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quasiparticles like, phonon, photon, superconducting qubits, or other magnons [56]. This emerging 

branch of magnonics seems to be highly appealing for quantum computing. Similarly, ultrafast 

demagnetization is a complex physical phenomenon of sub picosecond time scale that involves a mutual 

coupling of spin with lattice and charge degrees of freedom [57]. This ultrafast control on magnetization 

is possible by shining femtosecond light pulses aiming towards all-optical switching at sub-THz 

frequency. 

Investigating such fundamental physics at the edge of length and time scales, the basic research tries to 

find the controllable key parameters which might be useful to quantify the performance level of a device. 

For instance, the spin-flipping frequency or speed of all-optical switching can play the most vital role to 

determine the speed of data read-write process in the memory device. Similarly, in spin-transport, the 

distance up to which the spin orientation remain intact is significant as it is equivalent to transfer of a 

bit. The swiftly developing synthesis and fabrication techniques alongside the measurement and 

detection methods are making the task easy, while the timeless theoretical effort is providing a firm base 

of such scientific investigations. 

The present thesis elucidates some of these fundamental phenomena in order to address their future 

aspects. The fundamental research has been tentatively accommodated in two different frames: (i) new 

physics in old systems and (ii) new physics in new systems. Therefore, new phenomena have been 

explored in systems with well-known and well-optimized material properties. In parallel, novel 

multifunctional materials have been introduced which are sought for adding extraordinary features with 

the basic physical properties. In this thesis, different nanoscale ferromagnets has been designed with 

the help of high precision sample fabrication facilities and the quasistatic and ultrafast spin dynamics 

have been unveiled with the help of state-of-the-art experimental tools. In this context, the relevant 

topics of nanomagnetism, which has motivated this doctoral thesis work are orchestrated. In a final 

note, the chapter-specific contents are delineated briefly within the objective of this thesis. 

1.1   Static Spin State and Spin-Wave in Magnonic Crystal 

Magnonic crystals (MCs) are the artificially created media for SW propagation with a spatial or temporal 

periodic modulation of magnetic properties. Information can be processed, stored or transferred via SW 

or magnon within the MCs [58]. The concept of periodicity in magnetic material was emulated from the 

idea of photonic and phononic crystals more than two decades ago. Recently, quasicrystal of fractal 

lattice, Penrose tiles, Fibonacci-lattice are showing novel aspects for next-gen technology due to their 

unconventional rotational symmetry. Till date, MCs have been fabricated in different forms including 

stripes, dots, antidots, rings, connected dots, etc. with lattice periodicity in one, two or three 

dimensions [59]. Among different types of MCs, magnetic stripes, antidot lattices (ADLs) and 

bicomponent magnonic crystals (BMCs) show greater promises for faster SW propagation to improve 

the operational speed of future devices. 
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Such periodic formation leads to spatial inhomogeneity in the internal magnetic field. As a consequence, 

inhomogeneous distribution of spins appears in the ground state of the system. The edge of such 

structures are often retains unsaturated spins which further proceed for inter element dipolar coupling. 

Dispersive spin-wave can be originated in such regions. Magnonic band-structures of MCs owing to 

Bragg reflection of the propagating SWs by the periodic modulation is of particular interest [60]. The 

intrinsic forbidden band in the magnonic band structure implies formation of standing or localized SWs 

due to spatial confinement. The SW propagation characteristics especially the energy bands as well as 

the static magnetic states can be effectively adjusted by controlling various material or geometrical 

parameters, e.g., saturation magnetization, exchange coefficient, magnetic anisotropy, size, shape, 

lattice arrangements etc. [61]. Further control can be achieved by means of external parameters like 

magnetic field strength or orientation, voltage gating, strain, rf field, laser irradiation, electric current, 

spin-polarized current, electrically and optically generated acoustic waves [62]. Most of these studies 

have been conducted in MCs made of well-known materials like Ni80Fe20 (Py), Co, Ni, CoFeB etc. 

possessing small in-plane anisotropy, while systems with innate perpendicular magnetic anisotropy 

(PMA) can also be exploited to design magnonic circuitry [6]. High perpendicular anisotropy can be 

created at the interface of a ferromagnet and a metal with large spin-orbit coupling, typically Pt, Pd, Ir 

and Au. [Co/Pt]n or [Co/Pd]n multilayers are the epitome of such high PMA materials. PMA discloses 

few advantages to shape the spin-wave dynamics devoid of in-plane demagnetizing effect. Therefore, 

PMA materials could be promoted for high scalability, high storage density and high-speed operation 

with a lesser wastage of energy. MCs based on PMA can give rise to complex spin configurations under 

special circumstances. In the present thesis, different MCs have been rigorously studied based on the 

above facts. 

