candidate for the study of material structure. The XRD [5] technique is used 

to investigate the crystalline material structure, including atomic arrangement, crystallite 

size and imperfections. Here a beam of X-rays (wavelength ~1.5418 Ǻ: the Kα radiation 

(X-ray) from a copper target) is incident on the sample and is diffracted by the atoms’ 

electron of a crystal. A crystal can be treated as a regular array of atoms that can 

elastically scatter electromagnetic waves, like X-rays. The scattered beams from the 

electrons form secondary spherical waves. A periodic or crystalline structure produces 

the secondary wave in a periodic manner. Most of the waves interfere destructively and 

the constructive interference occurs according to Bragg’s condition: 

     2𝑑 𝑠𝑖𝑛 𝜃 = 𝑛𝜆     (3.1) 

where d is the distance between the atomic planes, θ the incident angle, n any integer and 

λ the wavelength of the X-ray. The above equation suggests that the diffraction spots 

appear at certain angles of incidence for a particular lattice structure (related to d). 

During the measurements, the incident angle of X-ray is varied over a range of angles in 

small steps and the corresponding reflected intensities are measured as a function of the 
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angle of the reflected beam with respect to the direction of the incident beam (2θ). The 

diffraction peaks are converted to d-spacings to identify the elements present in the 

sample. Typically, this is done by matching the data with standard reference patterns (i.e., 

Inorganic Crystal Structure Database (ICSD) or International Centre for Diffraction Data 

(ICDD)). 

3.2.4 Atomic Force Microscopy 
The AFM has been designed to probe the local properties such as morphology, roughness 

etc. The sample or the probe is mounted on a piezoelectric stage which enables small and 

accurate movements at the nanoscale to perform a raster scan.  The information is 

derived from the interaction between probe and sample. The AFM probe is consisting of 

a flexible cantilever (generally coated with Co-Cr, Pt-Ir etc.) and a sharp tip (coated with 

Co-Cr, Pt-Ir or doped diamond etc.) at its end (see Fig. 3.8). When the tip is brought close 

to the sample surface, it experiences vertical and lateral deflection due to different forces 

such as van der Waals force, force due to chemical bonding, capillary force and 

electrostatic force. This deflection is mapped with the help of a laser beam and four-

quadrant photodetectors to extract the local properties of the sample. A laser beam is 

pointed on the top surface and the reflected beam is placed at the centre of four-quadrant 

photodetectors. Any deflection of the cantilever causes the change in the photodetector 

signal which is mapped using software to get information on local parameters. 

Depending upon the sample surface and interaction force between the probe and the 

sample surface, AFM can be used in three different modes, namely, i) contact mode, ii) 

non-contact mode and iii) tapping mode. In case of contact mode, the tip scans the sample 

in close contact with the sample surface and maintains a constant repulsive between the 

probe and the surface. A feedback loop is employed to maintain this criterion by 

 

Figure 3. 7. Schematic of (a) X-ray diffractometer and (b) diffraction of X-ray from the atomic 
planes are shown. 
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providing a feedback voltage to the piezoelectric stage. Here, cantilevers with low 

stiffness values are used to achieve a large deflection signal (tens to hundreds of nm) 

while keeping the interaction force within the safe limit to avoid any damage or scratch 

over the sample surface and the probe. In case of non-contact mode, the tip scans over 

few tens of Å above the sample surface. A weak attractive force like Van der Waals force 

is probed to construct the topographical image of its surface. The small forces between 

the tip and the sample are measured by calculating the modulation in amplitude, phase 

or frequency of the oscillation of the cantilever in response to the force gradients from 

the sample. The tapping mode is commonly used in AFM. Here, the cantilever oscillates 

at or near its resonance frequency with the help of piezoelectric actuators. The tip is 

brought close to the sample until it slightly touches or taps the sample surface. The 

irregular contact with the sample surface affects the oscillation due to energy losses. The 

resulting change in oscillation amplitude is recorded to map the surface topography.  

3.2.5 Magnetic Force Microscopy 
In magnetic force microscopy (MFM) the magnetic texture formed within a magnetic 

sample can be probed by studying the magnetic interactions between the tip and the 

sample. Here, the tip is coated with a thin magnetic layer (e.g., Co, Co-Cr) with high 

 

Figure 3. 8. Schematic of atomic force microscopy(AFM). 
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coercivity so that the magnetization state of the tip remains unaltered during the imaging. 

When the tip is brought close to the sample surface, it experiences magnetic forces as well 

as atomic and electrostatic forces.  During the measurements to get a better MFM image, 

the AFM image is first captured. Subsequently, the tip is lifted by a certain distance and 

scanned over the surface at a particular height to record the out-of-plane magnetic stray 

field. The magnetic signal is extracted using software to get information on the magnetic 

texture. Depending on the stray field strength originating from the magnetic sample the 

MFM scan can be performed in static and dynamic mode. In this thesis, the discussed 

surface morphology and the magnetic texture of the samples were measured using Veeco 

(diInnova) system. 

3.2.6 Magneto Optic Kerr Effect 
The discovery of different magneto-optic effects [39] showed that the magnetic moment 

strongly influences the polarization of the light.  As a consequence, magneto-optic effect 

based techniques emerged as detection tools for static and dynamic magnetic 

phenomena. Initially, it was observed that the plane of polarization of a linearly polarized 

light is rotated when the light travels through a magnetic medium. This effect is known 

as Faraday’s effect [40]. Later on, a similar effect was observed in the reflected light from 

a magnetic system. When a linearly polarized light is reflected from an ordered 

ferromagnetic material, its plane of polarization rotates and it becomes an elliptically 

polarized light. This effect is known as the magneto-optic Kerr effect [41,42]. This effect 

is quantified by two parameters related to the major and minor axis of the ellipse, namely, 

Kerr rotation (θk: angle between major axis with the direction of the linearly polarized 

light) and Kerr ellipticity (εk: related to the inverse tangent of the minor and major axis 

of the ellipse). The θk and εk are linearly related to magnetization and both change their 

sign with the reversal of the magnetization. The Kerr effect originates from magnetic 

circular birefringence (responsible for εk) and magnetic circular dichroism (responsible 

for θk). The quantum mechanical explanation suggests that the interaction between the 

electric field (E = ‒∇V) of incident light with the magnetization (spin: s) of the sample 

gives rise to an effective vector potential (A ~ s× ∇V) which affects the electron motion 

due to spin-orbit interaction. In case of ferromagnetic material, the imbalance between 

up and down spins gives rise to the Kerr effect.  Depending on the relative orientation 

between the magnetization direction of a ferromagnetic material and the plane of the 
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incident light, the Kerr effect can be categorized in three different geometries (shown in 

Fig. 3.9), namely, polar, longitudinal and transverse. In the polar Kerr effect, the 

magnetization is along the out-of-plane direction of the sample and parallel to the plane 

of incidence of the beam. When the magnetization lies in the plane of the sample and also 

parallel to the plane of incidence the effect is known as the longitudinal Kerr effect. In the 

transverse Kerr effect, the magnetization lies in the plane of the sample and 

perpendicular to the plane of incidence. 

The transverse electric (s-polarized) and transverse magnetic (p-polarized) polarization 

of light can show the longitudinal and polar Kerr effect. However, the transverse Kerr 

effect occurs only for the p-polarized light, because the electric field of the incident light 

becomes parallel to magnetization for s-polarized light which results in a zero Lorentz 

force. The transverse effect does not show any change in the light polarization, due to the 

induced polarization being along the same direction of the polarization of the incident 

light. Instead, the transverse Kerr effect shows a change in the intensity of the reflected 

light related to a change in magnetization orientation. The Kerr effect in all the geometries 

changes with the incidence angle of the light. The Kerr effect in transverse and 

longitudinal geometry vanish for normal incidence of light due to vanishing Lorentz force 

or induced polarization being along the incident-light direction. The Kerr effect in polar 

geometry shows maximum effect in the normal incidence of light which makes it useful 

in the magneto-optic recording. 

A. Static Magneto Optic Kerr Effect Magnetometer 
The static-MOKE magnetometer is a non-invasive tool to measure the hysteretic 

behaviour of ferromagnetic thin films and patterned nanostructures. The static-MOKE is 

a surface-sensitive technique that allows measuring localized magnetic properties in a 

 

Figure 3. 9. (a) Schematic of longitudinal, polar and transverse Kerr geometries, and (b) Kerr 
rotation (θk), Kerr ellipticity (εk) and two orthogonal components of electric field (r and k) in 
the ellipsoid are shown. 
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nonuniformly distributed system (like wedge shape film). The static-MOKE can be 

measured in all three geometries, i.e., polar, longitudinal and transverse. However, the 

change in polarization of incident light can be observed in polar and longitudinal 

geometries as mentioned in the previous section. The static-MOKE in our laboratory at 

S.N. Bose National Centre for Basic Sciences is based on longitudinal geometry where the 

magnetic field is applied in the plane of the sample to keep the magnetization parallel to 

the incidence plane of light. 

A continuous-wave laser beam from a He-Ne laser (output power ~ 30 mW) of a 

wavelength of 632.8 nm is used to probe the Kerr effect. The beam is passed through a 

Glan-Thompson polarizer to obtain high-quality s-polarized light. The polarized beam is 

chopped at a 2 kHz frequency by using a mechanical chopper. Then it is steered through 

different mirrors and focused on the sample using a convex lens (L1). The sample is 

placed in between two pole pieces of an electromagnet. The field is reversed by reversing 

the current through the pole pieces using a bipolar power supply.  Then the reflected light 

is collected by another convex lens (L2) and guided towards the detector. Here, we use a 

special type of detector, namely, a balanced photodiode detector or optical bridge 

detector (OBD). The photodiodes in the OBD convert the optical signal to an electrical 

 

Figure 3. 10. Schematic of the static-MOKE system present in our laboratory at S.N. Bose 
national centre for Basic Sciences. 
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signal which is measured by using a lock-in amplifier. A reference signal from the chopper 

controller is fed to a lock-in amplifier to measure the signal in a phase-sensitive manner 

to obtain a better signal to noise ratio. The OBD consists of a polarized beam splitter and 

two photodiodes. The polarized beam splitter is placed at 45ᵒ with respect to the reflected 

light direction. Therefore, a linearly polarized light in absence of any Kerr effect splits 

equally into two orthogonal parts of polarization giving rise to the balanced condition in 

the OBD. Any change in polarization in light due to Kerr rotation gives a finite electrical 

signal at the output (~ (A-B)) of the OBD. 

3.3 Experiment Tools for Magnetization Dynamics 

3.3.1 Time-Resolved Magneto Optic Kerr Microscope 
To measure the magnetization dynamics, we have used the TRMOKE technique. Here, a 

two-colour pump-probe technique is exploited where the pump beam excites the 

dynamics and the time-delayed probe beam captures the time evolution of 

magnetization. This is an all-optical technique that does not require any sophisticated 

waveguide design like all-electrical measurements [11,43,44]. The non-invasive nature 

makes it a puissant tool to measure magnetization dynamics in thin films and magnetic 

nanostructures. In a broad sense, the collinear set-up consists of an fs pulsed laser system, 

a second harmonic generator (SHG), a motorized delay stage, different guiding optics and 

a detection system.  The fs oscillator system consists of two laser systems (Millennia eV 

and Tsunami of Spectra Physics). A brief discussion on the different components of the 

colinear TRMOKE is given in the succeeding paragraphs. 

 

Figure 3. 11. Schematic of the optical bridge detector (OBD). 
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A. Millennia eV   
The Millennia eV 10S model of Spectra Physics (Newport) is a sophisticated laser that 

consists of three basic components: i) water-cooled laser head, ii) 48 V DC utility unit and 

iii) controlling software.    

The laser head of Millennia eV [45] consists of an optical cavity that uses folded cavity 

resonator. In this architecture, the pump beam of the fibre-coupled output from a diode 

module is focused into a vanadate crystal using a telescope and a dichroic fold mirror. 

The diode laser pumps the vanadate crystal which absorbs the laser beam and emits its 

laser at 1064 nm.  The crystal is the driving engine of the Millennia eV. The dichroic mirror 

is highly transparent to the diode pump beam wavelength and highly reflective to the 

vanadate laser beam.  Then the laser beam is resonated and confined inside the Millennia 

eV cavity. A non-critically phase-matched lithium triborate (LBO) crystal is placed inside 

the cavity to convert the laser beam of 1064 nm to 532 nm (green) laser beam via 

frequency doubling mechanism.  In order to get optimized output power of 532 nm, the 

LBO crystal is kept on a compact temperature regulating oven to maintain the crystal 

temperature and to maintain a suitable phase-matching condition. The LBO crystal has a 

smaller nonlinear coefficient [46] compared to other crystals. However, the large 

acceptance angle of the LBO crystal makes it suitable for the stability of the Millennia eV 

cavity in case of slight misalignment. Further, the advanced ‘Quiet Multi-Axial Mode 

Doubling’ technology provides extremely stable and high amplitude of the laser beam by 

managing the number of axial modes, gain, nonlinear conversion, excited-state lifetime 

and suppressing the noise. An output coupler consisting of a dichroic mirror allows the 

532 nm beam to exit from the cavity while confining the 1064 nm beam inside the cavity. 

A small portion of the output beam is sampled using a beam splitter and a photodiode to 

give feedback to the diode pump system to obtain a constant output (within ± 1% of the 

setpoint) in the power mode operation. A shutter is placed outside the cavity enclosure 

which is controlled using a software. A recirculating chiller from Polyscience at a fixed 

temperature of 20 ᵒC is used to cool the laser head during the lasing process. The output 

power of the Millenia eV is kept fixed at 8 W (maximum power 10 W) in our system.  

B. Tsunami 
The output of Millennia eV is fed to the Tsunami laser system through Brewster’s window. 

It can produce continuously tunable outputs in near-IR wavelength ranging from 690 nm 

to 1080 nm with pulse width around 80 fs [47].  The laser system consists of Ti:sapphire 
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rod, pump beam mirrors, rod focusing mirrors, an output coupler, a high reflector beam 

folding mirrors, dispersion control elements, and tuning elements. The Ti:sapphire rod is 

the active lasing medium which is a Titanium ion (Ti3+) doped sapphire (Al2O3) crystal. 

The optics form a resonator cavity inside the Tsunami enclosure. The pump beam is 

collinearly aligned with the cavity mode using guiding mirrors and illuminates on the rod. 

A high inversion population is required to overcome the total loss for lasing operation of 

the rod. The continuous population inversion in the long length laser rod is achieved by 

a longitudinal pumping mechanism where the pump beam and optical cavity mode are 

focused as well as overlapped at a narrow line within the rod. The pump beam is then 

collimated and expanded back to the normal diameter. The generation of mode locked 

laser with a higher repetition rate (around 80 MHz) requires a longer cavity compared to 

a continuous-wave laser source. To achieve the long length cavity within the minimal 

space of the Tsunami enclosure, a ten-fold mirror cavity is used. This introduces an 

unavoidable astigmatism issue for aligning the focusing mirror other than the normal 

incidence of the beam. It is avoided by carefully aligning the focusing mirrors and the rod 

length at Brewster’s angle. After passing through the optics the beam is fed into an 

acousto-optic modulator (AOM) for active mode locking. The AOM is placed at Brewster’s 

angle and driven by the regenerative mode locking process by using an rf signal which 

can handle a slight change in the cavity length by adjusting the driving signal to the AOM.  

The output wavelength of the Tsunami laser is tuned by using a four-prism sequence and 

a tuning slit in between them. By changing the slit width, the spectral width is controlled 

which modifies the temporal width (related through Heisenberg uncertainty relation) of 

the pulsed laser. The output of Tsunami is fixed at a wavelength of 800 nm (due to its high 

sensitivity to Si photodiode) and the pulse width is maintained around 80 fs by adjusting 

the full width half maxima of spectra at around 12 nm (wavelength domain) using 

wavelength selection and group velocity dispersion (GVD) knobs (by tuning the prisms 

position and the slit width). The Ti:sapphire rod temperature is kept fixed using a chiller 

unit for stable output over a long period. The cavity is constantly purged with clean and 

dry N2 gas to maintain humidity by removing dust and water vapour.   

C. Second Harmonic Generator 
The SHG (Model no. – 3980-4) from Spectra Physics is designed for frequency doubling 

which converts the one part of the Tsunami’s output beam of 800 nm to a wavelength of 
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400 nm which is used as the pump beam in our system. The second harmonic generation 

is based on the nonlinearities of the optical parameters of a material [48]. The dielectric 

polarization of a dielectric material consists of nonlinear higher order terms besides the 

linear term of the electric field. The second harmonic generation which is a coherent 

optical process of radiation of dipoles in a material depends on the second order electric 

field term in the expansion of the polarization. When a dipole of a non-centrosymmetric 

crystal oscillates in presence of an oscillatory electric field of frequency ω, it can emit a 

frequency of 2ω apart from the fundamental frequency ω. Therefore the near-IR light 

converts to near-UV light. Here, the SHG employed a non-linear β-barium borate (BBO) 

optical crystal which produces a second harmonic of the fundamental laser pulse. The 

second harmonic beam becomes parallelly polarized whereas the fundamental beam 

remains vertically polarized. The BBO crystal has higher SHG conversion efficiency 

compared to the LBO crystal and also it does not require any heating arrangements like 

the LBO crystal. The SHG conversion efficiency is inversely proportional to the spot size 

of the beam. Therefore, the beam waist is optimized by using a telescopic arrangement of 

two lenses. A thin BBO crystal is used to minimize the pulse broadening due to GVD. It 

can also achieve phase matching over the entire tunable wavelength range (690-1080 

nm). To protect the BBO crystal from air moisture due to its hydrographic nature, it is 

sealed within a cylindrical case with antireflection coated windows and filled with an 

index matching fluid. The second harmonic and fundamental beam are separated by using 

a prism with a highly reflective coating for the fundamental beam. The second harmonic 

beam diffracts through a pair prism which compensates the beam shape distortion and 

horizontal displacement due to the SHG crystal. Finally, both the beams exit the SHG unit 

through two different output paths.  

D. Experimental Set-up of TRMOKE Microscopy 
The customised TRMOKE microscope present in our laboratory at the S. N. Bose National 

Centre for Basic Sciences relies upon a two-colour collinear pump-probe geometry, 

where the axes of both pump beam (the second harmonic output with wavelength λpump 
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= 400 nm) and probe beam (the fundamental beam with wavelength λprobe = 800 nm) are 

superposed before they are made incident collinearly on the sample.  

The fundamental beam from the Titanium (Ti): sapphire pulsed laser source is divided 

into two parts by a 70:30 beam splitter. The intense part goes through the SHG to produce 

the pump beam, which is then guided towards the sample with the help of steering 

mirrors. The other part (the fundamental probe beam) goes through a retro-reflector 

(RR) fixed on an automated variable delay stage in the path of the probe beam. By moving 

the RR back and forth it is possible to introduce the desired optical path difference 

between the pump and the probe beams, which corresponds to the time delay in this 

experiment. Subsequently, both the beams are spatially overlapped using a beam 

combiner and are collinearly focused onto the sample using a single MO (M-40X with 

numerical aperture 0.65). The MO focuses the probe beam to a diffraction limited spot 

size (~ 800 nm) on the sample surface while the pump beam becomes slightly defocused 

with a spot size of ~ 1 µm because of chromatic aberration. The higher intensity of the 

pump beam perturbs the equilibrium magnetization of the sample, thereby inducing the 

dynamics. The dynamics affect the Kerr rotation of the reflected probe beam, which is, in 

turn, dependent on the time delay between the pump and the probe pulses. By changing 

the retroreflector position on the delay stage by small steps, the time evolution of the 

 

Figure 3. 12. Schematic of the colinear TRMOKE system present in our laboratory at S.N. Bose 
National Centre for Basic Sciences. 
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magnetization dynamics (along with the total reflectivity signal) is measured in a phase-

sensitive manner by using an OBD and two lock-in amplifiers (to record Kerr signal and 

reflectivity data; Model: SR830 DSP, Stanford Research Systems). The direction of the 

applied bias magnetic field is slightly tilted with respect to the magnetic anisotropy 

direction, to get a finite demagnetizing field along the direction of the pump pulse. 

E. Routine Alignments during Experiment 
The collinear alignment of the pump and probe beam is very vital in our TRMOKE 

microscope. Therefore, some routine alignment steps are performed regularly: 

1. Firstly, the power of the Tsunami output is maximized using external micrometer 

controllers of Tsunami, and simultaneously the spectrum is optimized for desired central 

wavelength (λprobe = 800 ± 2 nm) and FWHM (~ 12 nm or more). 

2. The RR alignment is checked by observing the position of the beam after RR. If the beam 

moves with the movement of the RR, mirrors before RR are adjusted to remove the shift.  

3. The overlap between the pump and probe beams is checked after the beam combiner. 

If the alignment is correct, both the beams will follow the same path (i.e., in collinear 

geometry). 

4. Next, we check whether the beams are co-axial with the MO. For that, we check the 

beam positions at the back aperture of MO. Any misalignment of the beams is adjusted by 

changing the tilts of the respective mirrors. The adjustment is fine-tuned by monitoring 

the pump and probe beam spots falling onto a substrate by a CCD camera. The MO is 

moved back and forth about the position of its focal point and any consequent movement 

 

Figure 3. 13. Photograph of the TRMOKE microscopy set-up present in our laboratory at S.N. 
Bose National Centre for Basic Sciences. 
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of the centre(s) of the pump and/or probe spot(s) on the screen implies that the beam is 

not co-axial with the MO. 

5. Finally, the alignment of the OBD is adjusted by superposing the back-reflected beam 

from OBD with the incident beam. 

6. After adjusting the optical components, the time-resolved reflectivity data from a 

standard Si substrate is recorded and its relaxation rate is compared with the standard 

data to verify the alignment of the pump and probe beam. This is followed by the 

acquisition of the data from the magnetic specimen is being started. 

3.3.2 Non Colinear Time-resolved Magneto Optic Kerr 

Magnetometry 
This setup is based on an amplified femtosecond laser system where a fundamental beam 

having a wavelength of 800 nm and pulse width of about 40 fs is generated by using a 

regenerative amplification method. The laser pulse is again split using a beam splitter. 

One part of this fundamental laser beam is attenuated and collimated to use as the probe 

beam. Another part is frequency doubled using an SHG and is used as the pump beam to 

excite the electron and spin dynamics in the sample. The pump and probe beams are 

made to incident non-collinearly on the sample surface using wavelength specific lens 

arrangements. The probe is incident normally on the sample plane so that the reflected 

probe beam can be used to detect the time-resolved Kerr rotation in the polar Kerr 

geometry in addition to the simultaneous detection of time-resolved reflectivity signal. 

The procedure of generation of the amplified femtosecond laser pulse is extremely 

sophisticated and complicated. The entire amplifier (Libra) system from Coherent 

consists of the following units: ultrafast oscillator (Vitesse), diode-pumped solid-state 

pump laser (DPSS, Evolution), regenerative cavity, stretcher and compressor grating 

arrangements, synchronized delay generator etc. In the following subsections, we will 

discuss those units briefly. 

A. Vitesse 
Vitesse is a compact DPSS (Verdi)-pumped ultrafast oscillator that produces mode-locked 

sub-100 fs pulses at 80 MHz repetition rate with an output power of about 200 mW at 

800 nm wavelength [24]. Three main units associated with it are the laser diode system, 

Verdi and the Verdi-pumped ultrafast laser unit (VPUF). 
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i. Laser diode system: The Verdi is pumped by the continuous output produced by laser 

diodes. The power supply box for the laser diode contains a commercial power supply, 

two laser diodes, electrical circuits, monitors and a cooling fan. Light generated by the 

laser diode assembly is transported by fiber array package (FAP) and is used to pump the 

gain medium of Verdi. The main components of diode laser assembly are FAP I and FAP 

II, each of which contains a laser diode bar capable of efficiently converting the electrical 

energy to optical energy. It is desirable to operate the FAPs at low temperatures and 

sufficient drive currents. The wavelength of the emitted light is temperature dependent. 

Proper heat sink and cooling fans are there to maintain the optimum temperature. 

ii. Verdi: This resonator consists of a unidirectional single-frequency ring cavity with the 

facility of intra-cavity SHG to produce multi-watt level green (532 nm) output. Intra-

cavity etalon enables the single frequency selectivity. This pump resonator is an ‘end-

pump design’ where light travels along the optical axis of Nd:YVO4 (Vanadate) gain 

medium. Verdi absorbs energy from 808 nm input and produces strong single line 

emission of 1064 nm which is later frequency doubled. As it is known that an optically 

pumped laser rod can act as a lens, it is important to maintain the temperature of 

Vanadate to minimize the thermal focusing and hence astigmatism. The LBO crystal used 

for frequency doubling can act as an output coupler. The tower temperature for this 

crystal is maintained at 150°C to have 90° phase matching between the fundamental 

beam (1064 nm) and its second harmonic (532 nm). After exiting the resonator, the 532-

nm-beam is steered by a mirror towards the VPUF. A piezoelectric transducer driven 

lever controls the tilt for maintaining the optimum pump beam alignment into VPUF. 