1.2   Spin Dynamics in Novel Materials  

Identification of appropriate materials and precise optimization of the material properties are the 

indispensable task of nanomagnetism research for their future device implementation. For instance, the 

quest for materials with low damping and robust PMA is imperative to minimize the write current in 

STT-MRAM. Conversely, for spintronic sensor and MRAM applications, materials with high spin-

polarization and efficient spin-filtering capabilities are favorable. Moreover, materials with significant 

spin-orbit coupling are preferred as they facilitate spin current generation and streamline magnetization 

switching. Additionally, reduction in damping can greatly enhance the distance for information transfer 

via spin-wave propagation. Therefore, one primary focus always lies on the developing high precision 

as well as cost-effective growth of materials and thoroughly characterizing their static and dynamic 

properties. Interestingly, unconventional physical phenomena may emerge as an outcome of this 

exploratory process. In the following, two different advanced materials are highlighted in the perspective 

of spintronics research and within the context of this thesis. 

1.2.1   Heusler Alloy  
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and electron beam evaporation can be used to coat the surface of the magnetic structures with a thin 

insulating layer to avoid oxidation. Limited by electron scattering, this method provides a resolution of 

>10 nm.  

ECD is a cost-effective, fast and simple way offering precise control over synthesis of micrometer thick 

alloy or metallic crystals [145]. This method is based on electrolysis process where a conducting 

substrate functions as cathode on which metal ions adhere to form a solid layer. The metal ions are 

reduced from the electrolyte, prepared by dissolving the metallic salt in an appropriate solvent. The 

morphology of the deposited product can be directly influenced by the voltage applied to the electrodes. 

In this thesis work, Heusler alloy layer grown on Pt/Ta/Si substrate by the electrochemical approach 

has been studied. 

CVT is another widely used method to synthesis defect-free crystalline solids [145]. This method is all 

about chemical reactions and thermodynamic laws. In this approach, the reactants of condensed phase 

are transferred to gas phase in presence of a transport agent within a sealed transport ampoule. The 

ampoule is kept in a furnace of two temperature zones (T1 and T2) during the reaction, so that the 

chemical vapor (gas) can be transported from one temperature zone (T1) to another (T2). Generally, T1 

zone is called the source and T2 zone is called the sink where the gaseous state condensates in crystal 

form. 

The crystal structure can be examined through X-ray diffraction (XRD). The surface quality and the 

magnetic topography are inspected using the atomic force microscopy (AFM) and magnetic force 

microscopy (MFM) while scanning electron microscopy (SEM) can produce good quality surface image. 

For two-dimensional nanostructure array, these surface images are crucial to accurately determine the 

shape, size and symmetry of the nanomagnets.  

3.2   Quasistatic and Dynamics Characterization Techniques 

The quasistatic magnetization dynamics implies here the magnetic hysteresis when the domains of a 

magnetic material, subjected to an external magnetic field, rotate altering the net magnetization. 

Measurement of this magnetic hysteresis is therefore very crucial to clearly understand the static 

magnetic character (the relation between static magnetization and external magnetic field) of a material. 

This characterization is primarily done using a vibrating sample magnetometer (VSM) or static magneto 

-optical Kerr effect magnetometer (static MOKE). On the other hand, the dynamic characterization 

involves the measurement of various entities related to the magnetization dynamics of ultrafast 

timescale. In dynamic scenario, magnetization is first disrupted from equilibrium mostly by means of 

external perturbation, and the ensuing relaxation is captured to extract information. This dynamic 

encompasses a number of engrossing phenomena, e.g. ultrafast demagnetization, spin-wave generation, 

uniform precessional motion, spin-phonon coupled motion, domain wall motion, magnetization 

switching, spin pumping, spin transport etc. State-of-the-art techniques are employed to investigate 

these phenomena and extract the key parameters to quantify those. In the framework of the present 















26 
 

retroreflector can be moved on the delay line to introduce a variable optical path length for 800 nm 

henceforward. The reflected 800 nm beam is then guided by two mirrors (M5 and M6) in a straight path 

which then passes through a collimating lens assembly (L1 and L2). The collimated beam again passes 

through a Glan-Thompson polarizer to be a pure linearly polarized light. In the next step, this beam path 

is rotated by a mirror (M7) to make it collinear with the pump beam. The pump beam is guided to the 

microscope objective (MO: M-40X, N.A. = 0.65) using three mirrors (M8, M9 and M10) with reduced 

power (attenuated by A2). Both the beams meet on a 50:50 beam splitter (called beam combiner at this 

point) and enter the MO. The MO normally focuses the probe beam on the sample surface with a spot 

diameter of ~ 800 nm while the pump beam becomes slightly defocused with a spot diameter of ~ 1000 

nm due to chromatic aberration. The beams reflect back through the same MO and follow the incident 

path. Here, using another beam splitter (BS2) the reflected beams are separated out from the incident 

beams and guided in a different path. The probe beam is filtered out using an infrared bandpass filter 

(red filter here) and sent to the OBD for detection of the reflectivity and Kerr rotation. Also, a viewing 

arrangement is done by inserting two glass slides (G1 and G2) and a CCD camera. A white light source 

is used to illuminate the sample surface for taking images.  

 

Figure 3.5: Schematic diagram of the time resolved magneto-optical Kerr effect (TR-MOKE) microscope. 

D. Data Acquisition and Detection 

A magnetic field is applied from the backside to the sample using a permanent magnet attached to a 

translational x-y-z stage and the sample is kept in a sample holder attached to a motorized piezoelectric 
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in a reduced diameter of the emerged beam. Incidentally, the low intense CW beams are unable in self-

focusing like a pulsed light. Taking advantage of this property of Ti:sapphire crystal, the cavity 

arrangement is done to create a favorable condition for mode-locking. However, during Kerr-lensing 

the different frequency component of the beam suffers phase difference, called self-phase modulation. 

This leads to temporal chirping of frequency i.e., a transient add-on of new frequency components 

within the laser pulse which, in turn, results temporal broadening of the laser pulse. Apart from self-

phase modulation, different parts of the beam experience different group velocity during the Kerr-

lensing causing GVD. A positive GVD leads to further pulse broadening in time domain. These effects 

are minimized passing the beam through Fabry-Perot etalons made of negative dispersive mirrors kept 

inside the cavity. Finally, a sub-100 fs pulsed output of central wavelength 800 nm is obtained from the 

Vitesse.  

Evolution-30 is another laser unit inside the Libra whose major component is a Q-switched pulsed laser 

of output wavelength 527 nm [156]. Here, an Nd:YLF is used as the gain medium and pumped by diode 

laser under an optimal temperature. The emission spectra of Nd:YLF contains 1047 nm and 1053 nm 

lines while 1053 nm is chosen for further operation due to high thermal stability. Mode-locked condition 

is achieved in this cavity by AOM-based Q-switching method like the Tsunami laser. This is followed by 

an intra-cavity frequency doubling mechanism using LBO crystal. To obtain maximum conversion (1053 

nm to 527 nm) efficiency of the LBO crystal, its temperature is constantly maintained at 164.1°C using a 

heater. Thus, a 527 nm pulsed laser emerges out from Evolution-30 with a repetition rate of 1 KHz and 

average pulse energy > 20 mJ which is used as the optical pump in the amplifier cavity. 

B. Amplification and Ultrashort Pulse Generation 

The final and most essential task of generating a high intense laser pulse of ultrashort duration is done 

by a combined contributions of a regenerative amplifier cavity and a pulse stretcher & compressor 

system. In the first step, the ultrashort seed pulse (800 nm) undergoes a temporal stretching technique 

via pulse chirping method using diffractions gratings. It results in a reduction in the peak power. Then 

this chirped pulse is fed to the amplifier cavity to pass through a Ti:sapphire crystal. Meanwhile, the 

output of Evolution-30 enters into the resonator cavity and pumps the Ti:sapphire crystal. As soon as 

lasing starts from Ti:sapphire crystal, the 800 nm seed laser starts to amplify within the gain medium. 

The regenerative amplifier can actually amplify a nano-Joule order laser pulse to a milli-Joule order pulse 

i.e. by a factor of 106. Once the amplified pulse transits the gain medium, it is guided into the pulse 

compressor system. The compressor is basically another diffraction grating which introduces negative 

GVD to restore the initial pulsewidth holding higher energy. Finally, a stable mode-locked laser of 

wavelength 800 nm and pulsewidth ~40fs is achieved from Libra at a repetition rate of 1 kHz and peak 

energy of few mJ order.  
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C. Second Harmonic Generation 

The pump beam used in this experimental set-up is the second harmonic of the 800 nm beam i.e. laser 

of wavelength 400 nm. To generate this 400 nm laser a SHG is used with working mechanism similar to 

the SHG of the TR-MOKE microscope setup.  