Hence, this system is known as a power track mirror arrangement. 

iii. VPUF: Ti:sapphire is the active medium in this laser unit. The multiple negative 

dispersive mirrors provide a negative dispersion for producing sub-100 fs pulses. Mode 

locking is automatically achieved by using Kerr lensing. For suitable material, the 

irradiation of high intensity laser beam can create distortion of the atoms due to high 

electric field. This effect is known as the optical Kerr effect which can affect the refractive 

index of the material. Thus, a laser beam having higher intensity at the central part can 

set a gradient of refractive index in the material. This lensing narrows the beam waist. A 

slit is used to only allow the narrow mode-locked beams after blocking the continuous-

wave laser. Finally, it provides the real driving force for further and continuous mode 
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locking. Different wavelengths of a beam can travel with different velocities due to the 

wavelength-dependent refractive index of optical components. This causes the GVD 

which introduces reshaping of pulse or spectral chirp (either positive or negative). Also, 

due to Kerr lensing, the frequency components of a pulse get phase-shifted differently. 

This is called self-phase modulation which causes temporal chirping by leading towards 

pulse broadening. To compensate for these GVD and chirping, multiple negative 

dispersion mirrors (which are Fabry-Perot etalons) are employed to bring the net GVD of 

the cavity down to zero. 

B. Evolution 
Evolution-30 is a diode-pumped Q-switched Nd:YLF laser capable of producing average 

energy of more than 20 mJ for a 527-nm-beam having a 1 kHz repetition rate. The 

components are described below: 

i. Power supply and laser diode: Evolution employs laser diode pumping to excite the 

laser gain medium. High efficiency results in low power electrical and cooling utility 

requirements with thousands of hours promised lifetime. 

ii. Nd:YLF gain medium: Nd:YLF or Nd:LiYF4 is used because of its long upper-state 

lifetime (470 μs). It provides efficient energy storage for high-pulse energy operation at 

low repetition rates. Its low thermal lensing and natural birefringence avoid the loss of 

beam quality. An intra-cavity polarizer gives the freedom to select 1047 nm or 1053 nm 

transitions during pumping. The output beam of Evolution is the frequency-doubled part 

of the 1053 nm laser. 

iii. Acousto-optic Q-switching: If a transparent material (here silica) is subjected to 

ultrasonic vibration, the photo-elastic effect couples the strain field of ultrasonic wave to 

the refractive index of the material. Now if the laser falls on the grating created by this 

effect, then a part of the light is diffracted in different directions. This energy loss is 

sufficient to destroy the ‘Q’ of the cavity. Generally, a piezoelectric transducer is used to 

convert the electrical signal to ultrasonic sound. The laser can be returned to the high ‘Q’ 

state after switching off the voltage applied to the transducer. If the ultrasonic vibration 

is stopped, then the fused silica block emits a Q-switched laser pulse. 

iv. Frequency doubling component: A nonlinear crystal, e.g., LBO, is used as an output 

coupler to frequency double the Q-switched beam. A heater maintains the tower 

temperature usually at 327.5 °F (164 °C). This crystal can efficiently work at the 
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temperature range between 157 °C and 171 °C range for noncritical phase matching with 

a 1053 nm laser and it emits about 527 nm in the output. 

C. Working Principle of Libra 
The physical phenomena that are associated with the regenerative amplification of 

femtosecond laser within Libra are described briefly in the following section: 

i. Chirped pulse amplification (CPA): This is a technique for amplifying an ultrashort laser 

pulse up to extremely high pulse energy with the laser pulse being stretched out 

temporally and spectrally before amplification. Sometimes highly intense laser beam can 

lose its energy within a very short path length due to unwanted self-focusing. CPA can 

avoid this obstacle. Initially, a weak but short duration pulse is generated. The peak 

power is reduced significantly after stretching. The pulse is then amplified without any 

self-focusing. Finally, the amplified pulse is compressed to its original pulse duration. 

Libra employs CPA to stretch a weak pulse by 10,000 times with the help of a grating and 

amplifies by a factor of 106 by using Ti:sapphire crystal. 

ii. Pulse stretching and compressing: A diffraction grating which reflects different 

wavelengths of a beam at different angles can introduce a varying delay for different 

wavelengths. This stretches or compresses the pulse temporally. In a stretcher grating, 

the in-build configuration is such that the higher frequency components (blue side of the 

spectrum) have to travel far to become time delayed with respect to the redder 

components. The pulse thus has a positive GVD due to this stretching which is known as 

a positively chirped pulse. In a compressor grating, the scenario is just the opposite. The 

bluer frequency components are made to travel faster in order to compensate for the 

delay with respect to the redder part and thus the pulse achieves its desired temporal 

width again. 

iii. Regenerative amplification (RGA): For a Ti:sapphire crystal absorptive transition 

takes place between 400 and 600 nm. However, the short wavelength side of the 

fluorescence spectrum merges with this transition wavelength. Thus, the actual range of 

lasing becomes limited in the IR range. This crystal has large gain bandwidth, exploited 

for pulse amplification. In the RGA cavity of Libra, Ti:sapphire crystal rod is used to 

amplify a single nJ pulse (selected from the mode-locked train of seed laser emitted from 

Vitesse) to mJ pulse. This amplification for a single pass within the crystal is very small. 
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RGA cavity offers a multipass trip to the seed laser so that a very high overall gain can be 

achieved. 

D. Two Color Optical Pump-Probe Setup in Noncollinear Geometry 
The s-polarized fundamental laser beam from the output of the amplifier (Libra) is guided 

by a set of five mirrors before being split into two equal parts using a 50:50 beam splitter 

(see Fig. 3.14). A portion of this fundamental laser beam is fed into the SHG. After the 

frequency doubling (λ = 400 nm) we obtain the pump beam. The other part of the 

fundamental laser beam (λ = 800 nm) is heavily attenuated being used as the probe beam. 

This beam is steered by several mirrors into a motorized scanning delay stage (Newport, 

with motion controller: model number-EPS301) with the RR assembly to introduce a 

variable time delay. Before entering into the RR, the probe beam is collimated using a pair 

of plano-convex lenses of focal lengths 10 cm and 15 cm. As a result, the beam-waist are 

reduced to ~5 mm. The probe beam coming out from the RR is guided to the sample using 

few mirrors before being focused on the sample surface by using a plano-convex lens. A 

GT polarizer (GTH5M, Thorlabs) with an extinction ratio of 100000:1 is placed in the path 

of the probe beam to ensure a high degree of polarization of the incident probe beam. 

Three irises are kept in the path of the probe beam to monitor the vertical and lateral 

shifts of the probe beam on a regular basis. The pump beam is guided onto the sample by 

using a set of five mirrors which are adjusted to compensate the optical path length with 

respect to the probe path. A variable attenuator is used for adjusting the probe power 

falling onto the sample. The pump and probe beams are made to incident non-collinearly 

onto the sample surface. The pump beam is kept slightly defocused on the sample surface 

to avoid any damage to the sample by the high irradiation of the pump beam. The probe 

beam is tightly focused on the sample surface and placed carefully at the centre of the 

pump beam so that the dynamics are probed from the uniformly excited part of the 

sample. The pump and probe beams have spot sizes of 200 μm and 100 μm, respectively. 

The sample is mounted on a holder placed on the top of a translational x-y-z stage. A 

viewing arrangement is made using a white light source and a CCD camera for monitoring 

the overlap of the pump and probe beams as well as their positions on the sample surface. 

The reflected pump beam is blocked. The reflected probe beam is split into two parts with 

a beam splitter. One part is fed directly into a Si detector which measures the total 

reflectivity. The other part passes through another GT polarizer (analyzer). Then it is fed 
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to a Si detector to measure the Kerr rotation of the probe beam. The analyzer is set at a 

very small angle from the extinction so that it measures the Kerr rotation on a minimal 

background of reflectivity. The bias magnetic field is applied by using permanent magnets 

in the desired configuration. The pump beam is chopped by using an optical chopper 

(Thorlabs, MC2000B). The detectors measure the reflectivity and Kerr rotation by two 

lock-in amplifiers (SR830, Stanford Research System) in a phase sensitive manner using 

a reference beam from the optical chopper output. The temperature and humidity of the 

TRMOKE laboratory are maintained at ~22°C and ~30%, respectively. 

E. Routine Alignments during Experiment 
The regenerative cavity remains stable if the temperature, humidity and dust level in the 

air is maintained carefully. However, after few months a significant movement of the laser 

path at the output of Libra is generally observed resulting in a change in the entire optical 

path. In this setup, there are few crucial places where special care is taken to align the 

pump and probe beams on a regular basis.  

1. Monitoring of the parameters at the output of Libra – The power, wavelength, and 

FWHM of the fundamental laser beam (800 nm) is monitored daily. There is no external 

control provided for the user to align the cavity on a daily basis. If any significant 

deviation from the standard values is observed then involved alignment of the cavity is 

necessary.  

2. Alignment before RR – The beam shift from the output of Libra can be checked by 

monitoring the path of the beam in a couple of irises before RR. Any unwanted shift can 

be adjusted by tweaking the tilt of mirrors placed before these irises. The RR is moved to 

 

Figure 3. 14. Schematic of the noncolinear TRMOKE system present in our laboratory at S.N. 
Bose National Centre for Basic Sciences. 
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and fro by the delay stage to check any horizontal and vertical shift of the probe spot. By 

moving the RR in between two extreme ends on the delay stage the beam position can be 

checked using a height tool or the iris placed after the RR. The Beam movement can be 

nullified by using a set of mirrors placed before the RR. 

3. Alignment after RR – There are three irises through which the probe beam can pass 

maintaining the desired horizontal and vertical positions. Any unwanted deviation of the 

probe beam in the path can be adjusted by a set of mirrors placed after RR. 

4. Alignment of the pump beam – There is no external control of the SHG unit and usually 

the pump beam remains stable. Any slight misalignment of the pump beam is adjusted by 

changing the tilts of the respective mirrors placed in the pump path. The coarse overlap 

of the pump and the probe spots on the sample surface is achieved by monitoring them 

on a CCD camera, whereas the fine adjustment is done by maximizing the reflectivity 

signal at the zero-delay position of RR on the delay stage. 

5. Finally, the alignments of the two detectors are checked by viewing the probe spot 

position at the centre of the sensor by using an IR viewer. After adjusting the optical 

components, the time-resolved reflectivity data from a test Si-substrate is recorded and 

its relaxation rate is compared with the standard data to verify the alignment condition 

and pump-probe overlap. 

  
Figure 3. 15. Photograph of the noncolinear TRMOKE system present in our laboratory at the 
S.N. Bose National Centre for Basic Sciences. 
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3.3.3 Brillouin Light Scattering Technique 
BLS relies on the interaction between photons with quasiparticles such as phonon, 

plasmon, magnon etc. Here, a monochromatic laser beam is incident on a sample surface. 

Most part of the beam goes through reflection or absorption, whereas a small part of it 

scatters from the surface. In case of elastic scattering, the photon energy or frequency 

remains the same. However, a change in photons angular frequency is observed due to 

inelastic scattering which is the principle behind the spin-wave detection using BLS. The 

BLS measurement in this thesis was performed in backscattered geometry where the 

scattered light is collected by the same lens used for focusing the incident beam within a 

solid angle (defined by the numerical aperture of the lens) in the opposite direction of the 

incident beam. This geometry maximizes the wave vector of the spin-wave involved in 

the scattering process. The scattered beam is analyzed using a tandem Fabry-Pérot 

interferometer (TFPI) to extract information of the surface and bulk magnons. BLS 

technique has some salient features such as; detection of the thermally excited spin wave 

at room temperature without any external excitation, measurements of spin-wave 

dispersion in different possible geometry.   Over the last few decades, different variants 

of BLS have been designed to study the spin-wave with frequency, time, spatial and phase 

resolution. In this thesis, we have employed the BLS for the measurements of collective 

spin-wave behaviour from an interconnected 3D network. In the succeeding paragraphs, 

the key components and instrumentation of BLS have been discussed. 

A. Laser  
A monochromatic solid-state laser source of wavelength 532 nm from Spectra Physics 

(Excelsior) is used for the precise measurement of spin-wave frequency. Here, the crystal 

of Nd3+ ions doped yttrium vanadate (Nd: YVO4) is pumped using a diode laser source. 

The crystal emits infra-red laser light of wavelength 1064 nm. Further, it is converted to 

visible light by passing through a nonlinear LBO crystal for frequency doubling. It gives a 

green laser beam of wavelength 532 nm. The output of the laser beam has a diameter of 

around 670 µm and a divergence of 1.03 mrad. Overall, the laser system gives very stable 

output power and it does not require any external adjustments in day to day uses.  

B. Tandem Fabry- Pérot Interferometer 
The TFPI is the heart of BLS measurements. A sophisticated arrangement of two Fabry- 

Pérot interferometers (FPIs) is used in TFPI to achieve high spectral resolution for the 
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detection of spin-waves. Generally, the spin-wave frequency lies within 300 GHz, which 

corresponds to a wavenumber of around 10 cm-1. This is almost 105 times smaller than 

the typical laser excitation frequency. Also, the cross section of inelastically scattered 

photons is much smaller than that of elastically scattered photons. Therefore, a highly 

sensitive detection technique is required with a high signal to noise ratio, which is able 

to pick up the signal from a small fraction of the incident laser beam. These conditions 

are achieved in TFPI bypassing the scattered beam three times through each FPI placed 

in tandem configuration. The transmission of light through a single FPI and TFPI is briefly 

discussed in the following sections. 

i. Fabry-Pérot Interferometer 
An FPI (etalon) consists of two partially reflective planar mirrors, mounted parallel to 

each other at a certain distance (L). The light enters the FPI and experiences multiple back 

and forth reflections, and transmissions. The transmitted lights interfere with each other. 

The condition for constructive interference for normal incidence is given by: 

      𝐿 =
𝑛𝜆

2
      (3.2) 

 where n is an integer (transmission order) and λ is the wavelength of light. The frequency 

gap (∆f) between two consecutive orders is given by:  

 ∆𝑓 =
𝑐

2𝐿
                  (3.3) 

where c is the velocity of light in vacuum. The inter-order spacing is defined as the free 

spectral range (FSR). The finesse (F) of the interferometer is related to the FSR. 

𝐹 =
∆𝑓𝐹𝑆𝑅

∆𝑓𝐹𝑊𝐻𝑀
                  (3.4) 

Where ∆fFWHM is the full width half maxima of the transmitted spectra. The finesse affects 

the intensity of transmitted light as given by the expression below. 

∆𝐼𝑡 =
𝐼0

1+(
4𝐹2

𝜋2 ) sin22𝜋𝐿

𝜆

                 (3.5) 

Where I0 is the incident light intensity. The above equation is also known as the Airy 

function which describes the periodicity of transmitted light intensity with mirror 

spacing and frequency. The finesse is the measure of the quality of the instrument which 

is connected to the reflectivity (R) of the mirror of FPI and is given by: 

𝐹 =
𝜋√𝑅

(1−𝑅)
                  (3.6) 
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From the above equation, it is clear that higher reflectivity enhances the finesse of the 

FPI. The increment of finesse increases the FSR (eqn. 3.3) as ∆fFWHM decreases. On the 

other hand, if R is fixed, the increment in L decreases the FSR which enhances frequency 

resolution as the finesse is maintained at a fixed value. The contrast (C) of an FPI is given 

by: 

           𝐶 = 1 +
4𝑅

(1−𝑅)2                  (3.7) 

The contrast of the n-pass interferometer is the n-th power of that of the single pass 

interferometer contrast. For example, for a three-pass interferometer, the contrast will 

be a minimum of three orders of magnitude higher than the single pass interferometer. 

ii. Tandem Operation 
In case of one FPI, the periodicity of transmitted intensity as a function of mirror spacing 

is the major problem for identifying the frequencies of a scattered beam. For example, 

two wavelengths (λ1 and λ2) can satisfy the transmittance condition of different orders 

(m1 and m2) in an FPI of mirror spacing L.  

𝐿 = 𝑚1𝜆1 = 𝑚2𝜆2                  (3.8) 

As the reference beam determines the order of the transmitted beam. The order of the 

second wavelength (does not match with the reference beam) remains inaccessible. 

Also, in case of a scattered beam, it is not possible to exactly identify the Stokes peak of a 

specific order or the anti-Stokes peak of the previous order.  The tandem configuration is 

capable to solve this ambiguity. Here, the light passes through two consecutive FPIs 

placed at an angle α. This arrangement was developed by John Sandercock in 1971 

[49,50]. The right mirror of each FPI is placed on a translational stage and the other one 

 
Figure 3. 16. Transmission Spectra of FPI1 and FPI2 and in tandem operation. The transmitted 
spectra consist of an intense elastic peak (frequency: ωL) and two weaker sidebands (ωL±ω). 
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on a separate angular orientation device. The scanning translational stage can move the 

right mirror of each FPIs along the optical axis of FPI1. A change in mirror spacing by an 

amount of d in FPI1 causes a change in FPI2, which is given by: 

∆𝐿2 = ∆𝐿1 cos(𝛼)                  (3.9) 

where ∆𝐿1 = 𝑑.  

This also satisfies a synchronized condition: 

 
𝛿𝐿1

𝛿𝐿2
=

𝐿1

𝐿2
                            (3.10) 

This synchronization condition is employed to suppress the intermixing of different 

orders. Both the FPIs are adjusted for the transmission separately before the scanning on 

the linear stage. Though the FPIs transmit different orders, in combination they transmit 

a centre mode by suppressing the others which can be adjusted by changing the mirror 

spacing of FPI2. This arrangement enhances the FSR of the resultant spectra without 

affecting the spectral resolution. The light passes thrice through each FPIs to enhance the 

contrast. Subsequently, the six-pass beam is fed into a photomultiplier tube which counts 

the number of photons as a function of the mirror spacing and the ensuing frequency 

shift. In order to obtain this, the scanning stage constantly sweeps the distance 

corresponding to the required frequency window and the data is acquired for a long time 

to attain sufficient statistics. As a result, the acquired BLS intensity is proportional to the 

spin-wave intensity at any given frequency.  

 
Figure 3. 17. Schematic of the pinhole and light modulator arrangement inside the TFPI of the 
BLS system. 
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C. Light Modulator  
The light modulator is a double pinhole system that is placed at the light entrance path of 

TFPI as shown in Fig.3.17. With the synchronization with TFPI operation, the shutter SH1 

and SH2 are alternatively opened to control the light intensity to protect the single 

photon counter detector from the intense elastic light. Here, Fig. 3.18(a) presents the 

spectrum of the scattered signal captured by the first pinhole (P1), while, Fig. 3.18(b) 

shows that of the reference beam passing through the second pinhole (P2). During the 

scanning of the elastic peak (i.e., region I, IV and V), P1 is closed and P2 is opened, allowing 

the reference beam to enter through it. This small intensity reference beam is further 

used to maintain the stabilization of the angular orientation of the FPIs. On the contrary, 

during the scanning for the Brillouin shifts (i.e., in regions II and III), P2 is closed but P1 

is opened. 

D. Experimental Setup 
The monochromatic continuous laser beam of wavelength 532 nm splits into two parts 

(90:10) using a beam splitter. The less intense part is guided using M1 and M2 toward 

the TFPI where it acts as a reference beam. The reference beam plays a crucial role during 

measurements. Firstly, it stabilizes the mirror spacing of the FPIs and helps to maintain 

it throughout the measurement. It also helps to determine the frequency shift in scattered 

beams with respect to the incident light frequency. On the other hand, the intense part 

passes through a half wave plate (introduce a π phase) and a polarized beam splitter to 

make the beam fully polarized (perpendicularly polarized). Then the beam is guided by 

the mirrors M3, M4, M5, M6 and a prism-mirror towards the sample which is placed in 

 
Figure 3. 18. A schematic of the part of the BLS spectrum which passes through shutter (SH), 
(a) SH1 and (b) SH2 when another shutter remains closed. A superposition of the spectra in 
(a) and (b) is acquired when SH1 and SH2 operate in synchronization. 
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between two pole pieces of an electromagnet. The electromagnet is used to apply an 

external magnetic field to the sample. A variable attenuator is used in between M3 and 

M4 to control the laser beam intensity to avoid sample overheating. The prism mirror is 

chosen in a small shape to minimize the blockage of backscattered light from the sample. 

The beam is focused on the sample using an achromatic doublet lens (L: numerical 

aperture 0.26). The backscattered beam is also collected by the lens. The inelastically 

scattered beams carry information of spin-wave frequency and wavevector which is 

given by the conservation of energy and momentum. The conservation of energy 

(frequency) and momentum (wave vector) due to interaction between incident photon 

and magnon (spin-wave: angular frequency ω and wave vector k) is given by: 

ħ𝜔𝑆 = ħ𝜔𝑖 ± ħ𝜔                  (3.11) 

 ħ𝑘𝑆 = ħ𝑘𝑖 ± ħ𝑘                  (3.12) 

where + (-) sign stands for anti-Stokes (Stokes) process and ωi, ki and ωs, ks are the 

angular frequency and wave vector of the incident and scattered light, respectively. 

The conservation of q is valid for in-plane components as during the scattering the 

conservation of perpendicular component does not hold good due to the translational 

broken symmetry. For an incidence angle of θ, the conservation of momentum eqn. (3.12) 

can be simplified as: 

|𝑘| = |𝑘𝑖 sin 𝜃 − 𝑘𝑠 sin 𝜃| = 2|𝑘𝑖 sin 𝜃|               (3.13) 

 
Figure 3. 19. Schematic of the BLS setup present in our laboratory at S.N. Bose National Centre 
for Basic Sciences. 
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The sample is mounted on a high precision rotational stage (resolution: 1ᵒ) to change the 

incident angle of the laser light which gives access to different wave vectors as given by 

the above equation. In our measurement, the θ was kept fixed around 0ᵒ to probe the 

coherent spin-wave behaviour. The measurements were performed for the various 

magnetic fields by changing the current through the coil of the electromagnet. The 

backscattered light is guided by M7 towards an analyzer (P) which allows the magnetic 

information to pass through it and blocks the nonmagnetic signal (such as elastic 

information and phonons) by exploiting the cross-polarization relations between them. 

Afterwards, the beam is guided by M8, M9, M10 and focused by L1 (placed between M8 

and M9) at the entrance pinhole of the 3+3 pass TFPI for analyzing the spin-wave 

frequency. Inside the TFPI, the beam is guided by a mirror M1’ which then reaches FP1 

by passing through lens L1’ and mirror M2’. After that, the beam reflects from M3’ and 

passes through FP2. Subsequently, the beam is reflected from one prism (PR1’) and it 

traces back its path via FP2 and FP1 and reaches M4’. The beam is once again reflected at 

M4’, and thus, it gets redirected, passes through FP1 and FP2 for the third time and 

completes its 3+3 pass path. Finally, the beam reaches the single-photon counter (D) after 

passing through a prism (PR2’), two mirrors (M5’ and M6’) and one lens (L2’). Here, the 

 
Figure 3. 20. Photograph of the BLS setup present in our laboratory at S.N. Bose National 
Centre for Basic Sciences. 
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resulting light has a very low intensity which is detected by a single photon counter. The 

signal is analyzed and stored using software (GHOST).  

3.4 Numerical Methods 
The macrospin formalism can describe the magnetic behaviour of a single domain 

structure or a uniformly magnetized thin film. Here, the non-linear differential equation, 

i.e., Landau-Lifshitz-Gilbert equation is solved by linearizing it under a small angle 

approximation to understand the magnetization dynamics. In case of confined magnetic 

structures, the uncompensated spins at the boundary give rise to demagnetizing fields 

which affect the magnetic textures as well as magnetization dynamics, and hence, the 

calculations are not straightforward. The analytical solutions become more complicated 

for non-ellipsoidal shapes. Several analytical efforts have been made to determine the 

demagnetizing field distributions in such nanostructures in all of the three dimensions. 

However, the theoretical reproduction of experimentally observed behaviour becomes 

more complicated in a practical structure where the fabrication artifacts add more 

complexity in the shape in form of defects and deviations for ideal shape among others. 

Therefore, the development of micromagnetic modelling and different other numerical 

methods emerged to address these issues. The micromagnetic simulation has become a 

popular tool to explore the magnetization behaviour of nanostructures in 1D, 2D and 3D 

due to the availability of different open-source and commercial software packages. 