D. Experimental Setup 

This optical setup is designed like the collinear set-up except few technical changes as can be visualized 

from the schematic diagram in Figure 3.6. The major difference is the oblique incidence (~50º) with the 

probe direction) of pump beam for noncollinear geometry. Instead of MO, two confocal lenses are used 

in this setup to focus the pump and probe beams on the sample surface. Hence, the diameters of the 

pump and probe beams are larger (200 and 100 µm, respectively) offering a large areal averaging over 

the sample. The back reflected probe beam passes through a beam splitter. One part transited from the 

beam splitter is used for detection. The obliquely reflected pump beam is blocked by a light blocker. Like 

TMOKE microscopy, the magnetic field is applied from the backside to the sample using a permanent 

magnet attached to a translational x-y-z stage. 

 

Figure 3.6: Schematic diagram of the time resolved magneto-optical Kerr effect (TR-MOKE) magnetometer. 

E. Data Acquisition and Detection  

To detect and analyze the optical signal associated with magnetization dynamics, almost similar 

procedure is followed as in the microscopy set-up. In this setup, a dual photodiode-based detector 

assembly is used for the optical signal detection instead of OBD. Basically, the divided part of the reflected 

probe is again divided into two parts using another beam splitter. One part is directly sent to a Si-
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towards the sample mounted in between the pole pieces of an electromagnet. An achromatic doublet 

lens (L1) focuses the incident beam on sample surface and also collects the back-scattered beam. Since, 

the sample is kept at the focus of L1, the back-scattered beam becomes collimated after passing L1. This 

collimated beam, guided by a mirror-pair (M5 and M6) is focused on another mirror (M7) by a second 

lens (L2). A polarizer (P1) is kept in the beam path in between M5 and M6 to allow only 90º rotated 

polarization caused by spin-wave (here, p-polarized) eliminating the s-polarization (elastically scattered 

and phonon-scattered light). A mirror M8 again reflects the beam inside the interferometer through a 

small pinhole.  

 

Figure 3.8: Schematic of conventional Brillouin light scattering (BLS) spectrometer. 

Inside the TFPI as presented in Figure 3.9, the beam first approaches mirror M1´ and then passes FP1 

via lens L1´ and mirror M2´. Then it goes through FP2 steered by mirror M3´. The beam is reflected 

back in the same path by the prism Pr1´ and again passes through FP2 and FP1 with the help of M2´ 

and M3´. This beam is then focused into another mirror M4´ by the same lens L1´ and follows a parallel 

path through the lens after being reflected from M4´. Then the beam undergoes a final pass through FP1 

and FP2 completing a total of six passes and hits a single photon detector via M5´, Pr2´, M6´ and L2´ to 

produce a detectable signal. Here, the smaller (10%) part of the direct beam (532 nm) is used in the TFPI 

cavity as a reference frequency, to calculate the frequency shift in the inelastically scattered light caused 

by magnon. The reference beam also helps in stabilization of the mirrors to obtain a robust operation of 

the TFPI. 

 

 











37 
 

To be more precise, the samples are fabricated either above or below the central (signal) line and a 

moderately thick insulating layer is placed in-between to avoid any kind of damage of the sample caused 

by the RF current. The oscillating magnetic field lines generated by the RF current (IRF) become flattened 

near the surface of the signal line because of its rectangular shape. Hence, it produces an in-plane RF 

magnetic field (HRF) to perturb the ferromagnetic specimen from its equilibrium state leading to FMR 

condition in presence of an external bias magnetic field (Hext). 

B.3   Probe Station 

This probe station is basically rest of the setup including electromagnet, microscope, camera, illuminator 

pairs, a high precession translation-rotation stage and non-magnetic high-frequency ground-signal-

ground (G-S-G) picoprobe mounted on another high precession translational and tilt stage (micro-

positioner) (Figure 3.12). The electromagnet is enabled using a bipolar power supply (KEPCO, INC. 

model BOP 36-6D, ± 36V & ± 6A) to produce the bias magnetic field parallel to the sample plane. The 

pole pieces of the electromagnet are mounted on the translation-rotational stage so that the in plane 

direction of the magnetic field can be varied over 360° with an angular resolution of 1°. The micro-

positioner (NPS, model 800MRF-L) can precisely move the position of the picoprobe to build a proper 

connection with the CPW. The microscope and the camera are used for viewing purpose with the aid of 

the illuminator pairs (Shodensha Inc.). The viewing system is essential to properly launch the picoprobe 

head to the CPW. The VNA is connected to the probe station via a single high-frequency and low-noise 

coaxial cable (model N1501A-203). The one end of the cable is connected to one port of the VNA while 

the other end is attached to the picoprobe.  

 

Figure 3.12: Schematic of the broadband VNA-FMR setup. 
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of time. The spin-wave phase velocity is then calculated from the slope of the x (or y) vs t plot of 

magnetization amplitude. 

3.3.5   LLG Simulator 

LLG simulator is another commercially available package [167], introduced and licensed by M. R. 

Scheinfein. At first, parameters are input to design customized simulations. Then, the simulator solves 

the LLG equation using finite differences for exchange energies and fields, as well as boundary elements 

for magnetostatic self-energies and fields. Here, the object is 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. In the present thesis, magnetostatic field distribution of nanomagnet array has been 

computed using the 2.50 version of the LLG simulator.  
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Herein, we have investigated series of BMCs where circular shaped holes in a Co50Fe50 (CoFe) matrix are 

filled with Ni80Fe20 (NiFe). We have probed their SW dynamics excited by microwave current, by 

systematically altering the interface exchange energy by increasing the dot diameter, i.e., the overall 

interface area. This interface exchange plays a pivotal role to conjoin the SW dynamics of the two 

dissimilar materials of a BMC, which is a prerequisite for long-range magnon based coherent 

information processing. Magnon-magnon mode crossing have been observed in the bias field dependent 

SW frequencies. In addition, the transfer of SW power between two highly intense modes is observed 

which again varies systematically with the dot diameter. Time domain micromagnetic simulations using 

OOMMF [244] elucidates the relevancy of dipolar field and interfacial exchange field in the magnon 

spectra. Further simulations show that magnon propagation can be tractable by facile control of the 

filling fraction of the constituent materials.  

 

Figure 5.1: (a) SEM images of the bicomponent magnonic crystals (BMCs) named as S1 (D = 200 nm), S2 (D 

= 300 nm), S3 (D = 400 nm), S4 (D = 500 nm), S5 (D = 600 nm) and S6 (D = 700 nm). (b) Schematic of the 
fabrication process of the BMCs. (c) Variation of filling fraction of NiFe in CoFe matrix as a function of D of 

NiFe filled holes. (d) Simulated magnetic hysteresis loops of the samples. (e) Representative SW absorption 
spectra of S5 at applied bias magnetic field, Happ = 1.2 kOe.  
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It is also clear that there is a relative variation in the intensity of M1 and M2 with the variation of Happ 

after they cross each other at a field Hcr (bias field corresponding to the blue arrow in Figure 5.2). When 

Happ is decreased M1 loses its intensity and M2 gains intensity after crossing in each sample. This 

intensity exchange between M1 and M2 occurs at different values of Happ for different samples. It is also 

noteworthy that the ratio of intensity transfer is a function of D. To be more specific, with increasing D, 

the intensity transfer from M1 to M2 increases and M1 almost vanishes at the largest D indicating the 

maximum transfer. It should also be noted that the number of high frequency SW modes increases and 

becomes prominent with increasing D. At lower D, the higher frequency modes become indistinct in the 

experimental spectra due to noisy background. Additionally, we observe that the frequency of the whole 

SW branches shifts downwards when D is increased. First of all, the relative variation of intensity 

between M1 and M2 in the field dispersion of each sample can be attributed to the coupling between the 

adjacent materials. When resonance SW modes of any two-sublattice systems are excited 

simultaneously, the modes can be coupled due to strong dipolar interaction or exchange interaction. 

Such coupling is absent in the constituent dot, matrix and BMC without exchange interaction (see the 

simulated SW spectra in Figure A.6 of Appendix II). Here, the increase in D means the increase in the 

interface area, which enhances the overall inter-material coupling due to an overall increment of 

exchange energy, because of which M1 transfers maximum energy to M2 at D = 700 nm. Before the 

crossing of M1 and M2, at a fixed value of Happ, the intensity of M1 gets efficiently suppressed with 

increasing D and M2 becomes more prominent. This fact can be attributed to the increase in filling 

fraction of NiFe. The major contribution of M1 at this field range comes from CoFe which reduces due 

to reduced volume of CoFe. On the other hand, M2 might have been located in the NiFe dots occupying 

an enlarged volume in D = 700 nm and hence have higher intensity than M1. Since the saturation 

magnetization of CoFe is higher than that of NiFe, at saturated state the frequency of CoFe centre mode 

exhibits higher value. In that case, M1 belongs to the CoFe matrix and shows higher frequency at high 

external field, Happ > Hcr. At lower fields, Happ < Hcr, the extended demagnetization regime in CoFe as 

compared to NiFe reduces the frequency of M1 for all samples.  