Micromagnetism is a continuum theory where the magnetic parameters vary 

continuously in space. In the micromagnetic simulation, the sample is divided into a 

number of unit cells each of which consists of a magnetic moment (macrospin) which 

interacts with the neighbouring cell’s moment by short-range exchange and long-range 

dipolar interactions, under the influence of anisotropy fields, and in presence of external 

magnetic fields, where additional field terms can also be introduced (simplified form of 

 

Figure 3. 21. Correlation between micromagnetics with ab-initio and macrospin model. 
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ab-initio or first principle calculations). At a particular position, the magnitude of 

magnetization, i.e., saturation magnetization is fixed. However, it can freely rotate in a 3D 

spherical coordinate. Based on the discretization scheme of the sample, micromagnetic 

simulation can be divided into two classes, namely, the finite difference method where 

the sample is discretized into a number of regular parallelepiped cells and the finite 

element method where the sample is discretized into different geometric shapes like 

triangles, squares or rectangles in 2D, and tetrahedrons, cubes or hexahedra in 3D. 

The finite element method is useful for the reproduction of any arbitrary shape in the 

simulation. However, the computational speed is much faster in case of the finite 

difference method. The main time-consuming part of the micromagnetic simulation is the 

calculation of the long-range dipole-dipole interaction term (demagnetization field). In 

case of the finite difference method, due to its regular grid structure, the demagnetizing 

field is computed using convolution via fast Fourier transformation which is not possible 

for irregular grid-based finite element methods. This makes the finite difference method 

a faster computational process compared to the finite element method. Examples of 

various finite element method-based simulators are NMAG [51], MAGPAR [52], 

MicroMagnum [53], TetraMag [54], FEELLGOOD [55], FastMag [56] etc. Few examples of 

finite difference method-based simulators are Object Oriented Micromagnetic 

Frameworks (OOMMF) [57], LLG micromagnetic simulator [58], MicroMagus [59], 

MuMax3 [60], Boris [61], Magsimus [62], GoParallel [61] etc. The micromagnetic 

simulations are valid for timescale >1ps and length scale greater than the atomic scale 

[63]. In this thesis, we have used the finite difference method-based OOMMF, LLG 

micromagnetic simulator and MuMax3 software. We have also used a custom-built 

 

Figure 3. 22. Generation of spherical shape in – (a) finite difference method (cuboidal cell) and 
(b) finite element method (tetrahedral cell). 

(a)    
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DotMag software to calculate the spin-wave mode profiles using the dynamic output files 

of the micromagnetic simulators. Brief descriptions of the software packages are given 

below. 

3.4.1 OOMMF 
OOMMF is an open-source CPU based micromagnetic simulator developed at the National 

Institute of Standards and Technology (NIST) by M. J. Donahue and D. G. Porter [57]. The 

core engine code is written in C++ and the interface is written in Tcl and Tk language on 

top of the source code. The OOMMF package is available on all popular computer 

platforms, i.e., Unix, Windows and Mac. It utilizes an ordinary differential equation solver 

to relax spins on a quasi-two-dimensional mesh of square cells. Anisotropy, applied field, 

and initial magnetization can be varied point wise and arbitrarily shaped elements can 

be modelled. In case of 2D structures, the geometry can be introduced via an image in 

‘.bmp’ picture format which gives the freedom to draw and mimic any possible shape. 

Besides, the sample geometry can be defined using a script by a set of equations. The 

system can also be discretized in all three dimensions. The simulations are performed at 

T = 0 K in OOMMF. The problem is defined with all the required input parameters and 

initial conditions in a ‘.mif’ file. The intrinsic energies such as exchange energy and 

magnetocrystalline energy can be specified by providing the numerical values of the 

exchange constant, anisotropy constant and the direction of anisotropy field in the 

cartesian coordinate. All the material parameters are provided in the SI unit. It is crucial 

to set the proper evolver in the script. There are two types of evolvers: time evolvers to 

take care of LLG dynamics and energy minimization evolvers to locate the local minimum 

in the energy surface by using a direct minimization technique. Evolvers are mainly 

controlled by their compatible drivers (i.e., time and minimization drivers). The drivers 

provide a magnetization configuration to the evolvers with an indication of advancing the 

configuration by one step (also called ‘iteration’). The drivers determine when a 

simulation stage (or run) is completed using a specified stopping criterion as defined in 

the input MIF file. For preparing magnetic ground state the minimization evolver is 

generally used to obtain reliable results. The convergence criterion in the simulation is 

created by setting the stopping value of dm/dt or time. At the stopping time, the 

maximum value of dm/dt across all spins reduces below the set value. The maximum 

torque should go well below 10-6 A/m then. The final magnetization state obtained as the 
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equilibrium state is then specified as the initial magnetization in the dynamic simulation 

file. Providing an external perturbation in terms of the additional field the magnetization 

dynamics is simulated. The time dependent components of magnetization, magnetic field 

and energies can be extracted in the output file with ‘.omf’, ‘.ohf’ or ‘.ovf’ formats. OOMMF 

also offers the user to set a periodic boundary condition (PBC) in different dimensions 

for simulating realistic systems with finite a smaller sample geometry. 

3.4.2 MuMax3 
MuMax3 [60] is another open source, GPU accelerated micromagnetic simulator, which 

requires high performance graphics card. GPU-based acceleration provides speeding up 

by 100x as compared to the CPU-based micromagnetic simulation and can simulate 

around 16-million-unit cells using 2GB of GPU RAM. The software package is available on 

Unix, Windows and Mac platforms. The package was developed at the DyNaMat group of 

Prof. Van Waeyenberge at Ghent University.  The package is written in Go language and 

it uses CUDA C kernel for faster processing. The simulation is performed using a Windows 

power shell and the progress can be monitored in a web-based user interface. The output 

is obtained in form of ‘.ovf’ data format which is compatible with the postprocessing and 

viewing tools for OOMMF. The code is written in a text file in ‘.mx3’ or ‘.go’ format. The 

sample geometry can be defined by inserting an image in PNG format. The MuMax3 

provides some basic 2D and 3D shapes. These shapes can be easily arranged in complex 

geometry using 3D rotational, translational, scaling functions along with the Boolean 

operations available in the package, i.e., AND, OR, XOR. These features make it suitable 

for designing a complex three-dimensional structure. The combination of the ability to 

the reproduction of complex geometry with the capability of handling a large number of 

cells with high performance speed makes the MuMax3 software a powerful tool for 

micromagnetic simulation study in complex 3D nanoscale structures. In a unit cell, the 

volumetric quantities (M, K etc.) are defined at the middle of the cells, whereas coupling 

quantities are specified at the faces of the cells. MuMax3 offers several types of Runge-

Kutta methods (RK45, RK23, RK12 etc.) to solve the LLG equation with different 

convergence criteria and error estimation. The solver can be easily defined in the code by 

defining the solver number. MuMax3 provides relax and minimize function that can find 

the energy minimum of the system. The relax function tries to closely obtain the minimum 

energy. These functions prevent all excitations (such as temperature, current, time 
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dependent magnetic field) during the energy minimization. To make the numerical 

experiments more realistic, a system with finite geometry can be repeated with the help 

of PBC and simulation can be performed using the macro-geometry approach. This is 

different from what is generally being used in OOMMF. The user can set the number of 

repetitions in which the image can be copied on each side of the simulation box. 

3.4.3 LLG Simulator 
LLG simulator is a commercially available package that was developed and licensed by M. 

R. Scheinfein [58]. It has three modules of functionality that are specified in terms of 

defining the solution. Those maintain consistency with the Windows event-driven 

programming interface. These modules are briefly described below. 

• Input phase: This is used to define the parameters and design customized simulations. 

Though it increases the risk of input errors, the process is user friendly. As a 

countermeasure LLG performs exhaustive error checking. Since the program solves the 

LLG equations using finite differences for exchange energies and fields, as well as 

boundary elements for magnetostatic self-energies and fields, the object must be defined 

as a grid. This simulator uses rectangular pixels on a cartesian grid. After setting up the 

environment, LLG initializes all of the arrays to start computing the demagnetization field 

coupling tensors. It calculates the field for any boundary conditions. As the simulation 

phase begins the user is prompted to store the simulation parameters in several files. 

• Simulation phase: In this phase, the desired simulation is performed based on the 

solution of the differential equations (LLG Simulation Sheet). 

• Review phase: This phase helps in reviewing the results by re-playing them through a 

graphically animated movie (LLG Movie Viewer) or the user can view a domain or field 

file in the viewer control. 

The LLG supports four integrators to solve an ordinary differential equation. The most 

primitive one is the Euler Cartesian method, which is the fastest but least accurate. The 

Rotation Matrices method is the integrator of choice for solutions where damping is 

greater than 0.5. This is used to study the magnetic ground state configurations in our 

systems. The Cartesian Predictor-Corrector integrator is the most accurate and also 

faster when damping is about 0.01. The Gauss-Seidel Stable method is a semi-implicit 

first-order integration scheme. The integration time steps can be much larger on fine 

grids using this method. The study of quasistatic magnetization reversal is more 
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authentic here. In this thesis, the results are obtained using the 2.50 version of the LLG 

simulator which works with a single processor and is currently unable to perform parallel 

computation. 

3.4.4 DotMag 
The dynamic simulations using OOMMF and MuMax3 software generates ‘.omf’ and ‘.ovf’ 

files, respectively, which contain the information of the spatial distribution of 

magnetization (M(t,x,y,z)) at a particular given time which can be analyzed to extract the 

information of superposed multiple resonant modes. In order to extract the power and 

phase profiles of the multiple resonant modes, we analyzed the ‘.omf’ and ‘.ovf’ files using 

our home-built post-processing code DotMag [64,65]. To calculate the power and phase 

profiles in the frequency domain, it takes the fast Fourier transformation of time-domain 

data along a plane of the sample by keeping one of the coordinates fixed (either x or y or 

z). If we fix a plane at z = z1 then the FFT is taken along the x-y plane:  𝑀̃𝑍1(𝑓, 𝑥, 𝑦) =

𝐹𝐹𝑇(𝑀𝑧1(𝑡, 𝑥, 𝑦)). Then the power and phase are calculated for a resonant mode of 

particular frequency f = f1 which can be written as:   

Power:                      𝑃𝑧1𝑓1(𝑥, 𝑦) = 20𝑙𝑜𝑔10|𝑀̃𝑧1(𝑓1, 𝑥, 𝑦)|      (3.14) 

and 

Phase:                𝜙𝑧1𝑓1(𝑥, 𝑦) = atan2 (𝐼𝑚 (𝑀̃𝑧1(𝑓1, 𝑥, 𝑦)) , 𝑅𝑒 (𝑀̃𝑧1(𝑓1, 𝑥, 𝑦)))       (3.15) 

The power is presented usually in terms of dB and phase in radian. MATLAB is used to 

run and control this code, and the output is obtained with the plot of space-dependent 

power and phase at discrete frequencies. The frequency resolution necessarily depends 

upon the total simulation time and the spatial resolution of calculated power and phase 

maps depends upon the discretization of the sample (or the number of cells) during 

micromagnetic simulation. 
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Chapter 4 

4. Nanochannels for Spin-Wave Manipulation in 

Ni80Fe20 Nanodot   Arrays 

4.1 Introduction 
Periodically patterned thin film magnetic nanostructures, commonly known as magnonic 

crystals, is an interesting research field since its inception in 1970s [1,2] due to its 

potential applications in wave-based computing, on-chip GHz frequency data 

communication, processing, low energy nanoelectronics devices among others. Spin-

wave is the propagation of perturbed energy from the equilibrium state energy in the 

form of phase in a magnetically coupled system, which acts as information carrier in 

magnonics [3,4]. In addition to the fundamental understanding of spin-wave in various 

one-, two- and three-dimensional magnonic crystals [5], a number of miniaturized 

components and devices such as spin-wave based multiplexer [6], interferometer [7], 

grating [8], waveguides [9,10], phase shifters [11], directional couplers [12], 

nanomagnetic antenna [13] and neuromorphic computing [14] have been demonstrated 

during last one decade.  More recently strong coupling of magnons with microwave 

photon [15], phonon [16], magnon [17,18] and superconducting qubits [19] have been 

explored as hybrid systems for quantum transduction as well energy harnessing from 

alternative sources. Control of magnon propagation using topological spin texture has 

landed a new research field of spin-texture controlled magnonics [20].  

In essence, complete understanding and control of spin-waves in patterned arrays of 

nanomagnets is at the core of the research in magnonics. The overwhelming progress in 

nanofabrication and high-frequency measurement techniques have made it possible to 

explore the spin-wave dynamics in various complex patterned magnetic nanostructures. 

In the last decade, there have been a large number of studies of spin-wave propagation, 

localization, hybridization and damping on different types of patterned structures such 

as physically isolated periodically patterned magnetic structures, namely, dot lattices 

[21-27], nanowire and nanostripes [28-30], nanochannels (NCs) [31] and connected 

structures, namely, antidot lattices [32-38]. The main focus of studying patterned 

magnetic nanostructures is to understand and tune the spin-wave frequency, nature of 
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modes, mode profiles and damping by varying the element width [22,24,29,39], shape 

[27,36,37], lattice constant [25,40], lattice symmetry [26,38], base material [37,41] as 

well as by changing the external bias magnetic field strength and orientation [34-36]. 

Further, the filled antidot lattices [42] and other forms of bicomponent magnonic crystals 

[43] offer more freedom to tune the spin-wave properties. There have been a large 

number of studies on spin-wave dynamics in ferromagnetic antidot lattices. Most of the 

studies were focused on the variation of diameter, shape, separation and lattice 

symmetry of antidots, which dealt with magnetic elements connected by irregularly 

shaped nanochannels. The complex demagnetizing field profiles in such structures made 

it non-trivial to understand the role of nanochannels on the spin-wave spectra in these 

systems.  

Here, we have investigated the spin-wave dynamics in two-dimensional (2D) square 

arrays of Ni80Fe20 (Permalloy; Py hereafter) nanodots which are physically connected to 

its neighbouring nanodots by simple rectangular shaped NCs of the same material. We 

have varied the dot size (S) and the nanochannel length (l) while keeping the nanochannel 

width (w) constant. The filling fraction (area covered by Py/area of one unit cell) 

increases with decreasing S and l. We have exploited a custom-built time-resolved 

magneto-optical Kerr effect (TRMOKE) microscope to reliably measure the local 

precessional dynamics of the samples. We have observed rich spin-wave spectra in these 

connected nanodot (CND) arrays. The number of spin-wave modes decreases with 

increasing filling fraction due to the reduction in the demagnetizing region. All the spin-

wave modes are found to be coupled between the dots through the vertical NCs (VNCs: 

connecting the nanodots perpendicular to the applied magnetic field (H) direction) 

except the highest frequency mode, which shows a mixed backward volume-Damon 

Eshbach (BV-DE) behaviour. On the contrary, the power of the highest frequency mode is 

mainly concentrated inside the horizontal NCs (HNCs: connecting the nanodots parallel 

to H). Furthermore, using numerical micromagnetic simulations we have shown the role 

of NCs to modulate the higher frequency modes due to the dipole-exchange coupling 

between the dots.  

4.2 Experimental Details 
The square shaped arrays Py CNDs each with a 25 × 25 µm2 area were fabricated by using 

a combination of electron-beam evaporation, electron-beam lithography and ion milling 
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on self-oxidized Si (100) substrate. The 20-nm-thick Py film coated with a 60-nm-thick 

Al2O3 protective layer was deposited in an ultra-high vacuum chamber at a base pressure 

of 2 × 10-8 Torr on a commercially available self-oxidized Si(100) substrate. Bi-layer 

poly(methyl methacrylate)/methyl methacrylate (PMMA/MMA) resist was used for e-

beam lithography to make the resist pattern on the Py thin film followed by ion milling at 

a base pressure of 1 × 10-4 Torr with a beam current of 60 mA for 6 min for creating the 

pattern. 

The ultrafast magnetization dynamics of the CND arrays was measured by using an all-

optical TRMOKE microscope based on a two-colour collinear pump-probe technique [43]. 

The second harmonic (λ = 400 nm, pulse-width = 100 fs, fluence = 18 mJ/cm2) of a Ti-

Sapphire oscillator (Tsunami, Spectra-Physics) was used to excite the dynamics, while 

the time-delayed fundamental beam (λ = 800 nm, pulse-width = 80 fs, fluence = 2 mJ/cm2) 

was used to detect the ensuing Kerr rotation as a function of the delay time. The time 

resolution of the system is a little above 100 fs which is determined by the cross-

correlation between the pump and the probe beam. The collinear pump-probe beam is 

focused on the sample by a single microscope objective (MO) of numerical aperture, N.A. 

= 0.65. The probe beam is tightly focused with ~800 nm spot size on the sample surface 

by the MO, where the pump beam becomes slightly defocused with about 1 μm spot size, 

and they are precisely overlapped and placed on the desired region of the sample by using 

a piezoelectric x-y-z scanning stage. This ensures the measurement of the magnetization 

dynamics from the uniformly excited region of the sample. The TRMOKE microscope is 

equipped with a feedback loop of the scanning stage, a CCD camera and a white light 

illumination system for better stability and viewing. The same MO collects the back-

reflected beams, out of which the pump beam is filtered out and the probe is steered to 

an optical bridge detector to simultaneously measure the time-resolved Kerr rotation and 

reflectivity. Two lock-in amplifiers are used to measure the signals separately in a phase 

sensitive manner by using the electrical output from an optical chopper, which is used to 

chop the pump beam at a 2 kHz frequency. A static magnetic field is applied at a small 

angle of about 10° from the sample plane which generates a small out-of-plane 

demagnetizing field. The in-plane component of this magnetic field is defined as the bias 

field, H. After the laser induced ultrafast demagnetization, the out-of-plane component of 

the demagnetizing field is modified rapidly, inducing a damped precessional motion in 

the sample.  
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4.3 Results and Discussions 

Figure 4.1 (a), (b) and (c) show the scanning electron micrographs of the CND arrays with 

variable S(l) of 865 nm(320 nm), 660 nm(210 nm) and 465 nm(105 nm) nm, denoted as 

S1, S2 and S3, while w is constant at around 260 nm for all the samples. Up to ± 10 nm 

deviation is observed in the lateral dimensions of the samples. A schematic of the sample 

is shown in Fig. 4.1(d) where the sample parameters S, l and w are highlighted.  

The filling fraction and unit cell size are calculated for all the samples and tabulated in 

Table (4.1). For S3, the edges of nanodots and NCs are slightly deformed. These deviations 

and deformations have been corroborated in the micromagnetic simulation. 

 

Figure 4. 1. Scanning electron micrographs are shown for (a) S1, (b) S2 and (c) S3. The scale 
bar is common to three samples, as shown in (b). A magnified view of the constituent nanodot 
with the four nanochannels is shown at the inset of each image. (d) A schematic of sample is 
shown where the dot size (S), and nanochannels length (l) and width (w) are marked. 

1 µm

S3

S2S1

(a)

S

lw

(b)

(c) (d)

Table 4. 1 – Filling factor (ff) for three sample is calculated by taking the ratio of the area 
covered by material (APy) within a unit cell with the area of unit cell (A).  ff  = Apy/A; (A = D2 = 
(l + S)2).   
 

 

 

 

Sample Dot Size 
(S nm)

Connector 
length (l nm)

Unit cell size 
(A  105 nm2)

Filling factor 
(Apy/A)

S1 865 320 14.04 0.64

S2 660 210 7.57 0.72

S3 465 105 3.25 0.83
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The experimental geometry for the TRMOKE measurement is shown in Fig. 4.2(a). Typical 

time-resolved reflectivity and Kerr rotational data from S1 at H = 1.67 kOe are shown in 

Fig. 4.2 (b) and (c), respectively. The bias field is chosen to be large enough to saturate 

the magnetization of the sample along the applied field direction. The time scale is broken 

between 3 to 10 ps to highlight the ultrafast magnetization dynamics [44,45] in different 

temporal regimes. Following the zero delay, the Kerr rotation exhibits a sharp drop due 

to the laser induced ultrafast demagnetization (Region II), a fast magnetization recovery 

or fast remagnetization (Region III) and a slow remagnetization (Region IV) 

superimposed with multimodal damped precessional motion. The ultrafast 

demagnetization and fast remagnetization data are fitted with an expression derived 

from the three-temperature model [46], which yields a demagnetization time of ~200 fs 

and a fast remagnetization time of ~1 ps. The slow remagnetization time is obtained as 

~200 ps by fitting the data with an exponential function. 

The background subtracted time-resolved Kerr rotation data for all three samples at H = 

1.67 kOe is shown in Fig.  4.3(a). The fast Fourier transformation (FFT) spectra of time-

resolved data yield the frequencies of the spin-wave modes (Fig. 4.3(b)). For S1, the 

highest number of spin-wave modes are observed and the mode number decreases with 

increasing filling fraction. The decrease in the number of modes is due to the decrease in 

 

Figure 4. 2. (a) Schematic of experimental geometry is shown. Focusing of pump and probe 
beam and direction of applied magnetic field (H) are highlighted. Typical time resolved (b) 
reflectivity and (c) Kerr rotation data of sample S1 are shown at a bias magnetic field of 1.67 
kOe. 
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the demagnetized region with increasing filling fraction from S1 to S3. The lower 

frequency modes are suppressed as we move from S1 to S3 and consequently, the spin-

wave frequency span narrows down from 6.9 GHz to 3.6 GHz. 

We have investigated the origin of the spin-wave modes by numerical calculation using 

Object Oriented Micromagnetic Framework (OOMMF) software [47]. We have considered 

an array of 4×4 elements with 2D periodic boundary conditions to mimic the large area 

of the sample compared to the spot size. Subsequently, we have extracted the averaged 

signal from a 1×1 µm2 area from the central portion of the array by following the 

experimental condition. The arrays were divided into cuboidal cells with a size 4 × 4 × 20 

nm3. The lateral cell size is well below the exchange length of Py (≈ 5.2 nm). The observed 

deformation in shapes was introduced in the simulations and the material parameters 

were used in the simulation as gyromagnetic ratio γ = 17.6 MHz/Oe, saturation 

magnetization Ms = 860 emu/cc, anisotropy field HK = 0 and exchange stiffness constant 

Aex = 13 × 10-6 erg/cm. The material parameters were extracted by fitting the measured 

bias field dependent precessional frequency of an unpatterned Py thin film with Kittel 

formula [48] (shown in Appendix A). The value of Aex is obtained from the literature [49]. 

The equilibrium magnetic states were obtained by relaxing the sample under study at a 

bias field of 1.67 kOe for a sufficiently long time after reducing it from a larger magnetic 

field so that the torque on the system goes below 10-6 A/m. The damping parameter is 

artificially made very large at α = 0.99 in order to reach equilibrium quickly. For 

 

Figure 4. 3. (a) Experimental time-resolved Kerr rotation showing precessional oscillation for 
all three samples at H = 1.67 kOe. The FFT power spectra of time-resolved (b) experimental 
and (c) simulated precessional oscillations are shown. Spin wave modes are numbered in the 
ascending value of frequency.  
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simulation of magnetization dynamics, the pump beam in the experiment was mimicked 

by applying a square shaped pulsed field with a peak amplitude of 20 Oe along z-direction 

with rise and fall time of both 10 ps and duration of 20 ps, while damping constant α = 

0.008 was used from the literature [50]. The FFT of simulated time-resolved out-of-plane 

magnetization component (mz), extracted from 1×1 µm2 area from the central portion of 

the array is shown in Fig. 4.3(c), revealing the spin-wave modes. The experimentally 

observed spin-wave modes are qualitatively reproduced in the simulation. The 

experimental modes can be identified and their frequency spacing is reasonably well 

reproduced in the simulation. However, the relative powers of the modes are not always 

reproduced in the simulation. 

This is most likely due to the increasing deviation of the actual shape of the sample from 

the ideal shape, which is not always possible to be fully reproduced in the finite difference 

method based OOMMF simulation where the samples are divided into cuboidal cells. The 

cell size cannot be chosen arbitrarily low due to limitations in computational resources. 

To understand the nature of the spin-wave modes, we have further analyzed the 

simulated data from OOMMF to calculate the spin-wave mode profiles using a home-built 

post-processing code, DotMag [51].  The simulated power and phase maps of the spin-

wave modes for all three samples are shown in Fig. 4.4. The mode 1 (M1) of S1 and S2 is 

found to be an edge mode (EM), where the power of spin-wave is concentrated mainly at 

the edges of VNCs and nanodots. The mode M2 of S1, S2 and M1 of S3 show extended 

behaviour in a DE-like geometry, i.e., the power of spin-wave mode is extended along 

 

Figure 4. 4. Simulated spatial distributions of power of spin-wave modes are shown. The 
corresponding phase profiles are shown in the inset. 
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VNCs. The M3, M4 and M5 of S1 all show quantized behaviour in the BV-like geometry, 

i.e., with quantization axis parallel to the bias magnetic field direction with quantization 

number n = 5, 7 and 13, respectively. The M3 of S2 and M2 of S3 also show quantized 

behaviour in BV-like geometry with n = 5 and 7, respectively. The higher frequency 

modes, i.e., M6 and M7 of S1, M5 and M6 of S2 and M3 of S3 show mixed quantized 

behaviour in the DE-BV-like geometry. Noticeably here the spin-wave modes are coupled 

between the nanodots through the VNCs except for the highest frequency modes where 

modes are coupled through both VNCs and HNCs. It is clear from the power profile that 

the power of the highest frequency mode (M7) of S1 is concentrated within the HNCs and 

shows uniform behaviour within HNCs. This behaviour is suppressed for the highest 

frequency mode of S2 and S3. The spin-wave phase profile of all modes is shown at the 

top right corner of power maps. The color bars of power and phase profiles are presented 

at the bottom right corner. To get a deeper insight into the role of NCs in spin-wave mode 

behaviour, we have performed some additional numerical calculations.   