Simulated Magnetostatics: The OOMMF simulations reproduce important features of the 

experimental SW spectra with nearly same frequency and number of modes along with their relative 

intensity variations. Besides, the spatial profile of static demagnetizing field (Hde) and exchange field 

(Hex) have been calculated using OOMMF to support the experimental observations. Figure 5.3(a) depicts 

a representative spatial map of Hde calculated for D = 600 nm at Happ = 200 Oe. The average value of Hde 

is calculated separately from the NiFe dots and CoFe matrix except at the interface for Happ = 200 Oe 

(Happ << Hcr), Happ = 1600 Oe (Happ >> Hcr), and an intermediate field Happ = 800 Oe. The corresponding 

static magnetization profiles are shown in Figure A.5 of Appendix II. From Figure 5.3(b) and (c), we 

observe that with increasing D, Hde reduces in the NiFe filled circular regime while in the CoFe matrix it 

increases, but in opposite direction of the bias field. Hence, the interlattice dipolar interaction is modified 

accordingly affecting the intricate SW dynamics of the BMCs. Moreover, the magnitude of Hde is always 
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higher in NiFe than CoFe, i.e., when Hde adds up with the bias field, it gives rise to a higher effective 

magnetic field value in the NiFe. Although Hde lies along opposite direction to bias field in CoFe, due to 

its low magnitude it cannot reduce the effective magnetic field significantly due to its low magnitude. 

Therefore, overall the effective magnetic field is higher in samples with smaller D values, causing higher 

frequencies of SWs, while it reduces with increasing D causing a red shift in the SW frequency. 

Furthermore, with Happ, Hde increases faster in samples with smaller D as opposed to those with larger 

D. This is clearly manifested in their frequency spectra, where the SW frequencies reduce faster from 

high to low value with field in smaller D. 

 

Figure 5.3: (a) Simulated spatial map of demagnetizing field for S5 (D = 600 nm). The dashed line represents 

the axis of periodicity of the BMC. The red-black -blue color bar at the right side indicates the magnitude of 
the demagnetizing field (b) Simulated demagnetizing field values as a function of D averaged from the CoFe 
matrix. (c) Simulated demagnetizing field values as a function of D averaged from the NiFe filled holes. (d) 

Representative line scan of the demagnetizing field and the exchange field for S5 at Happ = 200 Oe along the 
dashed line. 

It is further noticeable that the collective precessional dynamics is coupled via the exchange field rather 

than the dynamic dipolar coupling at the NiFe/CoFe interface. At the interface, the Hde yields opposite 

orientation of spins creating almost 180° dipolar configuration. This head-to-head dipolar orientation 

causes enormous enhancement of Hde at the interface with quantities of opposite sign (Figure 5.3(d)). 

Hence, a large discontinuity is encountered by the SWs at the boundary of the two materials which could 

cause decoupled dynamics as well as confinement of SW within the materials. However, here the 

continuity in the interface exchange interaction plays a crucial role in allowing the SWs to spread 

through the CoFe matrix from the NiFe regions. Due to finite exchange interaction the coherence of SWs 

at the interface is not lost, rather it helps the system to exhibit collective SW dynamics. 
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Spin-Wave Mode Characterization: To interpret the features of the SW modes as observed in 

experiment and simulation, we have further simulated the spatial profiles of power and phase of each 

SW mode by using a home-built MATLAB based code named Dotmag [245]. The power profile gives a 

clear picture of the spatial map of a particular SW mode. From the phase distribution, the modes are 

identified as Damon Eshbach (DE)-like or backward volume (BV)-like magnetostatic modes with 

extended and/or standing wave (quantized) nature. We assign quantization numbers n and n´ (m and 

m´) for standing SWs in NiFe and CoFe regions for BV(DE)-like geometry. In Figure 5.4, we have shown 

the power and phase profiles of SW modes for two different samples (D = 200 nm (S1) and 700 nm (S6)) 

at two different fields, Happ = 200 Oe (Happ << Hcr) and H = 1500 Oe (Happ >> Hcr). The power and phase 

profiles of the other modes of these samples are shown in Figure A.6 of Appendix II. 

 

Figure 5.4: Simulated power and phase profiles of different SW modes for two different samples (S1 and S6) 
at two different values of bias magnetic field. The colour bars associated with power and phase are shown at 

the right.  

The power profile of mode M1 at Happ = 200 Oe shows that the maximum power is distributed vertically 

in the CoFe channel outside the NiFe and a minimum power at the edges of the dots for both S1 and S6. 

The corresponding phase distributions show M1 is extended perpendicular to the bias field direction 

showing its DE-like behavior in the CoFe channels. At higher field, Happ = 1500 Oe, this channel mode 

now acquires finite power inside the NiFe dots in addition to spreading through the vertical channel 

inside the CoFe matrix in both S1 and S6. Phase profiles of S1 and S6 show that M1 is a BV-like (nodal 

planes perpendicular to the field direction) standing SW inside NiFe. Notably, the quantization is 
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different for different samples, i.e., n = 3(11) for S1(S6). Outside NiFe, M1 is still extended in the CoFe 

channel in the DE-like geometry without prominent quantization effect. On the other hand, in S1, M2 

shows its power both in the dots and the matrix, but inside the dots its power is higher. Here, we observe 

center mode (CM) inside the dots and BV-like quantized mode with n´ = 3 in the matrix. At higher fields, 

its power shifts gradually from the CoFe channel and becomes localized inside the NiFe dots. At Happ = 

1500 Oe, we observe n = 5, a mode extended through the dot/matrix interface and n´ = 1. For S6, at Happ 

= 200 Oe, the power extends through both the CoFe channels and NiFe dots with n = CM and n´ = 5. At 

higher field, at Happ = 1500 Oe, the power is primarily localized inside the dots but extends through the 

dot/matrix interface with n = 9 and n´ = 1.  

Simulated Spin-Wave Propagation: Measurement of the propagation properties of SWs is elusive 

in our experimental technique, and therefore, we have attempted to draw some insights about this 

aspect through micromagnetic simulations. It is envisaged that by taking advantages of the inter-

material (CoFe-NiFe) exchange coupling the SWs will be able to propagate faster and longer through the 

BMC as opposed to its constituent dots and the antidot matrix [241].  

 

Figure 5.5: (a) Simulated time- and position-dependent spin deflection associated with mz component of 
mode M1 after local excitation at a bias field, Happ= 1.5 kOe for all six samples, S1-S6. The dashed lines 
represent the trace of mz. (b) Representative spatial profile of mz component of SW mode M1 at Happ= 1.5 
kOe for S5. The dashed line corresponds to the axis of nanochannel along which the SW propagation has 
been analyzed. The color map associated with mz, the orientation of Happ and the excitation field Hsine, are 
also shown. (c) The calculated SW velocity for M1 and M2 as a function of the filling fraction.  
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To verify this in the present samples, we have performed simulation by locally exciting SWs at the left 

end of the BMC structures. A time-varying sinusoidal excitation field with peak amplitude of 20 Oe is 

applied along the out-of-plane direction of the sample. The bias magnetic field is applied along the x-

axis, i.e., along the width of the sample, while the SW propagates along the y-axis, i.e., in the DE 

geometry. We have calculated the spatial deflection of the SW peak associated with the dynamic mz 

component of the SW mode M1 (shown in Figure 5.5(a)) and M2 (not shown) for all samples as a function 

of time. SW velocity of M1 is determined from the slope of the white dashed line which represents the 

trace of a fixed phase of mz. A similar analysis is performed for M2 too. In Figure 5.5(b), the spatial 

distribution of mz at t =1.5 ns corresponding to excitation of mode M1 at Happ = 1500 Oe for S5, is shown. 

From these analyses, we observe that the mode M1 having higher frequency can propagate faster in the 

CoFe channel, while mode M2 propagates with slower velocity through the same channel. Interestingly, 

under the same condition of excitation the SW velocity increases continuously with the filling fraction 

(Figure 5.5(c)) of BMC and a very high phase velocity up to 52 kms-1 has been attained, promising the 

attainment of inordinate SW velocity with further optimization of magnetic and geometric parameters 

of the BMC. Furthermore, it is observed that the alternating magnetic field can excite SWs which are 

favorable by the channel through the CoFe matrix. Again, as noted in the magnetic field dispersion, for 

Happ = 200 Oe, M1 almost vanishes with a minimum power while M2 receives all the power and 

propagates through a channel covering the NiFe dots. Therefore, we can visualize that the mode M1 can 

be turned on and the propagation channel through CoFe matrix can be opened only by increasing the 

magnetic field above the crossing field, i.e., the BMC may operate like a SW diode. On the contrary, such 

possibilities of switching on and off of selective SWs are nontrivial in an antidot lattice.  