We have calculated the magnetostatic field distribution within the nanodots and NCs 

using the LLG micromagnetic simulator [52]. The magnetostatic field distribution within 

the CNDs is shown in Fig. 4.5 (a) for all three samples. Figures 4.5 (b) and (c) show the 

 

Figure 4. 5. (a) Magnetostatic field distribution of all the samples at H = 1.67 kOe. Linescans of 
the magnetostatic field distributions taken along (b) horizontal nanochannels: HNCs (R1) and 
(c) vertical nanochannels: VNCs (R2) as shown by dotted lines on S1 of (a). (d) Variation of 
magnetostatic field with filling fraction. The difference in Bin between HNC and VNC is shown 
in the inset. 
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line scans of the internal magnetic field (Bin) map within the CNDs (as marked by dotted 

lines R1 and R2 in Fig. 4.5(a)) along x-direction for all three samples. The inset of Figs. 4.5 

(b) and (c) show the variation of Bin within the HNC and VNC, respectively. The 

distribution of Bin within HNC of S1 shows a central dip, which might be a reason for the 

concentrated power of the highest frequency mode within HNC of S1. The values of Bin 

within HNC and VNC are plotted as a function of filling fraction in Fig. 4.5(d). With 

increasing filling fraction, Bin also increases indicating a decrease in the demagnetizing 

field. The numbers of spin-wave modes decrease with increasing filling fraction due to 

the decrement of exchange decoupled spins at the edges of the holes which suppress the 

edge modes. The value of Bin is always higher in HNC than VNC as the bias field is applied 

along the HNC direction. Hence, only the higher frequency modes are stabilized within 

the HNCs. The difference in Bin between HNC and VNC is shown in the inset of Fig. 4.5(d). 

With the increasing filling fraction this difference decrease (it is maximum in S1), which 

might be another reason that the power of the highest frequency spin-wave mode is 

concentrated within HNC. 

To explore the origin of the highest frequency modes, we have further simulated the 

magnetization dynamics of physically isolated nanodots and NCs. The FFT spectra of the 

simulated time-resolved magnetization of the isolated nanodots and NCs are shown in 

Fig. 4.6(a) and their corresponding power profiles are shown in Fig. 4.6(b). We observe 

three spin-wave modes for nanodots and four spin-wave modes for NCs. For isolated dots, 

  

Figure 4. 6. (a) Simulated power spectra of only nanodots and nanochannels of S1 are shown. 
Modes are marked by numbers in order of ascending frequency value. (b) Simulated spatial 
distribution of power of spin-wave modes is shown. The corresponding phase profile is 
presented at the top right corner of each power map. The colour maps of power and phase 
profiles are shown at the top right side of (b). Black dashed lines are a guide to the eye to show 
the positions of nanodots or nanochannels. 
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the most intense peak shows uniform precession over the dot area. On the other hand, 

for the connector-only array, two intense peaks are observed, which are uniform modes 

in the VNC (lower frequency) or HNC (higher frequency). In the CND array, these 

connector modes are suppressed while the nanodot modes become more dominant 

indicating the sacrificial roles of the connectors only to boost the spin-wave propagation 

between the nanodots. The simulated results of isolated nanodots and NCs of the samples 

S2 and S3 are shown in Appendix A. 

We have further investigated the propagating nature of M3, M5 and M7 of S1 as these 

modes show distinct behaviour as discussed earlier, which are shown in Figs. 4.7(a) - (c).  

The spin-wave modes are excited by a sinusoidal point excitation of desired frequency at 

the centre of the CND array as marked by ‘I’ in Fig. 4.7.  

Here, M3 and M5 propagate only through the VNCs along the vertical directions, whereas 

M7 propagates along all directions through all four NCs from the point of excitation and 

we obtain outputs at all four points as marked by ‘O’ in Fig. 4.7(c). This behaviour may be 

further controlled to construct a circuit analogous to electrical one-to-four demultiplexer 

logic operations. This remarkable observation of frequency selective spin-wave 

propagation through nanochannels and potential for the development of demultiplexing-

like operation for these special types of nanomagnetic array would be useful for the 

development of wave-based communications and computing devices.   

 

 

Figure 4. 7. Simulations showing propagating nature of spin-wave modes (a) M3, (b) M5 and 
(c) M7. Spin wave of desired frequency is excited at the centre (marked by I) of the array 
highlighted by dark blue coloured dashed line as shown in (c). Here ‘O’ corresponds to the 
output of the spin-wave propagation through the nanochannels. The colour map of spin-wave 
power is shown at the right side. 
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4.4 Conclusion 
In summary, we have investigated the role of magnetic nanochannels to control the spin-

wave properties in CND arrays. We have experimentally and numerically studied the 

time-resolved magnetization dynamics in the CND arrays and explored the effects of NCs, 

connecting the nanodots on the spin-wave properties through dipole-exchange 

interaction. The spin-wave properties are found to vary strongly with the length of NCs. 

With the increase in the filling fraction of the array, the nonuniform demagnetized 

regions decrease letting the magnetostatic field to increase. Consequently, the number of 

spin-wave modes also decreases with the increase in filling fraction. The experimental 

results are qualitatively reproduced by micromagnetic simulations, the latter further aids 

to identify various spin-wave modes, namely the edge mode, extended mode, quantized 

mode and mixed quantized mode in the CNDs. The VNCs are found to couple the spin-

wave modes between the nanodots, except for the highest frequency mode, for which 

both NCs act as a coupler. Simulations also reveal that the highest frequency spin-wave 

mode primarily originates from the HNCs. Additional simulation reveals that the 

extended mode propagates only through the VNCs, whereas the highest frequency 

quantized mode propagates through all NCs. These behaviours can be further exploited 

to construct circuits analogous to a four-way demultiplexer, which can be useful for 

future spin-wave based communication devices. This study will be helpful for the use of 

nanochannels in future magnonic devices. 
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Chapter 5 

5. All-Optical Study of Magnetization Dynamics in a 

Square Artificial Spin Ice Nanostructure 

5.1 Introduction 
Periodically patterned magnetic nanostructures are commonly known as magnonic 

crystals where spin-waves act as information carriers. Over the last decade, magnonic 

crystals have emerged as a leading candidate for on-chip information carrier and 

processing devices [1-3], next generation memory devices [4], logic [5], quantum 

computation [6] and neuromorphic computing [3,7]. A large range of studies has been 

performed to understand and control magnetization configurations and spin-wave 

dynamics in different types of magnonic crystals including magnetic dots [8-13], antidots 

[14-19], bi−component magnonic crystals [20-22], nanostripes and nanowires [23-26], 

and nanoparticles [27,28]. These lead to the observation of interesting and useful 

properties such as magnonic bandgap formation and its tunability, magnonic mode 

splitting, mode hopping, mode crossover, mode anticrossing, creation and annihilation of 

modes, mode conversion, to name a few [2,26,29-34]. These have serious implications in 

application for magnonic filter, attenuator, interferometer, transistor, splitter, directional 

coupler, etc. With the advancement of technology, new types of nanostructures are being 

fabricated and studied, and new properties are being unveiled leading towards the 

development of new classes of magnonic crystals. Two-dimensional artificial spin ice 

(2D-ASI) nanostructures have been one of the latest additions in the league of magnonic 

crystals.        

In 2006, Wang et al. first experimentally demonstrated an artificial geometrically 

frustrated magnetic structure based on lithographically defined single-domain magnetic 

islands, the so-called ASI structure [35]. ASIs are generally tailored magnetic 

nanostructures where magnetic defect states can be manifested. These defect states are 

known as ‘magnetic monopoles’, which was first observed in natural pyrochlore material 

[36]. These monopoles are always created or annihilated in pairs to balance the charge 

distribution and they are connected through ‘Dirac-string’. The back-and-forth 

movement of monopoles can give rise to a new field named ‘magnetotronics’ [37]. The 
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high frequency dynamics in the ASI system was first reported numerically by Gilga et al. 

[38] and experimentally by Sklenar et al. [39] both in 2013. The monopoles were found 

to introduce a new spin-wave mode and tune its power and frequency with the increase 

in monopole defects in the system.  

Over the last few years, the study of spin-waves in the different form of ASI structures 

such as square [40-43] and kagome [44-46] lattices have become a vibrant research field. 

The effects of local defect states on global spin-waves and vice versa can add new 

functionality to magnonic crystals. The efficient reconfigurability of magnetic microstates 

in ASI can lead to the development of reconfigurable magnonic crystals, which can fulfil 

the primary objectives of magnonic crystals. The asymmetric behaviour of spin-wave 

field dispersion near zero field [40], activation and deactivation spin-wave modes [46], 

influence of topological defect states controlled by varying the reversal field on spin-wave 

intensity and field dispersive behaviour [42], and spin texture dependent spin-wave 

dispersion [47] have been observed in the ASI structures. Recently a comprehensive 

study of spin-wave mode behaviour and mode selection in connected and disconnected 

kagome ASI nanostructures have been demonstrated [45]. It is found that the spin-wave 

mode behaviour is strongly influenced by the ASI geometry. However, in most of those 

studies [40-46,48], the spin-waves were measured globally using large-area 

measurement techniques such as ferromagnetic resonance (FMR) and conventional 

Brillouin light scattering (BLS). The local measurement of spin-wave dynamics in such 

structure is required to understand the correlation between the local magnetic 

microstates and the spin-wave modes. However, no such attempts can be found in 

literature so far. 

Here, we are reporting an all-optical study of spin-wave dynamics of a square ASI 

structure using a custom−built time-resolved magneto-optical Kerr effect (TRMOKE) 

microscopy technique. The disconnected ASI sample consisting of rectangular shaped 

nanomagnetic bars arranged in a square lattice was developed by using a combination of 

e-beam lithography and thermal evaporation. The magnetic force microscopy (MFM) 

imaging at remanence captures different spin ice states and also multidomain spin 

texture with vortex state. Rich spin-wave spectra are observed in the system and a 

detailed spin-wave dispersion with bias magnetic field has been studied experimentally 

and by numerical simulations. A rich variety of spin-wave modes are observed. However, 

the micromagnetic simulation results deviate significantly from the experimental spin-
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wave mode frequencies in some bias-field range presumably due to the presence of 

magnetoelastic coupling in the system. Time-resolved reflectivity data shows some clear 

oscillations with frequencies adjacent to the magnetic modes, which could be reproduced 

by simple analytical calculations of acoustic modes in this system. The micromagnetic 

simulation results show a qualitative agreement in the field regimes where magnetic 

modes dominate and/or have lower overlaps with the acoustic modes. The simulated 

mode profiles reveal the important roles of the magnetic microstates on spin-wave 

frequencies and mode profiles. Our, findings can be helpful for designing of 

reconfigurable magnonics for future communication devices. 

5.2 Experimental Details 
An array of square ASI structure of a total area of 90 × 90 µm2 was fabricated by using a 

combination of electron-beam lithography (EBL), thermal evaporation and lift-off 

process. The pattern was written onto a single layer polymethyl methacrylate (PMMA) 

resist (950K) developed on Si/SiO2 substrate. A 25-nm-thick Ni80Fe20 (permalloy, Py 

hereafter) film and a capping layer of 3.7-nm-thick Al2O3 were deposited on the 

developed pattern using thermal evaporation at a base pressure of 2.6 × 10−6 Torr. The 

residual resist was removed by the lift-off process to obtain the square ASI structure. The 

scanning electron microscope (SEM) and atomic force microscope (AFM) imaging were 

performed on the sample to verify the patterned structure’s shape and dimensions.  The 

magnetic hysteresis loop of the sample was measured using the static magneto-optic Kerr 

(static-MOKE) effect technique by focusing a continuous-wave laser beam (He-Ne laser, 

wavelength, λ = 632 nm) of spot size 10 µm at the centre of the patterned structure. The 

MFM image reveals the magnetic microstate of the square ASI at the remanent state. The 

time-resolved magnetization dynamics of the square ASI sample was measured by using 

TRMOKE microscopy. The TRMOKE microscope is a collinear two-colour pump-probe 

technique, where the second harmonic (λ = 400 nm, pulse-width = 100 fs, fluence = 18 

mJ/cm2) of a Ti−Sapphire oscillator (Tsunami, Spectra−Physics, repetition rate = 80 MHz) 

was used to excite the dynamics, while the time-delayed fundamental beam (λ = 800 nm, 

pulse-width = 80 fs, fluence = 2 mJ/cm2) was used to probe the dynamics. The probe laser 

was tightly focused on the sample surface with spot size ~ 800 nm using a microscope 

objective (MO) of numerical aperture, N.A. = 0.65, while the pump laser which was passed 

through the same MO in a collinear geometry with the probe laser becomes slightly 
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defocused with a spot size of ~ 1μm at the same plane. The pump and probe laser were 

spatially overlapped with great care so that the probe spot resides exactly at the centre 

of the pump spot. This ensures that the dynamics are probed from the uniformly excited 

volume by the pump beam and any small drift of the laser during the measurement does 

not significantly affect the dynamics. The pump and probe lasers are carefully placed on 

the desired region of the sample. The back-reflected probe beam from the sample was 

collected by the same MO. The change of polarization (Kerr rotation) and the total 

reflectivity in the probe beam were analyzed in a phase sensitive manner using an optical 

bridge detector and two lock-in amplifiers to probe the spin-wave and the acoustic wave 

simultaneously. A static magnetic field was applied in the plane of the sample with a slight 

out-of-plane tilt of ~ 5°. The in-plane component of the magnetic field is defined as H. 

5.3 Results and Discussions 
The AFM and SEM images of the sample are shown in Fig. 5.1(a) and Fig. 5.2(b). The 

square nanoislands’ length (l) and width (w) are found to be around 480 nm and 180 nm, 

respectively, and the array periodicity (D) and edge to edge separation (S) with the first 

nearest neighbour is around 660 nm and 845 nm respectively. A maximum deviation ±10 

nm was found in the dimensions. The AFM analysis confirmed that the sample thickness 

is very close to the nominal thickness and the surface roughness of the sample was found 

to be ~0.11 nm. The energy dispersive x-ray (EDX) spectrum of the sample is shown in 

Fig. 5.1(c). The weight ratio between Ni and Fe was found to be around 4.05 from the EDX 

spectral analysis, which agrees well with the nominal composition (4.0) of Ni80Fe20.  

 

Figure 5. 1. (a) Atomic force microscope and (b) scanning electron microscope images of the 
Py square ASI structure. The length-scale bars are shown at bottom right corner. Some 
characteristic structural parameters of the ASI structure are marked in (a). (c) Energy 
dispersive x-ray spectrum showing elemental composition of the sample. The peak positions 
of different elements are identified in the spectrum. 
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The magnetic hysteresis loop of the sample is shown in Fig. 5.2(a), measured using the 

static-MOKE technique. From there, the coercive field is found to be ~ 315 Oe, which is 

higher than the reference Py film and the M/MS ratio is found to be around 0.67 at 

remanence. The remanent state MFM image is shown in Fig. 5.2(b), which captures 

different microstates of square ASI such as 2-in-2-out, 3-in-1-out, 1-in-3-out. The 

experimentally observed hysteresis loop and the MFM contrast have been qualitatively 

reproduced in micromagnetic simulations as shown in Fig. 5.2(c) and Fig. 5.2(d) 

respectively. Some nanobars show MFM contrast all over the nanostructure array as 

observed in the experimental and simulated MFM images. To understand the magnetic 

configurations of these microstates, we have plotted the simulated magnetization in the 

remanent state (Fig. 5.2(e)). It shows multi-domain or multi-domain with partial vortex 

state like spin structures within these nanobars.  

Figure 5.3(a) show the typical time-resolved precessional oscillations for four values of 

H measured from the square ASI sample. In the experiment, H was varied from +1460 Oe 

to -1460 Oe to record the precessional data starting at +1460 Oe and gradually decreasing 

H and then reversing the field to reach H = -1460 Oe. This was done to capture the effects 

of the continuous evolution of magnetic microstates in the sample on the ensuing spin-

  

Figure 5. 2. (a) Magnetic hysteresis loop measured by static-MOKE showing the reversal 
mechanism of Py square ASI. (b) Remanent state MFM image is shown. Simulated (c) magnetic 
hysteresis loop, (d) remanent state MFM and (e) remanent state magnetization configuration 
is shown. Multidomain magnetic states are marked by dotted boxes in (d) and (e). The color 
bars and wheel are shown at top right corner.   
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wave dynamics. A clear beating effect was observed in all the time-dependent 

precessional oscillations indicating the presence of multiple spin-wave modes. In order 

to extract the spin-wave frequency components from the time-dependent precessional 

oscillation, fast Fourier transformation (FFT) was performed as shown in Fig. 5.3(b). The 

simulated spin-wave power spectra are shown in Fig. 5.3(c). The spin-wave modes are 

numbered from higher to lower frequency. The spin-wave modes observed only in the 

simulation are marked as *. A qualitative agreement between experimental and simulated 

frequencies have been found as discussed later in this chapter. 

Figures 5.4 (a) and 5.5 show the field dispersion of the extracted spin-wave mode 

frequencies. A surface plot of the FFT power spectra of the experimental data is shown in 

Fig. 5.4(a) where the solid data points represent the peak frequencies of the spin-wave 

modes obtained from Lorentzian multi-peak fits to the power spectra. In Fig. 5.4(b), spin-

wave spectra for four different H values, as highlighted by the vertical dotted lines on Fig. 

5.4(a), are shown to identify different characteristics (discussed later in the chapter) of 

spin-wave modes. In Fig. 5.5, the experimental spin-wave peak frequencies are plotted 

again as symbols with simulated spin-wave frequencies (dotted lines) to display their 

comparison (discussed later in the section). In the experimental data, M1 shows a 

  

Figure 5. 3. Experimental time-resolved Kerr rotation data is shown for four different bias 
magnetic field values. The FFT power spectra of the time-resolved (b) experimental and (c) 
simulated precessional oscillations are shown. The spin-wave modes are numbered in the 
descending value of frequency. The magnetic field values are mentioned inside each panel. 
The spin-wave modes only observed in simulation are marked by * in the simulated spectra. 
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monotonic decrement in spin-wave frequency with decreasing field starting from H = 

+1450 Oe before showing a slight upturn and subsequent fading away. M2, on the other 

hand, shows a monotonic increase in frequency with an increased bias field in the 

intermediate positive field range (375 Oe ≤ H ≤ 1050 Oe) before showing a slight 

downturn in the higher field range (H > 1250 Oe). This behaviour was identified as a 

magnon mode anticrossing, presumably due to magnon-phonon interaction as discussed 

later. The spin-wave spectra of the anti-crossing point at H = 1050 Oe is shown in panel 

1 of Fig. 5.4(b). The anticrossing gap is found to be around 1.06 GHz. For H < 375 Oe the 

spin-wave mode frequency becomes invariant with H, which remain invariant even in the 

negative field range. For H < 1000 Oe M3 regained its power (panel 2 of Fig. 5.4(b)) and 

shows a monotonic decrease in frequency with H before showing a slight increase and 

subsequent merging with M2. 

After the field reversal, the spin-wave modes do not show any significant variation in the 

frequency with the increase in the magnitude of field up to -375 Oe. M1 reappears at H ≈ 

-650 Oe and shows a nearly monotonic increase with the increase in the magnitude of H. 

Initially M2 remains invariant with H but it starts to increase sharply beyond -375 Oe. 

The corresponding spin-wave spectra are shown in Fig. 5.4(b) - panel 3.  For H < -1050 

Oe slope of M2 changes drastically as it shows slight decrement with H opening up 

another anticrossing at around -1050 Oe with a gap of about 0.80 GHz, as shown in panel 

4 of Fig. 5.4(b). In this regime, M3 shows qualitatively similar behaviour as for the positive 

H regime. 

  

Figure 5. 4. (a) Surface plot of spin-wave power spectra with field (H) is shown. The solid 
symbols superposed on the surface plot represent peak frequencies of spin-wave modes 
obtained from the FFT power spectra. The color bar is shown at right. The spin-wave mode 
anticrossing regions are marked by black solid circles. Four important H values are marked 
by vertical dashed line on the surface plot whose spin-wave spectra are shown in (b). In panels 
1 and 4, the anticrossings and corresponding gaps are shown (b).  In panels 2 and 3, M2 starts 
to show field dispersion. 
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To get a deeper insight into the spin-wave dynamics and the spatial characters of the spin-

wave modes, we have performed micromagnetic simulations using MuMax3 software 

[49]. To mimic the large sample area in simulation, an array of 7 × 7 vertexes of square 

ASI with 2D periodic boundary conditions was considered. The spatially averaged time-

domain magnetization was extracted from a 1 µm × 1 µm area from the central portion of 

the sample following the experimental condition, where the dynamics were measured 

from a similar area of the sample using the laser spot. The ASI array was divided into 

cuboidal cells with dimensions 4 × 4 × 20 nm3. The lateral cell size was taken well below 

the exchange length of Py (≈5.5 nm). The material parameters used in the dynamic 

simulations were: gyromagnetic ratio γ = 17.6 MHz/Oe, saturation magnetization Ms = 

800 emu/cc, anisotropy field HK = 0, exchange stiffness constant Aex = 13 × 10−6 erg/cm 

and Gilbert damping parameter α = 0.008. Before studying the magnetization dynamics 

at a desired magnetic field value, the equilibrium (static) magnetic state was achieved by 

relaxing the magnetization of the sample at that magnetic field for a long enough time. 

The magnetization dynamics was then simulated by applying a square-shaped pulsed 

magnetic field, equivalent to optical excitation by the femtosecond laser, of peak 

amplitude = 20 Oe along the orthogonal direction (along z) of H, having a fall and rise time 

of 10 ps each and duration of 20 ps. This will produce only the intrinsic spin-wave modes 

of the ASI system. The simulated spin-wave modes frequencies are shown in Fig. 5.5 by 

dotted and dash-dotted lines, while the experimental mode frequencies are shown as 

filled symbols. 

  

Figure 5. 5. Magnetic field dispersion of experimental and simulated spin-wave frequencies is 
shown. Solid symbols represent experimental data, which are reproduced from Fig. 5.4(a), 
while the dotted and dash-dotted lines represent simulated frequencies. 
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It is clear from Fig. 5.5 that despite having a gross qualitative agreement with the 

experimental spin-wave modes, the simulated modes quantitatively deviate from the 

experimental modes on several occasions and the qualitative nature of the modes are also 

not reproduced in some cases. Simulated M1 shows a monotonic decrease with the 

decrease in the magnitude of H in the regime 110 Oe ≤ H ≤ 1450 Oe. After reversal of H, it 

remains flat with H up to -375 Oe, beyond which it shows a sudden jump in frequency by 

~1.5 GHz. Such a jump is generally related to a change in the magnetic microstate which 

is also confirmed from the magnetization reversal field in the static-MOKE loop [45]. 

Beyond this field, the frequency of M1 increases monotonically in the simulation. 

Therefore, despite the frequency of simulated M1 qualitatively matching with 

experimental data in some magnetic field range, it starkly deviates from the 

experimentally observed mode suppression, reappearance and mode repulsion. Hence, 

we do not observe any spin-wave mode anticrossing in the simulated data. The frequency 

of M2 is also quantitatively reproduced in the simulation in field regime 375 Oe ≤ H ≤ 

1050. In the lower field regime, M2 does not show any significant power in the simulation. 

In the reversed magnetic field regime, a qualitative agreement between the experimental 

and simulation frequencies of M2 is observed in the range -375 Oe ≥ H ≥ -665 Oe, beyond 

which the slopes of the experimental and simulated frequencies differ. While the 

experimental frequency exhibits a maximum due to anticrossing between M1 and M2 at 

H = -1050 Oe, the simulated frequency increases almost linearly with the magnitude of H. 

For M3, although the trends of experimental and simulated frequencies are similar, the 

simulated frequency is significantly downshifted as opposed to the experimental one. 

Nevertheless, M3 shows a minimum in frequency at around H = 750 Oe, characteristic of 

a mode softening behaviour due to the transition of magnetic microstate before getting 

merged with M2. However, on the negative side of H, the mode softening behaviour is 

missing in the simulated frequency. The discrepancies between experimental and 

simulated data will be discussed later in this chapter. Despite the quantitative and some 

qualitative differences between experimental and simulated data, we will study the 

spatial maps of the intrinsic spin-wave modes in this system as obtained from the 

micromagnetic simulations. 

To understand the spin-wave mode profiles and the role of magnetic microstates in 

achieving those profiles, the spin-wave mode profiles have been calculated for three 

different magnetic field values by using a home-built post-processing code named 
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DotMag [50]. Before analyzing the spin-wave mode profiles, the equilibrium state 

magnetization configurations (magnetic microstates) have been studied. The magnetic 

microstates are shown in Fig. 5.6. It reveals the occurrence of a variety of uniform and 

nonuniform spin textures. We observe uniform/nearly uniform magnetic microstates at 

H = 1460, 1050 and -1050 Oe.  

However, in the lower fields, the microstates show large nonuniformities. At H = 250 Oe, 

the nanobars parallel to the x-axis (horizontal nanobars; HNBs) retain uniform 

magnetized microstates but those parallel to the y-axis (vertical nanobars; VNBs) show 

various quasi-uniform C-like microstates. This is because with decreasing H the 

microstates of VNBs deviate from the direction of H due to dominant shape anisotropy 

(along y-axis) to form the spin textures. In reversed magnetic field regime, at H = -300 Oe, 

the microstates display different types of quasi-uniform or multidomain (MD) spin 

textures in HNBs and VNBs, including C-state and a mixture of the vortex and 180ᵒ 

domains. At H = -375 Oe the magnetization of HNBs starts to reverse and forms S- and C-

like states which are reflected in a sudden jump in the simulated spin-wave spectra as 

shown in Fig. 5.5. The spin-wave mode profiles are influenced by these stark variations 

of microstates. The calculated spin-wave power and phase profiles are shown in Fig. 5.7 

and Fig. 5.8, which show a mixture of uniform and quantized modes. Two different 

  

Figure 5. 6. Equilibrium state magnetization configurations at six different magnetic fields (H) 
are shown. The magnetic field values are mentioned at the top of each image. Magnified views 
of magnetic microstates are shown in the bottom panels. The color wheel and the magnetic 
field geometry are shown at the bottom left. 
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quantization numbers have been defined for spin-wave modes in backward-volume (BV)-

like (n) and Damon-Eshbach (DE)-like (m) geometry. The simulated spin-wave mode 

profiles at uniform microstates i.e., H = 1460 Oe, 1050 Oe and -1050 Oe, are shown in Figs. 

5. 7(a) and 5.7(b). 

 At these field values, the modes show different phase maps while their power is 

concentrated either in HNBs (M1, M2) or VNBs (M3) or both (M*).  The phase profile of 

  

Figure 5. 7. (a) Simulated spin-wave power profiles at different magnetic field values are 
shown. 
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Figure 5. 7. (b) Simulated spin-wave phase profiles at different magnetic field values are 
shown. 
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M1 shows n = 9 in HNB and mixed quantized nature in VNBs. The phase profile of M2 

shows n = 7 in HNBs and mixed quantized nature in VNBs. M3 shows nearly uniform 

mode (UM) in VNBs and edge mode (EM) in HNBs. At -1050 Oe, an additional mode (M*) 

is observed due to mode splitting at around -375 Oe during the field reversal.  M* has 

quantized nature in HNB (n = 5) and mixed quantized nature in VNB, respectively.  

 

Figure 5. 8. (a) Simulated spin-wave power profiles at different magnetic field values are 
shown. 
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Figure 5. 8. (b) Simulated spin-wave phase profiles at different magnetic field values are 
shown. 
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The simulated spin-wave mode profiles at H = 250 Oe, -300 Oe and -375 Oe are shown in 

Figs. 5.8(a) and 5.8(b). At these fields, the spin-wave power distributions do not follow 

any set pattern, as they did for the higher fields, but they form some local clusters locally, 

which may be described from the magnetic microstate distribution. A direct comparison 

between the microstates and spin-wave mode profiles are presented in Fig. 5.9. At 250 

Oe, M1 mainly show power in HNBs and some power in VNBs with MD microstate. 

Depending on the nearest neighbour magnetization configuration, it shows UM or 

quantized BV-like mode with n = 9 as shown in Fig. 5.9. M2 shows power in VNBs with 

quasi uniform state with m = 9. 

Depending on the nearest neighbour magnetization configuration, M2 power in HNBs 

varies. However, its phase characteristics remain unaltered, i.e., quantized mode with n = 

9. At -300 Oe, M1 and M2 mainly show power in HNBs and VNBs with MD configuration. 

Among the HNBs with MD configuration, it shows power concentrated in those HNBs 

whose magnetization remained unreversed in most of the nanobars. Both these modes 

show some power in VNBs with quasi-uniform state and the mode power varies 

depending on the nearest neighbour magnetization configuration as mentioned before.  

  

Figure 5. 9. Correlation between magnetic microstates and spin-wave mode profile is shown. 
Magnetic microstates are shown on the left side and corresponding spin-wave power and 
phase profiles are presented at middle and right sides of each panel respectively. The colour 
bars and wheels are presented at bottom right. 
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M1 shows quantized nature in HNBs with n = 6, mixed quantized nature in VNBs with MD 

and m = 8 in VNBs with quasi uniform state as presented in Fig. 5.9. M2 shows mixed 

quantized nature in VNBs with MD state and quantized nature with m = 8 in VNBs with 

quasi uniform state. It shows diffused power in HNBs with MD configuration with 

different quantized numbers n = 4, 5 and 6 as shown in Fig. 5.9. At -375 Oe, M1 and M2 

mainly show power in HNBs and VNBs with MD configuration. M1 and M2 show mixed 

quantized nature in VNBs and quantized nature in HNB with MD configuration with n = 9 

and 6, respectively. M1 shows some power in a fully reversed state with UM behaviour. 

M* shows similar power profile behaviours. It shows mixed quantized nature in VNBs 

with MD state and quantized nature in HNBs with different quantization numbers n = 4, 

6, and 5 as shown in Fig. 5.9. In VNBs with quasi uniform state M2 and M* show similar 

quantized behavior (m = 7) like M2 at H = -300 Oe.   From the mode profile analysis, it is 

evident that the spin-wave mode characteristics remain stable in uniform magnetized 

state and it is greatly influenced by magnetic microstates which can be introduced during 

the magnetic field reversal process. Different magnetization configurations favour 

different spin-wave modes and the mode behaviour changes depending on the 

microstates as shown in Fig. 5.9.  The neighbouring nanobars’ microstates can influence 

spin-wave mode nature and power in a nanobar. Different modes such as uniform mode, 

quantized mode with different quantization numbers and mixed quantized mode can 

coexist in an ASI due to the introduction of different microstates during the field reversal. 

5.3.1 Magnetoelastic Interaction 
As mentioned before, there have been several qualitative and quantitative discrepancies 

between the experimental and simulated data, particularly the observation of 

anticrossing behaviour indicating the existence of coupled (hybrid) modes. This is not 

due to a magnetic interaction-mediated magnon-magnon coupling which would have 

been reproduced in the micromagnetic simulations without the need of incorporating any 

external interaction field as observed before [30,51]. We, therefore search for other 

possibilities responsible for this coupling. Despite the fact that Py has very low 

magnetostriction it has been shown recently that Py thin films grown on different 

substrates can develop appreciable magnetostriction [52,53] and ensuing magneto-

elastic coupling. Subsequently, we carefully investigate the time-resolved reflectivity 

data, which show clear oscillations as shown in Fig. 5.10(a). The surface plot of FFT power 
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spectra of time-resolved reflectivity data as a function of bias magnetic field is shown in 

Fig. 5.10(b). Four clear frequency components are observed in the surface plot, as marked 

by horizontal arrows, all of which remain invariant with H. This confirms the 

nonmagnetic origin of the modes. The frequency of the most intense mode is found to be 

around 6.8 GHz (f2), while the other three less intense modes have frequencies of 5.2 GHz 

(f1), 11.2 GHz (f3) and 14.2 GHz (f4). It is known from the literature [54-57] that the 

irradiation of periodically patterned metallic nanostructures with a pulsed laser can 

excite surface acoustic waves (SAWs). The rapid increment in temperature of the 

nanostructures causes impulsive thermal expansion and induces a strain in the substrate, 

triggering the SAW. 

Optically generated SAW has also been observed in the patterned nanostructure of Py on 

a silicon substrate as reported in the literature [58,59]. As mentioned above, Py has low 

magneto-elastic coupling due its small magnetostriction [60,61] compare to nickel [62], 

CoFeB [63] and Co [57,64]. In this study, we chose Py as a base material to avoid the 

magneto-elastic effect on the spin-wave modes. However, it is evident from the 

experimental and micromagnetic simulation data that magneto-elastic interaction is 

present in our sample. The observed SAW frequencies can be analyzed from the elastic 

properties of the system.  

 

  

Figure 5. 10. (a) Oscillations in time-resolved reflectivity data are shown for four different 
applied magnetic fields. (b) Surface plot of FFT power spectra of the time-resolved reflectivity 
is shown. Positions of different acoustic modes are marked by horizontal arrows, while the 
color bar is shown at the left side. Calculated acoustic frequencies are shown by dashed lines 
in (b). 
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The frequency of SAW related to an array of periodicity D can be given as [58]:  

ω = ξVq      (5.1)  

where the coefficient, ξ < 1, depends on the Poisson ratio (σ), the velocity of SAW in the 

substrate (V) and q = 2π/D. The velocity of SAW in the substrate is given by the 

expression:  

     Y = 2ρ(1+σ)V2     (5.2) 

where Y is Young’s modulus and ρ is the density of the material. Considering Y = 130 GPa 

[65], ρ = 2340 kg/m3 [58] and σ = 0.27 [58] of silicon, the velocity V is estimated 4670 

m/s from eqn. (5.2). For the ASI structure studied here D is ~ 660 nm and the 

corresponding SAW frequency is found to be ~6.5 GHz (fSAW1) from eqn. (5.1). This 

frequency agrees well with experimentally observed intense mode (f2) frequency. 

Considering the next nearest neighbour edge-to-edge separation of (S) = 845 nm, the 

SAW frequency is found to be ~5.2 GHz (fSAW2), which is close to the lowest frequency 

mode (f1) in the experimental data. This suggests that the intense SAW mode is related to 

D of the array, while the lowest frequency mode is related to S of the array as marked in 

Fig. 5.1 (a). The higher frequency mode can be described by [54], 

                                                    √ℎ2 + 𝑘2𝑓𝑆𝐴𝑊        (5.3) 

where (h,k) are the indices in reciprocal space. The higher-order mode [(1,2) or (2,1)] 

frequency of fSAW1 and fSAW2 are found to be ~14.0 GHz and ~11.2 GHz, respectively. These 

frequency values are close to observed higher order frequency modes f4 and f3. Therefore, 

besides the fundamental SAW modes, higher-order SAW mode is also observed in our 

studied system. 

5.3.2 Overlap Between Magnetic and Elastic Modes 
From Fig. 5.4 and Fig. 5.5, it is clear that the signature of acoustic is prominent in the spin-

wave field dispersion. Here, M1 is suppressed at a frequency around f3 at H ≈ 1000 Oe 

and reappears at H ≈ -650 Oe close to f3. M2 and M3 overlap with f2 at H ≈ 400 Oe. M2 

overlaps with f3 at H ≈ -1000 Oe. The presence of coupling between magnetic and elastic 

modes is clear from the experimental data as shown in Fig. 5.4. Here, anticrossing 

behaviour is observed in the vicinity of f3 and f4 of SAW modes. It suggests a strong 

interaction between magnon and phonon modes. We believe this is the primary reason 

for the mismatch between the experimental and micromagnetic simulation data without 



 
122 

 

any stress field. The numerical simulation by introducing an appropriate stress field to 

reproduce and obtain further understanding of the hybrid magneto-elastic mode will be 

of interest of future study and presently beyond the scope of this thesis.  

5.4 Conclusion 
In summary, we have investigated static and dynamic magnetic properties of square ASI 

system made of nanopatterned Py thin film on silicon substrate using e-beam lithography 

and thermal evaporation. The MFM imaging of remanent magnetic state has revealed 

different spin ice microstates and multidomain and magnetic vortex structures. All-

optical study of time-resolved magnetization dynamics has revealed rich spin-wave 

spectra.  The field reversal study of the ASI system reveals different novel phenomena 

such as suppression and reappearance of spin-wave mode, magnon mode anticrossing 

with high value of anticrossing gap around 1.06 GHz, mode softening, mode merging, field 

invariant of spin-wave mode in different field regimes. The micromagnetic simulation 

grossly reproduced spin-wave mode behaviour. In some field regimes, it deviates from 

experimental data and did not able to qualitatively reproduced the experimental 

observations. The primary reason behind this discrepancy is the presence of 

magnetoelastic interaction which has been confirmed from the reflectivity oscillation 

data. The signature of acoustic mode on the spin-wave field dispersion was clearly 

observed. The origin of the acoustic mode was understood from analytical calculations. 

The micromagnetic simulation only gives intrinsic spin-wave modes of ASI structure.  The 

numerical calculation of hybrid magneto-elastic modes is beyond the scope of this study, 

which will be a topic of future interest. Nevertheless, analyses of intrinsic spin-wave 

mode profile analysis give an idea about the role of magnetic microstates on the spin-

wave dynamics and mode profiles. The spin-wave mode characteristics are greatly 

influenced by the magnetic microstates which occur during the magnetic field reversal 

process. Different microstates favour different modes and neighbouring nanobars’ 

microstates can influence the nature of spin-wave modes in a nanobar. During the 

magnetization reversal, microstates can generate a new spin-wave branch (M2’) as 

observed in simulated data. Finally, this study will be useful for understanding the role of 

magnetic microstates on spin-wave mode behaviours which can be useful for future ASI-

based magnonic devices. 
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Chapter 6 

6. Ultrafast Magnetization Dynamics in a Nanoscale 

Three-Dimensional Cobalt Tetrapod Structure 

6.1 Introduction 
Confined magnetic structures have long been interesting systems due to their interesting 

spin configuration [1,2], magnetization reversal properties [1,2], spin dynamics [3,4] and 

damping [5] as well as their potential applications in high density magnetic storage [6], 

memory [7], logic [8], transistor [9] and communication devices. Consequently, during 

the last decade, a new research field named as magnonics [10] has rapidly emerged with 

potential applications in on-chip high-frequency communication and data processing. 

Magnonic crystals [10,11] are periodically modulated magnetic media, the magnetic 

counterparts of the photonic [12] and phononic [13] crystals, where spin waves act as 

information carrier. Ultrafast magnetization dynamics and spin waves of one-

dimensional arrays of nanowires [14,15] and two-dimensional arrays of planar 

ferromagnetic structures such as nanodots [4,16,19] and antidots [20-22] as well as bi-

component magnonic crystals [23] have been studied in great detail. In contrast, the 

study of three-dimensional (3D) magnetic nanostructures is still in its infancy but is 

gaining intense interest due to the emergence of novel fabrication methods such as 

focused electron beam induced deposition [24] as well as numerous applications 

including sensors and actuators [25], ultrahigh density magnetic data storage [26], 

neuromorphic computer architecture [27], 2.5-dimensional spintronics [25] and 3D 

magnonic crystals [28]. Recently Chern et al. [29] proposed a 3D layered geometry for a 

3D artificial spin ice to capture the fully 3D spin-ice behaviour including effective 

Coulomb interactions between monopoles and they also provide an accessible and 

flexible, experimentally realizable geometry for the same. However, intensive research to 

explore the above fields based on 3D micro and nanostructures are missing in the 

literature. A commonly used technique for 3D structure fabrication is electrodeposition 

of magnetic material on templates prepared by ion-track etching of polycarbonate 

membranes, anodization of alumina film, block copolymerization, and focused electron 

beam milling. However, the fabrication of complex 3D structures of arbitrary shape and 
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with high precision is difficult using the above techniques. Two-photon lithography [30] 

(TPL) has recently emerged as a very powerful nanostructuring approach with intrinsic 

3D structure fabrication capability and has recently demonstrated the realization of very 

pure 3D magnetic nanostructures [31].  

Here, we have fabricated an array of well-separated 3D cobalt tetrapod structures with 

sub-micrometre features by using a combination of TPL and electrodeposition. We show, 

for the first time that such complex 3D magnetic nanostructures can be studied using 

time-resolved magneto-optical Kerr effect (TRMOKE) microscopy in order to directly 

observe the ultrafast magnetization dynamics. The time-resolved data show multi-mode 

precessional oscillations while the fast Fourier transform (FFT) spectra of time-resolved 

data show two clear precession modes (around 1 and 10 GHz) accompanied by another 

less intense mode at around 30 GHz. The results have been reproduced by three-

dimensional micromagnetic simulations which allowed the mapping of the spatial 

distribution of precessional modes. The higher frequency mode (30 GHz) shows uniform 

precession over the major part of the sample, while the other two modes show mixed 

character. 

6.2 Experimental Details 
A 100 μm2 array of three-dimensional cobalt tetrapod structures were fabricated using 

two-photon lithography (TPL) and electrodeposition [31]. In the TPL technique, a 

femtosecond laser operating in the infrared frequency range is focused down to a 

diffraction-limited spot within a conventional photoresist. Common photoresists have 

negligible linear absorption in the infrared region, and hence the laser can penetrate into 

the materials and influence its polymerization within the region of interest without 

perturbing other regions of the resist. A TPL system consisting of a pulsed laser of 

wavelength = 780 nm, average power = 120 mW, pulse width = 120 fs and repetition rate 

= 80 MHz was used to build the pattern within the positive photoresist (AZ9260) on 

glass/indium tin oxide (ITO) substrate. After patterning the resist, electrodeposition was 

used to fill the channels with Co. A standard Watts bath (600 ml) consisting of cobalt 

sulphate (90 g), cobalt chloride (27 g), boric acid (14 g) and sodium lauryl sulphate (1 g) 

was used. A simple two-electrode electrodeposition was used at room temperature with 

a cobalt anode operating at a constant current of 1 mA. Complete infiltration of the pores 

was ensured by utilizing deposition rate studies on a number of samples. After 
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electrodeposition, the resist was removed using acetone, yielding free standing cobalt 

tetrapod structures. A scanning electron micrograph of the sample is shown in Fig. 6.1. 

The total array size is approximately 100 μm2. Each tetrapod structure consists of four 

wires, each with approximate dimension 657 nm × 782 nm × 10 μm. Only a small amount 

of variation (60 nm) in nanowire width is seen across the array, with a similar variation 

in nanowire length (100 nm) also observed. The tetrapod structures are seen to be well 

fabricated with clean surface morphology. The separation between the tetrapod 

structures is 10 μm, which ensures that they are not magnetostatically coupled. Further 

details upon the growth and physical characterisation of these samples can be found 

elsewhere [31].  

The ultrafast magnetization dynamics from a single tetrapod structure from the array 

was measured using a custom-built time-resolved magneto-optic Kerr effect (TRMOKE) 

microscope based on a two-colour collinear pump-probe technique [32]. The second 

harmonic (λpump = 400 nm, fluence = 19 mJ/cm2, pulse width = 100 fs) of the fundamental 

laser beam from a mode-locked Ti-sapphire laser (Tsunami, Spectra Physics) was used to 

pump the sample, while the time-delayed fundamental beam (λprobe = 800 nm, fluence = 

7 mJ/cm2, pulse width = 80 fs) is used to probe the polar Kerr rotation by using an optical 

bridge detection as a function of the time delay between the pump and probe beams. The 

optical bridge detector isolates the Kerr rotation and the total reflectivity signal to avoid 

breakthrough of one signal into another and the measurement is done using lock-in 

amplifiers in a phase sensitive manner to attain high sensitivity. The probe beam is tightly 

focused (spot diameter = 800 nm) using a microscope objective of numerical aperture of 

0.65 at the junction of the tetrapod structure, while the pump beam is slightly defocused 

  

Figure 6. 1. Scanning electron micrograph of (a) an array of tetrapod structures and (b) a single 
tetrapod structure. 

 

(a) (b)
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at the focal plane of the probe beam with a spot diameter of about 1 μm. The probe beam 

is carefully placed at the centre of the pump-beam and the junction of the tetrapod 

structure using an x-y-z piezoelectric scanning state with a feedback loop and a white-

light illumination system. A static magnetic field with varying magnitude is applied at a 

small angle (~ 15°) to the normal direction of the substrate plane (as shown in Fig. 

6.2(a)), the out-of-plane component of which is defined as the bias field H. 

Here, we measure the precessional magnetization dynamics from the junction of the Co 

tetrapod sample, which is a more complicated geometry than a thin film or a vertically 

standing nanowire. However, after careful alignment of the static bias field angle, we 

found that this tilt of ~15° is suitable for inducing precessional magnetization dynamics 

in this sample. A large enough static field is first applied to saturate the sample 

magnetization followed by reducing it to the desired bias field value for the measurement 

of the time-resolved dynamic. 

6.3 Results and Discussions 
Typical time-resolved reflectivity and Kerr rotation data are shown in Figs. 6.2(b) and 

6.2(c), respectively. The time-resolved Kerr rotation data show three distinctly different 

temporal regimes (Fig. 6.2(c)). First, it shows the negative delay followed by ultrafast 

demagnetization within about 400 fs of the zero delay. This is followed by a fast relaxation 

within about 700 fs and a slower relaxation superposed with the precession of 

magnetization. However, the precession shows a complicated profile, which does not 

  

Figure 6. 2. (a) Schematic diagram of the cobalt tetrapod and the experimental geometry. 
Typical time-resolved (b) reflectivity and (c) Kerr rotation data are shown at H = 3.92 kOe. 
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allow the precise determination of the slower relaxation time in this sample. Figure 6.3(a) 

shows the background subtracted time-resolved Kerr rotation data for three different 

magnetic field values. The strong beating effect in the precessional oscillation indicates 

the presence of multiple spin-wave modes in this system. 

The fast Fourier transform (FFT) power spectra of the full time-resolved precessional 

oscillation data (Fig. 6.3(b)) shows a highly intense mode at around 1 GHz and another 

less intense mode at around 10 GHz. It is apparent from the precessional data that 

another higher frequency mode is present in it, and in order to extract that mode clearly 

from the higher amplitude modes we take FFT of marked part of the precessional data 

(as shown in Fig. 6.3(c)). The FFT power spectra of partial time-resolved data show a 

clear mode at around 10 GHz and another lower intensity mode at around 30 GHz. 

However, for lower bias field values the signal to noise ratio of the magnetization 

precession data becomes very weak making it difficult for extracting the precessional 

mode frequencies clearly, and hence we restrict our measurements for three field values 

only.  

To gain more insight into the observed precessional modes, we have performed 3D 

micromagnetic simulations using MuMax3 [33] software. For 3D visualization of the 

simulated results, we have used Mayavi [34] and Muview [35] software. In the simulation, 

  

Figure 6. 3. (a) Time-resolved Kerr rotation data for three different bias magnetic field values. 
(b) Power spectra for the entire time-resolved data. (c) Power spectra for the marked region 
in time-resolved data. Corresponding values of bias magnetic fields are shown. 
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we have considered a tetrapod structure made of four cobalt cylindrical legs of diameters 

similar to the experimental sample but due to the limited computational resources, we 

have considered the length of each cylindrical leg as 2.5 µm. This is justified since the 

experimental time-resolved Kerr rotation data was measured using the focused laser 

spot placed at the centre of a single tetrapod structure.  The sample is discretized into 

cells of dimensions 25 × 25 × 25 nm3. We believe the spin-wave modes in structures with 

such dimensions are primarily governed by the dipolar interaction, so cell size above the 

exchange length of cobalt can reproduce the observed magnetization dynamics. By 

simulating a Co tetrapod sample of 2.5 µm leg length allowed us to use cell size of 25 × 25 

× 25 nm3, which correspond to about 40 cells in all three directions at the junction of the 

tetrapod structure which would be sufficient to resolve the spin configuration and the 

spin dynamics in this region of space. The magnetic parameters used for the simulation 

are saturation magnetization Ms = 1400 emu/cc, anisotropy constant K = 0 (justified since 

the unaixial grains have random orientations [31]), gyromagnetic ratio γ = 17.6 MHz/Oe 

and exchange stiffness constant Aex = 3.0 × 10-5 erg/cm. The external bias field H is applied 

according to the experimental configuration and a square pulsed field of 10 ps risetime, 

200 ps width and peak amplitude of 20 Oe is applied perpendicular to the sample plane. 

The simulated magnetization dynamics data are acquired from a volume of 1 μm3 from 

the tetrapod junction. The FFT power spectra of the simulated time-resolved 

magnetization (Fig. 6.4(a)) reveals three resonant modes, namely as M1, M2, M3 from 

higher to lower frequency regime The number of modes and corresponding mode-

frequencies obtained from the simulation match qualitatively with the experimental 

results. The static magnetic configurations of the z-component of magnetization at three 

different bias field values are shown in Fig. 6.4(b). The colour bar in Fig. 6.4(b) represents 

normalized magnetization along the z-direction. It is clear from the figure that the z-

component of magnetization is increasing with increasing bias field, i.e., the colour is 

changing from reddish to orange at the ends of the wires and it is changing from violet to 

gold at the surface of the wires. Though, the increment is not uniform all over the tetrapod 

structure due to complicated internal field distribution in such a complex 3D structure. 
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In addition, a slight tilt (15°) in the bias field also introduces an asymmetry in the 

magnetic configuration in different arms of the tetrapod.  

Having achieved this qualitative agreement, we now further simulate the corresponding 

mode profiles by providing a sinusoidal excitation corresponding to each of the 

resonance frequencies along z-direction with an amplitude of 20 Oe. This is followed by 

a long waiting time of more than 100 ns so that all other spurious modes decay down 

leaving behind only the driven mode at that frequency. The resonant mode profiles are 

extracted by taking the difference in magnetization between the excited state and the 

ground state [36]. The difference between z-components is normalized (mz,diff) and 

viewed using Muview software. The spatial profiles of modes M1, M2 and M3 at three 

different bias fields are shown in Fig. 6.5. The magnetization profiles of the sample at 

three different magnetic fields show qualitatively similar behaviour although the non-

uniformity in the surface magnetization (red contrast) appears to increase with the 

reduction in the magnetic field (Fig. 6.4(b)). Consequently, the mode profiles of the 

observed modes at three magnetic field values also show qualitatively the same 

behaviour (Fig. 6.5), with distinct differences in the mode profiles for the three different 

modes. Figure 6.6(a) shows the three modes distributed over the whole simulated sample 

 

Figure 6. 4. Simulated (a) power spectra and (b) normalized static magnetization 
configuration (z-component) for ground state at three different bias magnetic fields are 
shown. 
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at a bias field H = 4.50 kOe. It is clearly observed that mode 1 (M1) corresponds to a 

spatially uniform mode, while mode 2 (M2) and mode 3 (M3) are standing wave modes 

with increasing number of nodal planes with decreasing frequency. 

Figure 6.6(b) shows slices taken from the junction of the tetrapod for the three modes. 

From this figure, M2 and M3 are found to have the nature of the mixed mode of dipolar 

origin with nodal planes spreading along the mutually perpendicular directions of the 

plane.  

 

Figure 6. 5. Simulated spin-wave mode profiles for H = 3.40, 3.92 and 4.50 kOe. 
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Figure 6. 6. (a) Magnified view of mode profile and (b) sliced view of the tetrapod junction for 
different modes at H = 4.50 kOe. 
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The quantization number increases with the decrease in frequency but cannot be clearly 

counted due to highly complicated spatial nature of the modes. On the other hand, 

although M1 shows primarily spatially uniform nature it also contains thin fringes along 

mutually perpendicular direction, indicating standing spin-wave modes of very high 

mode quantization number. 

6.4 Conclusion 
In conclusion, we have investigated the ultrafast magnetization dynamics in a three-

dimensional cobalt tetrapod structure, by using time-resolved magneto-optical Kerr 

microscopy. The experimental results along with three-dimensional micromagnetic 

simulations reveal the existence of three spin-wave modes at around 1, 10 and 30 GHz. 

With the variation of the bias magnetic field, only small quantitative changes are 

observed in the modes while the qualitative characters of the modes remain unchanged. 

Investigation of the spatial nature of the modes over the whole simulated tetrapod 

sample as well from its junction reveals a spatially uniform mode with thin fringes most 

likely associated with standing spin-wave mode of high mode quantization number at 30 

GHz. However, the two lower frequency modes show dipolar dominated mixed modes 

with nodal planes spreading along two mutually perpendicular directions. The mode 

quantization number of the dipolar modes increases with the decrease in frequency. The 

investigation of ultrafast magnetization dynamics from a complicated three-dimensional 

magnetic structure and revelation of complex modes in such structures open the 

possibility of further intensive study in this field for promotion of such structures as 

building blocks in high-frequency ultra-high-density storage, memory, logic and 

communication devices. 
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Chapter 7 

7. Observation of Coherent Spin Waves in a Three-

Dimensional Artificial Spin Ice Structure 

7.1 Introduction 
Patterned magnetic nanostructures have been studied a great deal during the last few 

decades due to their interesting spin configurations [1-3] and their potential applications 

in energy-efficient miniaturized spintronics as well as magnonic devices [4-6] where 

spin-waves may act as information carrier. A large volume of work has been done on one-

dimensional (1D) and two-dimensional (2D) magnonic crystals of different forms and 

geometry [2,7-10]. These include magnetic dot arrays [11], antidot arrays [12], 

bicomponent magnonic crystal [13], nanowires [14] and nanostripes [15]. During the last 

few years, three-dimensional (3D) nanomagnetism has emerged as a fascinating research 

field demonstrating novel physical phenomena such as curvature induced anisotropy 

[16,17], frustration in 3D artificial spin ice (ASI) systems [18,19], 3D magnonic crystals 

[17,20], noncollinear spin textures such as twisted skyrmion [21], magnetic singularities 

e.g., Bloch points [22,23], hopfions [24] and vortex domain walls [25]. On the other hand, 

3D magnetic nanostructures have the potential for future applications in magnetic 

sensors [26], neuromorphic computing [27], ultra-dense data storage devices [28,29] and 

2.5D spintronic devices [30]. The main barriers to exploration of 3D magnetic 

nanostructures [30-33] have been their non-trivial fabrication and characterization 

techniques. The combination of 3D patterning techniques such as focused electron beam-

ion deposition (FEBID) [34], two-photon lithography (TPL) [35-38] with sputtered 

deposition [39], electrodeposition [40] and thermal evaporation [19,41] have emerged 

as powerful techniques to fabricate 3D complex magnetic nanostructures for 

investigation of novel phenomena and development of future magnetic devices. Recently, 

high quality free-standing tetrapod structures have been made from Co nanowires, by 

utilizing TPL and electrodeposition [40]. The spin-wave dynamics from the junction of a 

tetrapod structure was experimentally measured using a time-resolved Kerr microscope 

[42]. However, the large separation between the tetrapods did not allow the study of 

coherent magnons in this system. The study of spin-wave dynamics within 
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interconnected 3D magnetic nanostructures is important to first of all, build an 

elementary understanding of spin-wave mode behaviours within such complex systems 

and subsequently to develop future devices which allow the propagation of spin-waves 

to be controlled in complex 3D circuits.  Such structures hold the promise to study 

coherent magnon states in 3D magnonic crystals due to Bragg scattering in all three 

spatial directions, as well as investigation of anisotropic magnon minibands and Brillouin 

zone boundaries along high symmetry directions. Theoretical studies of spin-wave 

dynamics in prototype of 3D interconnected magnetic nanostructures [20,43] have been 

reported recently. Finally, the realization of 3D magnetic nanostructures in complex 

frustrated geometries, such as a 3D-ASI, provides access to a huge number of near 

degenerate states. Here, previous work has shown the possibility of quasi-3D-ASI 

systems [44,45] through use of multiple lithography steps. These novel systems show a 

degenerate ice-rule and have demonstrated the square ice-model, though such systems 

are currently limited to two-layers. In contrast, harnessing self-assembly techniques and 

electrodeposition, true 3D geometries have been obtained, which have an inverse opal 

geometry [18,46]. Two-photon lithography and deposition has recently emerged as a 

powerful means to produce 3D-ASI systems, taking a diamond-bond lattice geometry 

[19,47]. A distinct advantage of these systems is the direct-write capability which allows 

the 3D nanoscale geometry to be written by design. Furthermore, direct magnetic 

imaging of such structures has now shown the possibility of realizing the full suite of 

vertex types, as seen in 2D-ASI systems, providing a platform to explore spin-wave 

dynamics in 3D-ASI for construction of reconfigurable magnonic devices [48]. 

Here, we report upon the experimental measurement of spin-wave modes in a 3D-ASI 

composed of interconnected nanowires arranged in diamond bond lattice (DBL) 

structure using conventional Brillouin light scattering (BLS). The 3D-ASI was fabricated 

by using a combination of TPL and thermal evaporation. Two clear spin-wave modes 

were observed in the BLS spectra, each of which showed a systematic variation with the 

applied magnetic field. These experimental results have been understood in the context 

of 3D micromagnetic simulations, which show the observed modes can be reproduced in 

the simulation. The simulated mode profiles revealed complex quantized characters with 

its power distributed over the entire structure. 
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7.2 Experimental Details 
A 3D array of interconnected nanowires of DBL (3D-DBL) was fabricated by using a three-

step process. In the first step, a 3D-DBL structure (50×50×10 µm3) was fabricated upon 

glass using TPL and subsequent development.  In the second step, a layer of gold (30 nm) 

was deposited upon the sidewalls of the scaffold nanowires. This was achieved by 

carrying out four separate Au depositions, whereby the sample was mounted at a 30° tilt 

and the in-plane angle was rotated by 90° for each deposition. The addition of 4 × 30 nm 

Au depositions upon the polymer sidewalls allows efficient dissipation of heat for long 

optical experiments. Finally, a 50-nm-thick Ni81Fe19 (Permalloy; Py hereafter) was 

deposited with the substrate in a flat, zero-tilt position. The deposition of Py on the 

curved surfaces leads to the formation of nanowires with crescent shaped cross-section 

[19,47]. Overall, the process yields a DBL of Py which is continuous for four layers, in the 

y-direction, corresponding to a unit cell in thickness [19]. 

Scanning electron micrographs of the full 3D array are shown in Fig. 7.1(a) and a 

magnified view (inset of Fig. 7.1(a)) shows a constituent tetrapod element of the 

interconnected nanowire structure. The four sub-lattice layers are annotated in Fig. 

7.1(b). The individual nanowire length is approximately 1000 nm and its width is 

approximately 260 nm. A deviation up to ±10 nm in the width and up to ±25 nm in the 

length of the nanowires was observed. More details of fabrication and characterization of 

the samples can be found elsewhere [19]. Figure 7.1(c) shows the magnetic hysteresis 

loop (Kerr rotation (θK) vs. magnetic field (H)) of the 3D-ASI sample measured using 

static magneto-optic Kerr effect (static-MOKE) technique, which gives saturation field 

 

Figure 7. 1. (a) Scanning electron micrograph showing top view of full array of 3D-ASI with 
size 50×50×10 µm3, the scale bar is 25 µm. A constituent tetrapod element is shown in the 
inset by capturing a zoomed view of 3D array where the scale bar is 1 µm (b) A magnified view 
of the interconnected nanowires in the lattice is shown. Four sub-lattice layers are highlighted. 
Scale bar in (b) is 2 µm. (c) Magnetic hysteresis loop of the 3D-ASI sample measured using 
static magneto-optical Kerr effect. Applied magnetic field (H) geometry is shown in (b). 
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and coercive field as ~125 Oe and ~100 Oe, respectively. In the spin-wave measurements, 

the bias magnetic field was always kept well above the saturation field, ensuring the 

single-domain state of the sample. 

The spin-wave dynamics of the 3D array were measured by using conventional BLS [49]. 

BLS is a popular tool to measure spin-wave dynamics of magnetic thin films and 

patterned nanostructures. It is a non-contact and thus non-invasive tool to measure 

thermally excited spin waves at room temperature without any external excitation and 

under ambient conditions. This technique relies upon the inelastic scattering of light from 

the sample. The mechanism of inelastic scattering can be quantum mechanically 

described as a photon–magnon collision, where the creation (Stokes process) and 

annihilation (anti-Stokes process) of a magnon of wave vector (k) and angular frequency 

(ω) are detected. A continuous wave of monochromatic laser light (wavelength λ = 532 

nm, power = 60 mW) was focused on the sample (Fig. 7.2(a)) to a spot size of around 40 

µm, which is close to the lateral dimensions of the sample. As a result, the spin waves 

were measured from almost the entire sample volume. The cross polarization between 

the inelastically backscattered beam and incident beam was exploited to suppress the 

phonon contribution. A Sandercock-type six-pass tandem Fabry–Perot interferometer 

was used to analyze the frequencies of the scattered beam, in order to extract the spin-

 

Figure 7. 2. (a) Schematic of BLS measurement geometry. The measurement was performed 
at θ = 0°. The applied field (H) direction is shown in the left inset and the scale bar is 2 µm. The 
3D-ASI network is presented by a schematic on the right side of the image. (b) BLS spectra for 
three different magnetic field values are shown. Open circles present the experimental data 
points. Here, cyan and red color solid lines present the fitting of individual peak and the grey 
color solid line presents the resultant of the multi-peak fitting. 
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wave frequencies. In our experiment, we applied a bias magnetic field (H) parallel to the 

substrate plane as shown in the inset of Fig. 7.2(a), along a principal axis (x-direction) of 

the lattice. A high magnetic field was first applied to completely saturate the sample 

magnetization, which was then gradually decreased to each bias field value for the BLS 

measurement. A schematic of the experimental geometry is shown in Fig. 7.2(a). 

7.3 Results and Discussions 
In order to study the spin-wave frequency variation with H, the BLS spectra were 

measured for the k ≈ 0 wavevector in the Damon-Eschbach (DE) geometry corresponding 

to scattering of photon by a surface magnon, for different H values in 0.6 ≤ H ≤ 2.0 kOe. 

Here the momentum will be conserved only in the plane of the sample surface. The k ≈ 0 

geometry will allow us to measure the extended and localized spin-wave over the entire 

3D network of connected nanowires but not the spin-wave frequency vs. wave vector 

dispersion. Some example BLS spectra from the 3D-ASI are shown in Fig. 7.2(b). 

Two intense spin-wave modes were observed in the spectra which are named as M1 and 

M2. The lower frequency peak (M1) becomes more prominent at larger values of H. The 

higher frequency mode (M2) is quite broad apparently due to unresolved modes and/or 

inhomogeneous line broadening due to defects and inhomogeneous spin textures in the 

real sample. The BLS spectra were fitted with two-peak Lorentzian functions to extract 

 

Figure 7. 3. (a) Spin-wave frequencies of mode 1 (M1) and mode 2 (M2) are plotted as a 
function of applied magnetic field. Here, symbols present the experimentally measured data 
points. The elastic peak fitted with a Gaussian function is shown at the inset. (b) Simulated 
spin-wave spectra for three intermediate field values are shown. The dotted lines in (a) 
present the simulated results. 
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the spin-wave frequency values. The bias magnetic field variation of spin-wave 

frequencies is plotted in Fig. 7.3(a) with combined error bars originating from theoretical 

fit and the frequency resolution of the BLS setup. The latter is given by the instrumental 

linewidth, which is ~ 0.3 GHz, determined from the elastic peak as shown at the inset of 

Fig. 7.3(a). The spin-wave mode frequency increases nearly monotonically with 

increasing field values suggesting purely magnetic origin of the modes. Despite the 

complicated structure of the 3D-ASI and the corresponding demagnetizing factors, we 

have fitted the most intense mode with the Kittel formula, which resulted in a good fit 

with effective demagnetizing factors at three different axes as presented in section B.1 of 

Appendix B. 

To obtain deeper insight into the behaviour of the observed spin-wave modes, we have 

numerically simulated the spin-wave dynamics in the 3D-ASI system using the GPU-based 

MuMax3 software [50]. A schematic of the diamond-lattice unit cell [51] is shown in Fig. 

7.4(a) for clarity of understanding of the 3D-ASI structure, where the atoms are non-

existent and only the bonds are present. A typical simulated static spin configuration of 

the 3D-ASI structure is shown in Fig. 7.4(b), which consists of four tetrapod elements, 

highlighted by different colors. The 3D-ASI structure has been designed to match the 

geometry of a DBL, as shown in Fig 7.4(a). In order to mimic the experimental sample 

volume, we considered a unit cell of the 3D-ASI in the simulation and applied a 2D 

periodic boundary condition in the x-z plane, while along the y-direction the simulated 

structure contains four layers similar to the experimental sample. The simulated unit cell 

of the 3D-ASI consists of crescent shaped nanowires (CSN) with dimensions similar to the 

experimental sample. The sample was divided into cuboidal cells of size 5 × 5 × 5 nm3. 

The cell size is taken below the exchange length of Py (≈ 5.2 nm). Further test simulations 

with lower cell sizes made no significant qualitative changes in the peaks of interest in 

the simulated spin-wave spectra. The material parameters used in the simulation are: 

gyromagnetic ratio γ = 17.6 MHz/Oe, saturation magnetization Ms = 860 emu/cc, 

anisotropy field HK = 0, and exchange stiffness constant Aex = 13 × 10-7 erg/cm for Py [52]. 

The equilibrium magnetic states were obtained by relaxing the sample under study at a 

fixed bias magnetic field along the x-direction as defined in Fig. 7.4(c). The magnetization 

configuration of the equilibrium state (mx component) at H = 1.6 kOe is shown in Fig. 

7.4(c) which shows a saturated state along the x-direction with very small demagnetized 
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regions. The magnetization configurations (mx component) at few other bias magnetic 

fields are presented in Section B.2 of Appendix B. 

The equilibrium state magnetization configuration of the other two components (my and 

mz) corresponding to Fig. 7.4(c) are shown in Section B.2 of Appendix B. For simulation 

of the spin-wave dynamics, a square shaped pulsed magnetic field with a peak amplitude 

of 20 Oe along the y-direction with rising and fall time of both 10 ps and duration of 20 

ps, was applied to the equilibrium magnetic state using a Gilbert damping parameter α = 

0.008. The spin-wave spectra were calculated by taking fast Fourier transformation (FFT) 

of the simulated time-domain magnetization (my component). Some typical simulated 

spin-wave spectra are shown in Fig. 7.3(b). The simulated spectra show additional peaks 

which were either not resolved due to the line broadening or insufficient sensitivity due 

to their smaller power in the experiment. The peaks adjacent to M2 observed in 

simulation may have contributed to the broadening of M2 in the BLS spectra as 

mentioned before. Nevertheless, both the experimental peaks could be identified in the 

simulation and the variation of their frequencies with bias magnetic field is plotted as 

dotted lines in Fig. 7.3(a). 

 

Figure 7. 4. (a) Schematic of diamond-lattice unit cell. Here, the green color double lines 
present the bond position and blue spheres present the atom position. The dashed lines define 
the axes. (b) A representative simulated unit cell of 3D-ASI is shown. One unit cell consists of 
four tetrapod elements, each of them are highlighted by different color for better visualization. 
A one-to-one correspondence between the diamond bond lattice and 3D-ASI (omitting the 
atoms) could be found from (a) and (b). (c) Magnetization configuration of the equilibrium 
state (mx component) at H = 1.6 kOe (along x-direction; in-plane) is shown. The color bar for 
mx is shown next to the image. 
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A qualitative agreement between the experimental and simulated bias-field variation of 

spin-wave frequencies is found although the frequency of M1 from BLS shows larger 

scatter beyond the error bars in lower bias field regime presumably due to its reduced 

intensity and increased noise in these fields, which pose additional uncertainty in 

determining its peak frequency.  The collective nature of the spin-wave modes has been 

reconfirmed by test simulations of spin-wave spectra of a single nanowire leg, one 

tetrapod element and a 3D-ASI structure, which clearly show gradual evolution from 

spin-wave modes localized in its constituent elements to a 3D-ASI lattice (section B.3 of 

Appendix B). To understand the spatial nature of the coherent spin-wave modes in the 

3D-ASI, we have further analyzed the simulated data from MuMax3 using a home-built 

post-processing code, DotMag [53]. The mode profiles were calculated by taking slices of 

3D-ASI structure along red and black dashed lines, parallel to different planes at positions 

1 and 2, respectively, as shown in Fig. 7.5(a). The coordinate system x′y′z′ in Fig. 7.5(a) is 

defined such that the projections of top and bottom layers on the x'-z' plane become 

parallel to x′ and z′ axis, respectively. The simulated powermaps of the experimentally 

observed spin-wave modes are shown in Fig. 7.5(b), 7.5(c) and 7.5(d) for H = 1.6 kOe. The 

powermaps of additional modes present only in the simulated spectra are presented in 

the section B.4 of Appendix B. The calculated powermaps along red dashed line parallel 

to x′-y′ plane at position 1 are shown in Fig. 7.5(b). It captures the lateral view of the top 

layer and one of bottom layer nanowire’s cross-sectional view. The lateral view reveals 

that the power of M1 is localized at the junction of each bipod but the power of M2 is 

extended throughout the 3D-ASI nanowire network as shown in Fig. 7.5(b). The phase of 

the mode M1 and M2 reveal quantized nature with different quantization numbers n = 11 

for M1 and n = 5 for M2 as shown by dashed lines in Fig. 7.5(b). The cross-sectional view 

of CSN in the bottom layer reveals M1 to have quantized nature at the CSN cross-section 

(n′ = 5) with low power, whereas M2 also possesses quantized nature (n′ = 2) with 

reasonably high power as shown in Fig. 7.5(b). To explore the mode profiles further, we 

took another slice along black dashed line parallel to y′-z′ plane at position 2 (Fig. 7.5(c)). 

Here, power is distributed over the entire nanowire network for both modes. M1 shows 

quantized nature with n = 9, while M2 also shows quantized nature with n = 7 in both the 

connecting nanowires. The mode profile behaviour at CSN cross-section was also 
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analyzed by taking slice along red dashed line parallel to x′-z′ plane at position 1, as 

shown in Fig. 7.5(d). 

It captures mode profiles near the junction at position 1 and crescent shaped cross-

sections of two adjacent nanowires. Here, M1 forms a quantized mode at CSN cross-

section of junction with n′ = 3, while M2 also forms a quantized mode with n′ = 2. The 

overall power profile suggests that M1 is primarily localized at the nanowire junctions 

while M2 is extended over the nanowire networks. The phase profiles reveal the 3D 

nature of these modes with different quantization numbers along the lateral direction of 

nanowires and at the cross-sections. We have applied the magnetic field along one 

principal axis (along x-axis, Fig. 7.4(a)) which is an in-plane symmetry axis for the 3D-ASI 

structure. However, the crescent cross-section of the nanowires and the 3D geometry of 

ASI may create a 3D varying magnetic potential within this nanostructure leading to the 

quantized nature for both spin-wave modes with different quantization number. 

 

Figure 7. 5. (a) A representative static magnetization profile (mx component) along with the 
coordinate system. The red and black dashed lines show the slice taking positions to extract 
mode profiles parallel to different planes at positions 1 and 2.  Spin-wave mode profiles are 
calculated at different points of 3D-ASI structure at H = 1.6 kOe by taking slice along: (b) x´-y´ 
plane at point 1, (c) y´-z´ plane at point 2 and (d) x-´z´ plane at point 1. The power profiles are 
shown in upper panels and corresponding phase profiles in the lower panels. The color bars 
for power and phase are shown at the bottom left corner. 
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7.4 Conclusion 
In summary, we have exploited a novel method to fabricate a complex 3D-ASI structure 

of interconnected nanowires arranged in diamond bond-like lattice using TPL and 

thermal evaporation. We have studied thermal magnons in this 3D-ASI using BLS 

spectroscopy which revealed two clear collective spin-wave modes. The spin-wave mode 

frequencies show good stability and nearly monotonic variation over a broad range of 

bias magnetic field. We have performed 3D micromagnetic simulations to reproduce the 

spin-wave spectra and obtained insights into the spatial nature of the spin-wave modes 

in this 3D-ASI. The spin-wave modes exhibit different spatial characters from localized to 

extended nature having different mode quantization numbers. Some additional modes in 

the simulation were either not resolved or detected in the experiment, which called for 

more precise experiment to detect those. On the other hand, fabrication of even higher 

quality samples extended equally in all three dimensions will be helpful to understand 

the spin-wave propagation along all high-symmetry axes in these structures. The 

collective spin-wave modes in this 3D-ASI system are starkly different from an isolated 

3D nanostructure as in the former the coherent spin-wave can extend over all three 

dimensions along a complex 3D network, promising a very rich magnonic band structure 

with greater flexibility as opposed to formation of standing spin-waves in an isolated 3D 

nanostructure. Besides, these spin-waves can be highly reconfigurable due to the 

possibility of attaining a variety of complex magnetic microstates by varying external 

magnetic field [47]. To this end, optical exploration of spin-wave modes in this 

interconnected 3D structure will open the pathway for exciting new possibilities of 3D 

magnonics for ultrahigh density on-chip communication and processing devices. 
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Chapter 8 

8. All-Optical Detection of Spin-Orbit Torque Driven 

Modulation of Gilbert Damping in Ta/CoFeB/SiO2 

Heterostructures 

8.1 Introduction 
Gilbert damping of magnetic materials plays a crucial role in controlling its magnetization 

dynamics. The understanding and manipulation of Gilbert damping are essential for 

designing future magnonic [1-3] and spintronic devices [4,5]. A high damping value is 

desirable for magnetic storage and memory devices to minimize the magnetization 

precession (ringing) during writing [6], while a low damping value is required for energy-

efficient magnetoresistive random-access memory (MRAM) [7] to lower the required 

write current as well as for long-range spin-wave propagation in magnonic devices [8,9] 

for on-chip transfer and process information. External control over the damping will be 

pertinent for the development of new-generation energy-efficient magnetic devices.  

Over the years, there have been various efforts to control damping in ferromagnetic 

materials [10-12]. These include processes like spin pumping, material doping, ion 

irradiation and others. 

More recently damping has been found to be controlled efficiently and easily by spin-

orbit torque (SOT) [13-17] by injecting spin current in a ferromagnetic layer. This ranges 

from small modulation of damping (MOD) to the attainment of auto-oscillation, where 

the damping is fully compensated by the SOT [18]. Pure spin current can be generated by 

using different mechanisms including nonlocal spin injection [19,20], spin pumping 

[21,22], Rashba effect [23], spin Hall effect (SHE) [24-26] etc. When a charge current is 

passed through a nonmagnetic metal (NM)/ferromagnet (FM) heterostructure, intrinsic 

effect (related to Berry curvature) and extrinsic effects like impurity scattering of 

electrons (skew scattering and side jump mechanism) can cause the generation of pure 

spin current due to the accumulation of spins having two opposite polarizations at two 

opposite surfaces by the SHE [27]. The injected pure spin current in the FM layer can 

manipulate its damping due to SOT [13,28-30]. It has been found that in NM/FM 

heterostructures, the current induced torques are originated from the spin-orbit coupling 
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(SOC) within the bulk of the NM (generally heavy metals (HMs)) or at the interface. There 

can be two types of torques acting simultaneously on the magnetization of an adjacent 

FM layer: damping-like torque (DLT) and field-like torque (FLT). Their effective 

magnitudes in a system depend upon several factors: the layer thickness [31], quality of 

interface in terms of the spin-mixing conductance and interfacial spin transparency [32], 

electronic properties (such as charge conductivity) [33] and SOC strength of the HM.  

Various HM/FM systems have been used to study the MOD due to SHE induced SOT 

[13,14,34,35]. To this end, Ta-based systems are technologically important due to their 

reasonably high SHE [36], spin-mixing conductance and interfacial spin transparency of 

Ta [12], and interfacial Dzyaloshinskii-Moriya interaction [37]. Interestingly, two 

different structural phases, β-Ta [12,38,39] and α-Ta [36,38,40], can occur depending 

upon the Ta thickness [38] and deposition conditions [36,40]. Out of those β-Ta is a highly 

resistive phase with distorted tetragonal crystal structure and has higher SOC. But the 

stability of this phase at lower thickness regime strongly depends on the deposition 

condition. At relatively higher thickness the most stable phase of Ta appears with lesser 

resistivity and lesser SOC strength. Therefore, the study of SOT (DLT and FLT) efficiency 

over a long thickness regime with stable phase of Ta is required for basic understanding 

and its effects on future magnonic and spintronic devices.  

Here we have demonstrated an all-optical detection of MOD in a β-Ta (t)/CoFeB (3 

nm)/SiO2(2 nm) heterostructure by using time-resolved magneto-optic Kerr (TRMOKE) 

magnetometer. The thickness of Ta layer has been varied from 3 to 20 nm. Within this 

wide range, stable β-dominated phase is maintained in Ta. Charge current is applied to 

the heterostructures using Au electrodes for the generation of SHE in Ta. The pure spin 

current is thereby generated and transported into the CoFeB layer to exert the SOT while 

the magnetization precession is excited optically by a femtosecond laser pulse.  The 

damping is modulated by the DLT which is further controlled by varying the magnitude 

and direction of the charge current.  Within the experimentally applied current regime, 

we have observed a small amount of Joule heating effect in the experimental data. The 

modulation of frequency (MOF) shows a parabolic variation with the applied current 

which also confirms the presence of this Joule heating effect in the applied current regime. 

The FLT and Oersted field contributions are found to be negligible in this study from the 

observed MOF variation. Therefore, the MOD is calculated for both scenarios, i.e., 

without/with considering the Joule heating effect. For both cases, DLT efficiency was 
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found to be around 0.4 over the whole Ta thickness range. It shows the Joule heating 

effect does not affect the MOD so much as it does for MOF.  However, the Joule heating 

correction gives a higher value of DLT of around 0.41±0.03 (as opposed to 0.38±0.05 

without Joule heating correction) with better accuracy. The robustness of DLT over this 

wide range of Ta thickness (3-20 nm) will be useful for future spintronic and magnonic 

devices. 

8.2 Experimental Details 
A series of heterostructures made of Ta (3 nm ≤ t ≤ 20 nm)/Co20Fe60B20(3 nm)/SiO2(2 

nm) were deposited by dc/rf magnetron sputtering on Si (100) wafers coated with 100-

nm-thick SiO2. The depositions were carried out at an average base pressure of 2.0 × 10−7 

Torr and argon pressure of about 1.0 mTorr at a deposition rate of 0.2 Å/s for all samples. 

Ta and SiO2 were deposited with rf power of 40 and 60 W, respectively, while Co20Fe60B20 

(CoFeB) was deposited with a dc voltage of 380 V.  The sample stacks having lateral 

dimensions of 2 × 2 mm2 were deposited using a shadow mask. Two contact pads of 

chromium (5 nm)/gold (25 nm) were deposited to apply charge current to the samples. 

The atomic force microscopy (AFM) measurements were carried out to check the sample 

surface roughness. The resistivity of Ta and the grazing-incidence x-ray diffraction (XRD) 

were measured to determine the crystal phase of Ta over this wide thickness range. The 

resistivity of Ta was estimated from the sheet resistance measurements of 

heterostructures. The magnetization dynamics were studied by using a custom-built 

TRMOKE magnetometer. Here, the second harmonic (λ = 400 nm, repetition rate = 1 kHz, 

pulse width ≈ 50 fs; pump beam) of an amplified femtosecond laser pulse generated from 

a regenerative amplifier system (Libra, Coherent) was used to excite the ultrafast 

dynamics while the time-delayed fundamental laser pulse (λ = 800 nm, repetition rate = 

1 kHz, pulse width ≈ 40 fs; probe beam) was used to detect the time-resolved polar Kerr 

rotation from the sample. The probe beam with spot size ≈ 100 µm was tightly focused 

on the centre of a slightly defocused pump beam with spot size ≈ 300 µm to measure the 

uniformly excited magnetic signal. A static magnetic field was applied at a small tilt of ~ 

5-10° from the sample plane to produce a finite amount of demagnetize field along the 

pump beam direction to excite the precessional dynamics. The in-plane component (H = 

1.5 kOe) of this field is considered as the bias field applied to the sample. The fluence of 

the pump and probe beams were kept at 10 mJ/cm2 and 0.5 mJ/cm2 to avoid appreciable 
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effects of laser on magnetic parameters including damping coefficient, and all 

measurements were done at ambient conditions. A dc charge current was applied along 

the length of the sample through the electrodes using a source meter (U3606A, Agilent 

Technologies). The method of all-optical detection of MOD due to SHE generated spin 

current, employed here, does not require any delicate micro-fabrication techniques for 

sample preparation. It can eliminate possible experimental artefacts involved in the 

electrical detection techniques [13,14]. It relies on local measurements over the sample 

surface and does not suffer from the large area averaging avoiding inhomogeneities and 

defects present in the sample. The decaying profile of the time-resolved precession 

oscillations directly gives the magnetic damping coefficient, which is more reliable than 

competing techniques such as linewidth measurement and analyses using in 

ferromagnetic resonance (FMR) technique. 

8.3 Results and Discussions 
Figure 8.1(a) shows the XRD patterns of the heterostructures. In these XRD plots, the 

peaks corresponding to β-Ta are marked. The high-intensity XRD peak at ~ 33.5° 

primarily corresponds to the β phase (distorted tetragonal structure) of Ta. We find 

another peak in the vicinity of 33.5° which is present for all thicknesses of Ta but its origin 

is unknown. We have not observed any signature of α-Ta phase, to be appeared for 2θ 

value of ~ 38.5o. The d-value obtained from the β-Ta peak at 33.5o corresponds to ~ 2.6 

Ǻ, which ensures the growth of the Ta-thin films is in the tetragonal β phase having a 

preferential orientation of (002). The stability of the β-phase of Ta in this thickness range 

is also determined from the electrical resistivity of Ta, by measuring the sheet resistance 

(Rs) of all the samples. The Rs of the film stack as a function of Ta thickness is plotted in 

Fig. 8.1(b). We fitted the variation considering ‘parallel resistor model’ [41] using eqn. 

(8.1) as charge current distributes in the bilayer stacks according to their individual 

resistivity.   

                             𝑅𝑠 = (
𝜌𝑇𝑎×𝜌𝐶𝑜𝐹𝑒𝐵

𝑡×𝑑
) / (

𝜌𝑇𝑎

𝑡
+

𝜌𝐶𝑜𝐹𝑒𝐵

𝑑
)             (8.1) 

From the slope of the curve, we estimate the average resistivity of Ta (ρTa) to be about 

248 ± 20 μΩ cm, while for CoFeB (ρCoFeB) this is found to be 139 ± 20 μΩ cm which matches 

with reported literature values[13]. Such high resistivity is also reported in the literature 

for the β phase of Ta [12]. In Fig. 8.1(c), the AFM images for the Sub/Ta (t = 4, 10, 20 

nm)/Co20Fe60B20(3 nm)/SiO2(2 nm) heterostructures are presented. From the AFM 
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analysis, we have obtained the average topographical roughness for the samples ranges 

from 0.13 nm to 0.25 nm. The roughness values vary by about ~ 10% when measured at 

various regions of space of the same sample. Overall, the topographical roughness in all 

film stacks is found to be significantly small irrespective of the Ta thickness. Due to the 

small thicknesses of the thin film heterostructures, the interfacial roughness will clearly 

show its signature on the topographical roughness. 

The mechanism of magnetization dynamics in presence of pure spin current has been 

schematically demonstrated in Fig. 8.2(a). The flow of charge current along x-direction 

through the Ta layer generates pure spin current along z-direction due to SHE and which 

is transferred to the CoFeB layer. The spin current gives rise to a SOT (DLT) on 

magnetization dynamics, which can be described by the modified Landau-Lifshitz-Gilbert 

equation [13,14] as given by eqn. (8.2). 

                    
𝑑𝑚̂

𝑑𝑡
= −𝛾(𝑚̂ × 𝐻𝑒𝑓𝑓) + 𝛼 (𝑚̂ ×

𝑑𝑚̂

𝑑𝑡
) +

ℏ

2𝑒𝜇0𝑀𝑠𝑑
𝐽𝑠(𝑚̂ × 𝜎̂ × 𝑚̂)                (8.2) 

Here, γ is the gyromagnetic ratio, 𝑚̂ is magnetization vector, Heff is the effective magnetic 

field, α is the Gilbert damping constant, d is the ferromagnetic layer thickness, Js is the 

  

Figure 8. 1. (a) X-ray diffraction patterns measured at grazing angle of incidence from Ta films 
of thicknesses of 4, 6, 10 and 15 nm are shown. Peaks correspond to β phase of Ta are marked 
in the plots. (b) Variation of inverse of sheet resistance of Ta(t)/Co20Fe60B20(3 nm)/SiO2(2 nm) 
as a function of Ta thickness (t) is plotted. (c) Atomic force microscope images showing the 
surface topography of the Ta(t)/Co20Fe60B20(3 nm)/SiO2(2 nm) samples with t = 4, 6, 10 and 
20 nm are presented. The scale bar is same for all samples as shown in the images.  
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spin current density and 𝜎̂ is the spin polarization vector. The direction of DLT 

determined by the third term in eqn. (8.2) acts collinearly with Gilbert damping torque. 

Hence, it can increase or decrease the effective damping of the system depending on the 

polarity of the spin polarization vector. The MOD in presence of SOT is related to spin 

current density, given by eqn. (8.3). 

                           𝛥𝛼 = (𝛼𝑒𝑓𝑓 − 𝛼0) =
ℏ𝛾𝐽𝑠

2𝑒𝑀𝑠𝑑2𝜋𝑓
𝑆𝑖𝑛𝜃                                                          (8.3) 

Here, α0 and αeff are damping parameters in the absence and presence of charge current, 

θ is the angle between the magnetic field and charge current direction.  The modulation 

is maximum for θ = 90° as given by eqn. (8.3). Therefore, we kept the directions of applied 

charge current and H perpendicular to each other throughout the measurements. 

The DLT efficiency can be found out from the MOD as given by eqn. (8.4).     

                                        𝜉𝐷𝐿 =
2𝑒𝑀𝑠𝑑2𝜋𝑓𝛥𝛼𝑇

ℏ𝛾𝐽𝑐 sin 𝜃
                                                          (8.4) 

Here, Jc is the charge current density through the Ta layer, T is the spin transparency at 

the interface between HM/FM which takes into account all possible effects (i.e., spin 

pumping, d-d hybridization, spin memory loss etc.). The other parameters have usual 

meaning as defined earlier. Figure 8.2(b) shows typical time-resolved Kerr rotation data 

  

Figure 8. 2. (a) Schematic of the measurement geometry is shown. The applied current (Jc) and 
magnetic field (Heff) directions are marked (green arrow). (b) A typical time-resolved Kerr 
rotation data for Ta (3 nm)/Co20Fe60B20(3 nm)/SiO2(2 nm) at H = 1.5 kOe is shown. (c) The 
bias magnetic field variation of precession frequency (solid black circles) is fitted with Kittel 
formula (blue solid line). The variation of damping parameter (α0, solid red squares) with H is 
shown. The dotted line is a guide to the eye, which shows an invariance of α0 with H. 
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measured from Ta (3 nm)/Co20Fe60B20(3 nm)/SiO2(2 nm) sample at H = 1.5 kOe without 

any applied charge current. The ultrafast magnetization dynamics can be divided into 

three different temporal regions as marked in Fig. 8.2(b). The ultrafast demagnetization 

occurs within ~ 200 fs (region I) following the pump beam excitation. After this energy 

rebalancing occurs between electron and spin systems giving rise to a fast relaxation 

within ~0.6 ps (region II). This is followed by a slow relaxation within ~ 2 ps (region III) 

along with damped precessional oscillation. Region III is the regime of our interest from 

where the damped oscillatory Kerr trace is extracted after subtraction of the bi-

exponential background. The time-resolved precessional oscillation is fitted with a 

damped sinusoidal function given by eqn. (8.5).  

                             𝜃𝑘(𝑡) = 𝐴𝑒−(
𝑡

𝜏
)sin(2π𝑓𝑡 + 𝜑)                                                                (8.5) 

Here, A, τ, f and 𝜑 are precession amplitude, relaxation time, frequency and initial phase 

of oscillation. The precession frequencies at different bias magnetic fields can be plotted 

and fitted using the following form of the Kittel formula for thin films as given by eqn. 

(8.6). 

                              𝑓 =
𝛾

2𝜋
(𝐻(𝐻 + 4𝜋𝑀𝑒𝑓𝑓))

1

2
                                                                   (8.6) 

where γ = gµB/ħ, g is the Landé-g-factor, H is the applied bias magnetic field and Meff is 

the effective magnetization. Meff and g are determined as fitting parameters. In Fig. 8.2(c) 

The bias magnetic field dependences of precession frequencies for Ta (t = 3 

nm)/Co20Fe60B20(3 nm)/SiO2(2 nm) samples are presented. We have obtained Meff ~ 

1200 ± 30 emu/cc and g = 2.0 ± 0.05 for these film stacks. The damping of this 

heterostructure may consist of both intrinsic and extrinsic contributions, and hence, we 

term it as effective damping parameter (αeff). This can be extracted using the eqn. (8.7). 

                              𝛼𝑒𝑓𝑓 =
1

𝛾𝜏(𝐻+
4𝜋𝑀𝑒𝑓𝑓

2
)
                                                                               (8.7) 

This formula can be used to extract effective damping parameter precisely in the 

moderate bias field regime. For the Ta (t = 3nm)/Co20Fe60B20(3 nm)/SiO2(2 nm), we have 

observed that αeff remains constant with the variation of H from 0.6 kOe to 1.5 kOe as 

shown in Fig. 8.2(c). Similar effect is also observed for other samples. This confirms the 

intrinsic nature of damping for these heterostructures within our experimental magnetic 

field regime. Due to the insertion of Ta layer, the effective damping of the CoFeB layer has 

increased slightly in the experimental thickness regime (3 nm ≤ t ≤ 20 nm) for H = 1.5 
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kOe due to spin pumping. As the spin diffusion length (λ) of Ta, is about 2 nm [12], for t ≥ 

3 nm the spins accumulated at the Ta/CoFeB interface get fully absorbed in the Ta layer 

and the backflow is avoided. Thus the enhancement of damping due to spin pumping 

remains constant for t ≥ 3 nm. The interface is found not to be fully transparent to the 

spin current. A detailed analysis of interface transparency is presented elsewhere [12]. 

Subsequently, the charge current induced MOD has been measured in these 

heterostructures. Figure 8.3(a) shows the time-resolved Kerr rotation data for Ta (t = 4, 

7, 20 nm)/Co20Fe60B20(3 nm)/SiO2(2 nm) samples for two different signs of applied 

current density, Jc = ±0.5×1010 A/m2. 

The effective damping calculated using eqn. (8.7), shows asymmetric linear modulation 

with the current densities as shown in Fig. 8.3(b). It increases or decreases in two 

opposite directions of the charge current flow. The relative change in damping values is 

found to be up to ±10% within the applied current limit (Jc ≤ 0.5×1010 A/m2). Further 

increase of current density can cause significant Joule heating, enhancement in the 

 

Figure 8. 3. (a) Representative time-resolved precessional oscillations for extraction of 
damping under the influence of maximum positive and negative charge current densities (Jc) 
are shown at left and right panels. Here, Ta thickness is mentioned in the left panel. The 
estimated effective (αeff) damping parameters are also presented inside each panel. 
Comparison of left and right panel reveals that αeff changes with the polarity of charge current. 
(b) The MOD plot for Ta thicknesses of 4, 7 and 20 nm are shown. Solid line is a linear fit to the 
MOD with Jc. Error bars correspond to the fitting error obtained during the estimation of 
damping. 
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magnetic fluctuation and finally burning of the thin films. For obtaining the MOD, we have 

fitted the data points with eqn. (8.8).  

                        ∆𝛼 = (𝑀𝑂𝐷). 𝐽𝑐                                                                                               (8.8) 

From the slope of the fit, we have obtained MOD to be in the order of 1 × 10-13 m2/A for 

all the samples. The exact values of MOD are tabulated in Table (8.1) for all samples. The 

interfacial transparency (T) obtained for these heterostructures is 0.5, which represents 

a moderately transparent interface [3] in comparison to several other HM/FM interfaces. 

By using eqn. (8.4), relatively large value to DLT efficiency ξDL ~ 0.38±0.05 is found for 

these samples. 

8.3.1 Modulation of Precessional Frequency in Presence of Charge 

Current 
Significant modulation of precession frequency (MOF) is also observed in some of these 

samples with the charge current. The possible contributions to MOF come from the 

Oersted field, Joule heating, and the FLT. The measured MOFs for the samples with t = 6 

and 10 nm are shown in Fig. 8.4(a) and 8.4(c), which are fitted with a parabolic function. 

In the fitting formula, the current through the CoFeB layer is considered by introducing a 

suitable weight factor with Jc. The symmetric and parabolic variation of frequency with 

Jc, as shown by the solid line in Fig. 8.4(a) and 8.4(c), suggests that the MOF mainly occurs 

from the Joule heating effect. We have not observed any significant contribution from the 

FLT [30,34,42] and Oersted field in the MOF. The MOF can be explained by considering 

Table 8.1. Values of MOD for different Ta thicknesses. 
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the change in effective magnetization (MeJ) due to magnetic fluctuations [14,43] because 

of Joule heating. The change in MeJ can be estimated from eqn. (8.6). 

The variation of MeJ with Jc is shown in Fig. 8.4(a) and 8.4(c) and its fit with a parabolic 

function of Jc as mentioned earlier. This confirmed the presence of the Joule heating effect 

in MeJ. From eqn. (8.7), it is evident that the change in effective magnetization will affect 

the effective damping parameter. We have recalculated the Joule heating induced 

effective damping (αeJ) considering MeJ and plotted it in Fig. 8.4(b) and 8.4(d) for Ta 

thickness 6 and 10 nm, respectively. The asymmetric parabolic nature of αeJ with Jc 

confirms the presence of both Joule heating and DLT. The modified MOD is fitted with a 

function: + bJc + cJc2. Here, b represents MOD due to DLT. The values of b for all samples 

are found to be around 1.2 ×10-13 m2/A as tabulated in Table (8.2). By using eqn. (8.4), 

the average value to DLT efficiency is found to be around ξʹDL ~ 0.41±0.03 for all samples. 

 

  

Figure 8. 4. The modulation of frequency (MOF) for t = 6 nm (a) and 10 nm (c) are shown. The 
solid red line represents the parabolic fit of MOF with Jc. The corresponding change in 
normalized effective magnetization (MeJ/Me) is plotted (blue solid circles). The blue solid line 
represents parabolic fitting. The modulation of damping (MOD) considering Joule heating 
effect (αeJ) is plotted for t = 6 nm (b) and 10 nm (d). The solid red line represents the fit with 
a function: a + bJc + cJc2. The parameter b gives the MOD due to damping-like torque (DLT).   
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Figure 8.5 shows the variation of ξDL and ξʹDL over a broad range of Ta thickness studied 

here, which shows an invariant behaviour within the error bars. The Joule heating 

correction gives a higher value of DLT efficiency with better accuracy. However, the DLT 

efficiency is found to be robust at around 0.4 from both the calculation methods. This 

robustness of DLT efficiency will be helpful for the development of future spin-orbitronic 

and magnonic devices where SOT will be applicable. 

 

Figure 8. 5. Variation of DLT efficieny without (ξDL: solid blue circles) and with (ξʹDL; solid red 
circles) Joule heating effect as a function of Ta thickness. The DLT efficiency remains invariant 
with Ta thickness. The dotted lines are a guide to the eye. 

 

 

Table 8.2. The MOD for different Ta thicknesses considering Joule heating effect. 
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8.4 Conclusion 
In summary, we have investigated the modulation of damping (MOD) in 

Ta(t)/Co20Fe60B20(3 nm)/SiO2(2 nm) heterostructures in presence of charge current 

using an all-optical time-resolved magneto-optical Kerr effect technique. The all-optical 

detection scheme adopted here is a noninvasive and unambiguous method for the 

reliable determination of spin-orbit effects in HM/FM systems. The XRD and dc resistivity 

measurements have revealed that the β phase of Ta is stable over a broad range of 

thickness (t = 3 to 20 nm). We have found the effective damping parameter to remain 

invariant with the bias magnetic field, confirming the intrinsic nature of damping for 

these heterostructures within the experimental field regime. We have observed a 

discernible amount of Joule heating effect from a parabolic variation of MOF in the higher 

charge current range. The field-like torque (FLT) and Oersted field contributions are 

found to be negligible in this study as confirmed from the MOF. Subsequently, we have 

calculated MOD in both scenarios, i.e., without/with Joule heating effect. For both cases, 

DLT efficiency has been found to be around 0.4 over the whole Ta thickness range. This 

assures that the Joule heating effect does not mask or smear the MOD as much as it does 

in MOF. However, the Joule heating correction gives a slightly higher value of DLT of 

around 0.41±0.03 (in comparison to 0.38±0.05 without Joule heating correction). The 

large value of DLT and its robustness over a wide range of Ta thickness will be useful for 

the development of future spin-orbitronic and magnonic devices. 
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Chapter 9 

9. Summary and Outlook 

9.1 Summary 
In this dissertation, we have explored the quasi-static and dynamic magnetization 

parameters in nanoscale two- and three-dimensional (2D and 3D) confined structures 

and thin film heterostructures.  Here, we have used RF & DC sputtering for the deposition 

of thin film heterostructures. The electron beam lithography and two-photon lithography 

(TPL) were used to write the 2D and 3D patterned structures respectively. Thin film 

deposition techniques (i.e., electron beam evaporation and thermal evaporation) and 

electrodeposition techniques have been used to deposit the magnetic materials to 

prepare the patterned nanostructures. The characterizations for the determination of the 

crystal structure, surface imaging, morphology and the chemical compositions of these 

heterostructures and patterned structures of magnetic materials have been studied by 

using X-ray diffraction (XRD), scanning electron microscopy (SEM), atomic force 

microscopy (AFM) and energy-dispersive X-ray spectroscopy (EDX). The static and 

quasistatic magnetic parameters have been probed by magnetic force microscopy (MFM) 

and the static magneto-optical Kerr effect (static-MOKE) technique. Further, the optical 

techniques i.e., time-resolved magneto-optic Kerr effect (TRMOKE) magnetometer and 

Brillouin light scattering (BLS) spectroscopy have been employed to measure the 

magnetization dynamics in the time and frequency domain respectively. These 

techniques are based on light-mater interaction, which can excite and detect the 

magnetization dynamics with appreciable spatial and/or having temporal resolution. 

Micromagnetic simulations have been exploited for the reproduction of experimentally 

observed phenomena. In this thesis, we have used object oriented micromagnetic 

framework (OOMMF), MuMax3, and LLG micromagnetic simulator.  

We have experimentally and numerically investigated the role of the regular shaped 

nanochannels on spin-wave dynamics in the connected nanodot (CND) array. Three CND 

arrays of square shaped nanodots which are physically connected to its neighbouring 

nanodots by simple rectangular shaped nanochannels through exchange-dipole 

interaction, each with 25 × 25 µm2 areas with the varying filling factor (area covered by 
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Py/area of one unit cell) of 0.64(S1), 0.72(S2) and 0.83(S3) were fabricated by using a 

combination of electron-beam evaporation, electron-beam lithography and ion milling. 

The experimentally observed time-resolved magnetization dynamics revealed the 

presence of multiple spin-wave modes in the CND arrays. The mode numbers were found 

to be decreasing with increasing filling fraction. This is because of the decrement in the 

demagnetized region with the gradual growing filling fraction from S1 to S3. It was also 

confirmed from the numerical calculations of internal field distribution. Further 

numerical studies explored various spin-wave modes, namely, the edge mode, extended 

mode, quantized mode and mixed quantized mode in the CNDs. The vertical 

nanochannels are found to couple the spin-wave modes between the nanodots except for 

the highest frequency mode which couples the dots through both the nanochannels. 

Interestingly, the mode profile of the highest frequency mode (M7) shows an intense 

power in horizontal nanochannels in the case of S1. This might be due to the formation of 

local minima and/or the higher value of the internal field in the horizontal nanochannel 

in comparison to vertical nanochannels as found from the internal field calculations. 

Further simulations of isolated dots and nanochannels revealed that the modes in 

isolated dots dominate in the connected system with some additional modes, whereas 

the nanochannels play a sacrificial role only to boost the spin-wave propagation between 

the neighbouring nanodots. It also revealed that the highest frequency spin-wave mode 

primarily originates from the horizontal nanochannels. The additional simulation 

revealed that the quantized mode (M3) and extended mode (M5) propagate only through 

the vertical nanochannels, whereas the highest frequency mixed-quantized mode (M7) 

propagates through all the nanochannels. These behaviours can be further exploited to 

construct circuits analogous to a four-way demultiplexer, which can be useful for future 

spin-wave based communication devices. This study will be helpful for the use of 

nanochannels in future magnonic devices. 

Later on, we have investigated the effect of microstates on spin-wave dynamics in a new 

class of emerging 2D magnonic crystals; square artificial spin ice (ASI) system. The 

rectangular bar shaped nanopatterned of Ni80Fe20 (Py) thin film arranged in a square 

geometry on silicon substrate was fabricated by using e-beam lithography and thermal 

evaporation. The experimental and numerical quasistatic characterization of remanent 

magnetic state has unveiled different spin ice microstates, multidomain and vortex spin 

textures. The field dispersion study of spin-wave modes revealed different novel physical 
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phenomena such as suppression and reappearance of spin-wave mode, magnon mode 

anticrossing with high value of anticrossing gap around 1.06 GHz, mode softening, mode 

merging, field invariant of spin wave mode in different field regime. A gross qualitative 

agreement between experiment and micromagnetic simulation results have been found. 

In some field regime, the simulated data deviated from experimental data and did not 

able to qualitatively reproduced the experimental observations. The presence of 

magnetoelastic interaction is the primary reason for the deviation of the experimental 

data from the simulated results. The acoustic mode originates from the mismatching of 

stress which is generated due to the transient heating of metallic nanostructures by fs 

pulsed laser, between the interface of the nanostructures and substrate. The frequency of 

surface acoustic modes is related to the periodicity of the patterned structure. However, 

the analyses of intrinsic spin-wave mode profile give an idea about the role of magnetic 

microstates on the spin wave dynamics and mode profiles. In the saturated regime, 

different modes such as edge mode, uniform mode and quantized mode were observed. 

In the lower regime, the magnetization configuration deviates from its saturation state 

due to competition between magnetic energies such as the shape anisotropy and Zeeman 

energy. It formed different microstates which affected the spin-wave mode profiles. 

Instead of forming global distribution of power profile like the higher filed (saturated 

state) regime, at the lower fields the power distributions form some local clusters which 

are related to the magnetic microstates’ distribution. The spin wave mode characteristics 

were greatly influenced by the magnetic microstates which appeared at lower fields. 

Different microstates favoured different modes and neighbouring nanobars’ microstates 

can influence the nature of spin-wave modes in a nanobar. During the magnetization 

reversal, microstates can generate new spin-wave branch as observed in the simulated 

data. This tunability of spin wave mode profiles by the introducing magnetic microstate 

will be useful to control the spin wave behaviours for designing of future spin-wave based 

magnonic devices. 

Further, we have directly investigated the ultrafast magnetization dynamics in a 3D 

cobalt tetrapod structure, by using all optical TRMOKE microscopy. The 3D structure was 

fabricated by implementing a novel method, combining TPL and electrodeposition. A 

single tetrapod structure consists of four wires, each with approximate dimension 657 

nm × 782 nm × 10 μm. The separation between the tetrapod structures is around 10 μm, 

which ensured that they are not magnetostatically coupled.  The experimental results 
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which have been measured from the junction of a tetrapod revealed the presence of two 

clear modes around 1 and 10 GHz along with a less intense mode around 30 GHz. The 3D 

micromagnetic simulations explored the mode characteristics. The modes showed a 

small quantitative change with the variation of bias magnetic field, while the qualitative 

characters of the modes remained unchanged. The simulated mode profile from the 

whole simulated structure and the tetrapod junction revealed the spatially uniform mode 

with thin fringes most likely associated with standing spin-wave mode of high 

quantization number at 30 GHz. The two lower frequency modes showed dipolar 

dominated mixed modes with nodal planes spreading along the two mutually 

perpendicular directions. The mode quantization number of the dipolar modes increased 

with the decrease in frequency. This first-ever investigation of ultrafast magnetization 

dynamics of a complicated 3D magnetic nanoscale structure opens the possibility of 

further intensive study in this field for the promotion of such structures as building blocks 

in high-frequency ultra-high-density storage, memory, logic and communication devices. 

 

Subsequently, we have extended our study in 3D nanostructures by exploring the spin-

wave characteristics in a 3D-ASI structure of interconnected nanowires arranged in 

diamond bond-like lattice geometry. A novel method was used to fabricate a complex 3D-

ASI structure by using a combination of TPL and thermal evaporation. Two clear 

collective spin-wave modes were revealed by measuring thermal magnons using BLS 

spectroscopy. The mode frequencies showed good stability and nearly monotonic 

variation over a broad range of bias magnetic fields. The collective nature of the spin-

wave modes was confirmed by simulating a constituent element and a unit cell of the 3D-

ASI.  The 3D micromagnetic simulations qualitatively reproduced the experimentally 

observed spin-wave spectra. The spin-wave mode profiles have been calculated along 

different planes of the 3D-ASI structure which showed different spatial characters from 

localized to extended nature having different mode quantization numbers. Besides, these 

spin waves can be highly reconfigurable due to the possibility of attaining a variety of 

complex magnetic microstates by varying external magnetic fields. Thus, optical 

exploration of spin-wave modes in this interconnected 3D structure will open the 

pathway for exciting new possibilities of 3D magnonics for ultrahigh density on-chip 

communication and processing devices. 
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We have also investigated the variation damping like torque (DLT) efficiency with 

varying Ta thickness in a β-Ta(t)/Co20Fe60B20(3 nm)/SiO2(2 nm) heterostructures by 

employing an all-optical TRMOKE technique. The all-optical detection scheme adopted 

here is a non-invasive and unambiguous method for the reliable determination of spin-

orbit effects in heavy-metal/ferromagnet systems. The XRD and dc resistivity 

measurements have shown that the β phase of Ta is stable over a broad range of thickness 

(t = 3 nm to 20 nm). We have found the effective damping parameter to remain invariant 

with bias magnetic field, ensuring the intrinsic nature of damping for these 

heterostructures within the experimental field regime. The symmetric and parabolic 

nature of modulation of frequency (MOF) with the charge current ensures that the MOF 

primarily originates from the Joule heating effect whereas the contributions from field-

like torque (FLT) and Oersted field are very negligible. Subsequently, we have calculated 

modulation of damping (MOD) in both scenarios, i.e., without/with the Joule heating 

effect. For both cases, DLT efficiency is around 0.4 over the whole Ta thickness range. 

This confirms that the Joule heating effect does not mask or suppress the MOD as much 

as it does in MOF. However, the Joule heating correction gives a slightly higher value of 

DLT of around 0.41±0.03 (in comparison to 0.38±0.05 without Joule heating correction). 

The large value of DLT and its robustness over a wide range of Ta thickness will be useful 

for the development of future spin-orbitronic and magnonic devices. 

9.2 Outlook 
The ferromagnetic thin films and confined nanostructures are the potential candidate for 

future storage devices with higher storage density (compared to current storage) with 

faster processing speed and energy-efficient communication devices. The current hard 

disk drives (HDDs) are mainly based on magnetic storage media where the storage and 

sensor parts are based on the magnetic structure. In recent years, solid-state drives 

(SSDs) are becoming popular in storage devices due to their faster processing speed. 

However, magnetic HDDs are still useful for bulk storage due to their lowered cost. To 

fulfil the ever-growing demand for higher data storage devices with faster processing 

speed, different schemes have been proposed for magnetic storage devices such as 

vertical stacking of magnetic thin films, race track architecture and others. As a result, 3D 

magnetic nanostructures have emerged as a potential candidate for future storage 

devices. The 3D magnetic structures can be used in 3D optical data storage devices where 
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the Kerr effect mechanism is being used to read and write data. The main hurdles behind 

these are the lack of tools for the fabrication and characterization of 3D magnetic 

nanostructures. The study of spin-wave dynamics in such systems not only enhances the 

fundamental understanding but also can resolve the issue of huge energy loss in form of 

heat due to the Joule heating effect in current complementary metal-oxide-

semiconductor (CMOS) based devices. Thus, understanding and control over spin-waves 

are required for the designing of spin-wave based different future information carrier 

and processing devices. As a result, the magnonics research field emerged to study the 

propagation, excitation, control and detection of spin-waves in periodically arranged 

magnetic patterned structures. With the progress in nanofabrication and the 

development of sophisticated state of the art, the spin-wave dynamics in the different 

forms of magnonic crystals in different dimensions, majorly in 1D and 2D have been 

explored which leads to the designing of different prototypes of magnetic logic and circuit 

elements. However, optimization, further understanding and new functionalities are 

required for the designing of spin-wave based communication devices.   As mentioned in 

the previous section, the highest frequency mode in the CND array can propagate through 

the four nanochannels from one nanodot to four neighbouring nanodots which is like a 

1-input-4-output magnetic circuit. This behaviour can be further tuned by introducing 

new parameters such as rotatable external magnetic field, asymmetric spin-wave 

propagation in presence of Dzyloshiskii Moriya interaction (DMI) to design a 

demultiplexer logic device like the electronic circuit. In the case of the ASI array, the 

presence of magnetoelastic coupling between the spin-wave modes and surface acoustic 

wave makes it a suitable system for hybrid magnonics where the interplay between 

magnon with other quasiparticles such as phonon, optical and microwave photon, spin 

ensemble, fluxons are studied to achieve more than one tunning parameters to control 

spin-wave dynamics. The numerical study of spin-wave dynamics in the magneto-

elastically coupled system can explore the effect of the surface acoustic wave on the 

microstates and spin-wave modes characteristics of an ASI which will give the inside of 

the interacting mechanism in such hybrid systems. Also, the spin-wave propagation 

through the monopoles in an ASI is very fascinating to explore by using imaging 

techniques such as micro-focused BLS, X-ray tomography, which can add some new 

functionalities by modifying spin-wave intensity and/or frequency. The exploration of 

spin dynamics in 3D nanostructures opens the path for further intensive study in this 
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field for their potential applications in high-frequency ultra-high-density storage, logic 

and communication devices. The study of spin-wave dispersion along the different 

symmetric axes is required for fundamental understanding, as well as it can give rise to 

different novel phenomena such as bandgap opening and variable bandgap at Brillouin 

zone along the different symmetry axis direction, appearance and disappearance of spin-

wave mode, modification of spin-wave characteristics, just to name a few. The study of 

spin-wave propagation through a connected 3D structure will be interesting where the 

spin-wave can propagate through different constituent elements and interfere at the 

junction of the connected structure. Also, the connected 3D structure can form the 3D-

ASI structure where the propagation of monopoles in the 3D network through Dirac 

string will be useful to study to enrich the fundamental understanding. The dynamic 

control over the magnetic damping parameter is essential to achieve the higher value of 

magnetic damping for suppressing the ‘ringing’ effect during the writing process in the 

magnetic memory devices and obtain a longer propagation length in a confined structure 

by lowering the effective magnetic damping parameter. The stability of damping like 

torque efficiency over the wide thickness regime of Ta makes it a suitable candidate for 

the fabrication of magnetic confined structures on top of it. The study of spin-wave 

dynamics in such nanopatterned heterostructures will not only enhance the propagation 

length of spin-wave modes but also can affect the spin-wave properties by modulating its 

intensity as well as frequency.  

These studies will help to build a foundation for future all-magnon circuits, spin-wave 

based computing, neuromorphic and quantum computing devices with an ultimate goal 

to design all magnetic computers which will be based on the magnetic elements (thin 

films, nanoelements: confined structures) i.e., primary storage (magnetic random-access 

memory (MRAM)), secondary storage (magnetic HDD) and magnetic circuits (logic, 

transistor, transducer, RF components). 
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Appendix A: Chapter 4 

A.1. Extraction of Magnetic Parameters of the Ni80Fe20 Thin 

Film  
To extract the material parameters for micromagnetic simulations, we have measured 

the bias magnetic field dependence (H) of spin-wave frequency (f) of an unpatterened 

Ni80Fe20 (Py) thin film of 20 nm thickness. The measured variation of f vs. H is fitted using 

Kittel formula given by equation (A.1) and shown in Fig. A.1.     

𝑓 =  
𝛾

2𝜋
√(𝐻 + 𝐻𝑘)(𝐻 + 𝐻𝑘 + 4𝜋𝑀𝑠)      (A.1) 

From the fitted curve we extracted the magnetic parameters as gyromagnetic ratio γ = 

17.6 MHz/Oe, saturation magnetization Ms = 860 emu/cc and anisotropy field HK = 0. 

A.2. Spin-Wave in Isolated Nanodots and Nanochannels  
We have further simulated the spin-wave dynamics in isolated nanodots (NDs) and 

nanochannels (NCs) of S2 and S3. The fast Fourier transform (FFT) of the simulated time-

resolved data at an applied field of H = 1.67 kOe and the corresponding power profiles of 

spin-wave modes are shown in Fig. A.2 and Fig. A.3 for sample S2 and S3, respectively. 

The results of connected dots (CNDs) are reproduced from Fig. 4.3 of Chapter 4 for the 

 

Figure A. 1. Bias field dependence of precession frequency of an unpatterned Py thin film is 
shown. The symbols represent experimental frequency values, whereas the solid line 
represents theoretical fit using equation A.1.    
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convenience of ready comparison of the results with isolated NDs and NCs. For S2, NDs 

show three modes, where M1 is an edge mode, M2 is a quantized mode in BV-geometry 

(n = 5) and M3 is a uniform mode. The NCs also show three spin-wave modes. The M1 

and M2 originate from horizontal NCs (HNCs) and M3 originates from the vertical NCs 

(VNCs).  

For S3, NDs show two modes. The lower frequency mode is a quantized mode in BV-geometry 

(n = 5) whereas the higher frequency mode is a uniform mode. Here, the edge mode is supressed 

because the separation between the NDs is significantly reduced and as a result the dipolar 

coupling enhances. The NCs show three modes whose behaviours are similar to the previous 

ones. In CNDs the spin-wave mode characteristics and numbers are remarkably modified from 

the isolated NDs. The edge mode of NDs and NCs appear as edge mode to CNDs also in the 

case of S1. The uniform mode of NDs transforms into a quantized mode in CNDs.  

The mode profiles of NCs show distinct behaviour for S1, whereas it shows similar behaviour 

for S2 and S3. The highest frequency mode originates from HNC for S1 and from VNC for S2 

and S3. This is due to the modification of shape anisotropy of NCs from S1 to S2. The aspect 

ratio (w/l) of HNC for the three sample varies as 0.78 (S1), 1.19 (S2) and 2.38 (S3). With this 

change in aspect ratio of HNC, the direction of easy axis also changes from HNC (for S1) to 

VNC (for S2 and S3). Therefore, the highest frequency mode prefers HNC for S1 and VNC for 

 

Figure A. 2. (a) Simulated power spectra of connected nanodots (CNDs), isolated nanodots 
(NDs) and isolated nanochannels (NCs) are shown for sample S2 at an applied bias magnetic 
field of H = 1.67 kOe. (b) Spatial distributions of spin-wave mode powers are shown, whereas 
the phase profiles are presented at the insets of corresponding power profiles. In isolated 
cases, black dashed lines are to guide the positions of the NDs and NCs. 
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S2 and S3. For S1, the easy direction of HNCs resonates with the easy directions of NDs, and 

as a result, the highest frequency mode of CNDs shows an intense power within HNC. 

  

 

Figure A. 3. (a) Simulated power spectra of connected nanodots (CNDs), isolated nanodots 
(NDs) and isolated nanochannels (NCs) are shown for sample S3 at an applied bias magnetic 
field of H = 1.67 kOe. (b) Spatial distributions of spin-wave mode powers are shown, whereas 
the phase profiles are presented at the insets of corresponding power profiles. In isolated 
cases, black dashed lines are to guide the positions of the NDs and NCs. 
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Appendix B: Chapter 7 

B.1. Bias Field Dependent of Spin-Wave Frequency 
Despite the complex structure of the 3D-ASI studied in this work, we attempted to fit the 

bias field dependent frequency of the dominant spin-wave mode of the studied structure 

with Kittel formula. Considering the applied bias magnetic field along x direction and zero 

magneto-crystalline anisotropy in our sample we write the Kittel formula as:  

𝑓 =  
𝛾

2𝜋
[(𝐻 + 𝐻𝑑1)(𝐻 + 𝐻𝑑2)]

1

2    (B.1) 

 Here, γ is gyromagnetic ratio, H is external applied magnetic field, Hd1 = (Nz – Nx)Ms and 

Hd2 = (Ny – Nx)Ms are the effective demagnetizing fields originating from the shape of the 

studied structure, and Ms is saturation magnetization. Here, Nx, Ny and Nz are the demagnetizing 

factors along x, y and z direction, respectively. The fitted curve is shown in Fig. B.1.  

The experimental data was replotted from Fig. 7.3(a) of Chapter 7. From the fit we find the 

values of demagnetizing factor as Nx = 2.54, Nz = 2.82 and Ny = 7.2 considering the values of 

γ = 17.6 MHz/Oe and Ms = 860 emu/cc. The extracted values of demagnetizing factors suggest 

that our sample has a relatively high demagnetization contribution along out-of-plane direction 

(along y, shown in Fig. B.3). 

 

Figure B. 1. Experimental data of bias field dependent spin-wave frequency (open symbols) 
fitted with Kittel formula of equation B.1 (solid line). 
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B.2. Static Magnetization Configuration of the Sample 
The simulated magnetization configuration (mx component) of 3D-ASI sample at different 

bias field is shown in Fig. B.2. The magnetization profiles show saturated state in applied 

field regime from 0.6 kOe to 2 kOe. All the measurements were done in the saturated state 

of the sample. 

The equilibrium state (static) magnetization configuration of two orthogonal 

components (my and mz) at H = 1.6 kOe applied along x direction (mx is shown in Fig. 

7.4(c) of Chapter 7) is presented in Fig. B.3. Two orthogonal components show prominent 

demagnetized regions in the magnetization configuration. 

A distinct difference in the spin structures in the out-of-plane component (my 

component), including the demagnetization regions between intra- and inter-nanowires 

branches is observed. The out-of-plane configuration (my) shows more dominant 

demagnetized state compared to the in-plane configuration (mz) which also validates the 

extracted results of higher demagnetizing factor (Ny) along the out-of-plane direction as 

presented in B.1. 

 

Figure B. 2. Static magnetization configurations (mx component) of the sample at bias 
magnetic field (H) of (a) 0.6 kOe, (b) 1.0 kOe and (c) 2.0 kOe are shown. 
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Figure B. 3. Static magnetization configuration of (a) mz component and (b) my component of 
the 3D-ASI sample at H = 1.6 kOe applied in the plane of the sample (along x direction). 
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B.3. Collective Nature of Spin-Wave Modes 

In order to check the collective nature of the spin-wave modes, we have simulated the 

spin-wave spectra at H = 1.6 kOe for a single nanowire leg, one tetrapod element and a 

unit cell of 3D-ASI structure as shown in Fig. B.4. The simulated spin-wave spectra of all 

three-test structures show distinct behaviours in spin-wave frequency peaks and a 

gradual evolution from a single nanowire to 3D-ASI structure. These test simulations 

reassure the collective spin-wave dynamics of the 3D-ASI structure observed in our 

experiment and simulation. 

B.4. Calculated Spin-Wave Mode Profiles of Additional 

Modes Observed Only in the Simulation 
In the simulated spin-wave spectra, we have observed some additional modes, which 

were either not resolved or detected due to limitations in resolution and/or detection 

sensitivity. However, these modes are fundamentally important, as they are 

characteristic modes of this structure. Hence, we have simulated the profiles of these 

modes too for completeness of study. These modes are numbered from lower to higher 

frequencies (Fig. B.5).  Figure B.5 is repeated from Fig. 7.3 (b) of the Chapter 7 for ready 

correlation with the simulated mode profiles. The spin-wave mode profiles are presented 

in Fig. B.6. Here, M1* shows quantized nature with quantization number n = 11 (Fig. 

B.6(a)) and 11 (Fig. B.6(b)). The cross-sectional view shows that it also forms quantized 

 

Figure B. 4. Simulated spin-wave spectra for one leg, one element and one unit cell of 3D-ASI 
at H = 1.6 kOe are shown. The positions of M1 and M2 are marked by black dashed lines. 
Representative simulated structures are shown on the left panels. 
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mode along the nanowire cross section (Fig. B.6(a)) and at the junction (Fig. B.6(c)) with 

n′ = 4 and 3, respectively. Furthermore, M2* and M3* also show quantized behaviour with 

power distributed over the entire 3D-ASI structure (Fig. B.6(a) and B.6(b)). 

The quantization number is found to be n = 5 and 7 for M2* and n = 7 and 6 for M3*, as 

shown in Fig. B.6(a) and B.6(b), respectively. The cross-sectional view shows the 

quantized nature of the modes with n′ = 2, 2 and 4, 2 for M2* and M3*, respectively, at the 

cross section (Fig. B.6(a)) and the junction (Fig. B.6(c)). The two higher frequency modes 

also show the quantized nature along the lateral directions of the connected nanowires 

(Fig. B.6(d) and B.6(e)) with n = 12 and 12 for M4* and n = 11 and 15 for M5*. The cross-

sectional view of the nanowire (Fig. B.6(d)) shows quantized nature of M4* with 

quantization number n′ = 6, while M5* shows a uniform mode. The cross- sectional view 

at the junction (Fig. B.6(f)) shows the quantized nature with n′ = 3 and 3 for M4* and M5*, 

respectively. The analyses of spin-wave mode profiles reveal primarily quantized nature 

of these observed additional modes in simulated spectra with significant amount of 

power distributed over the entire 3D-ASI structures. The phase profiles reveal the 3D 

nature of these modes with different quantization number and nature along the different 

lateral directions and cross sections of the connected nanowires of the 3D-ASI structure.  

 

 

 

 

 

 

 

Figure B. 5. Simulated spin-wave spectra of the 3D-ASI sample at H = 1.6 kOe. The 
experimentally observed modes are marked by ‘#’ while the additional modes observed 
explicitly in simulation are numbered as ‘digit*’ from lower to higher frequencies. 
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Figure B. 6. Spin-wave mode profiles calculated at different points of 3D-ASI structure at H = 
1.6 kOe by taking slice along (a), (d) x´-y´ plane at point 1, (b), (e) y´-z´ plane at point 2 and (c), 
(f) x´-z´ plane at point 1. The mode profiles of M1, M2 and M3 are shown in (a), (b) and (c), 
while (d), (e) and (f) show the mode profiles of M4* and M5*. The x´-y-´z´ coordinate and 
positions (1 and 2) are presented in Fig. 7.5(a) of Chapter 7. The power profiles are shown in 
upper part and corresponding phase profiles in lower part of each panel. The color bars are 
presented at bottom right corner. 
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