5.4   Conclusions 

In summary, we have demonstrated fine tuning of the dynamic magnetic response of bicomponent 

magnonic crystals simply by varying the filling fraction and thereby the overall interface exchange 

energy between the two constituent materials CoFe and NiFe. The frequency values, number of modes 

and their spectral powers have been efficiently tuned with filling fraction. Further adjustment has also 

been achieved by varying the bias magnetic field strength. We show that broadband ferromagnetic 

resonance can effectively probe the dynamic response. The appropriate choice of the materials and 

favorable interface engineering of the bicomponent magnonic crystals have enabled significant exchange 

interaction at the interface which is further found to couple the collective SW dynamics of the BMC with 

the aid of micromagnetic simulations. Besides, the dipolar field is also found to play an important role 

in effectively modifying the SW spectra. Subsequently, by exploiting micromagnetic simulations we 

show that SW through the CoFe channel can propagate faster and this propagation velocity can be widely 

tuned by varying the filling fraction. Our findings demonstrate that the modified inter-material exchange 

interaction coupled with dipolar interaction can be leveraged for richer manipulation of SWs in 

bicomponent magnonic crystals, offering new possibilities in the applications of high-speed 

reconfigurable magnonics.   
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demagnetization and relaxation times, as well as precession frequency and damping. The behavior of 

ultrafast magnetization dynamics can be understood using a three temperature model. The ultrafast 

demagnetization and relaxation times are found to increase with fluence, while the damping decreases 

with fluence. The damping is found to be intrinsic in nature, while it varies inversely with the ultrafast 

demagnetization time, most likely due to its origin in the resistivity-like interband scattering 

mechanism. The results presented here open up an opportunity to further explore electrochemically 

grown intermetallic alloy films on crystalline substrates, for realizing possible magneto optical and 

spintronics applications. 
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most reliable optical techniques due to exquisite spatial and temporal resolution and efficacy of scanning 

at submicron scale. Therefore, it can yield deeper insight of the core physics occurring at microscopic 

level with ultrafast speed.  

However, very few investigations are reported till date unraveling spin dynamics in 2D vdW 

magnets [96,98,300,303,313,314] using this all-optical method, while most are circumscribed by 

cryogenic temperature. Optical control of spin dynamics in vdW materials at room temperature is indeed 

a challenging task constrained by thermal spin fluctuations. Despite the difficulty, we explore the 

ultrafast excitation of magnetization dynamics at room temperature in chemically grown and 

mechanically exfoliated FxGT (x=3,4,5) crystals employing TR-MOKE microscope. In fact, FxGT 

compounds are sought for large magneto-optical Kerr rotation [315] facilitating optical detection. Here, 

we observe ferromagnetic type-I ultrafast demagnetization dynamics in all three samples in sub-

picosecond time scale. The ultrafast demagnetization is a manifestation of phonon mediated spin-flip 

scattering as supported by the microscopic three temperature model (M3TM). Intriguingly, magnon 

modes with THz frequency is detected during the remagnetization of the material with a simultaneous 

detection of optically pumped coherent phonon modes. Moreover, for the first time we unveil coherent 

spin-phonon coupling in FxGT compounds by an all-optical approach. In addition, multiple SWs 

excitation and their magnetic field dependence nature are unfolded in the FxGT samples investigating 

precessional dynamics at the nanosecond time scale. The strong uniaxial anisotropy rooted at the heart 

of 2D magnetism is supposed to generate SWs of GHz frequency. This precise experimental 

demonstration of the fundamental physical phenomena at room temperature enlightens the 

opportunities for next generation multifunctional spintronics applications using 2D vdW ferromagnetic 

crystals. 

7.2   Methods 

Sample Fabrication and Characterizations: Single crystalline FxGT are synthesized using 

chemical vapor transport method using iodine as transport agent. 99.999% pure powder of Fe, Ge and 

Te are added together in a nominal stoichiometric proportion x:1:2 and sealed in an evacuated quartz 

tube. However, to avoid presence of any unoccupied Fe sites in FxGT compounds, Fe precursor is added 

more than the nominal value. Subsequently, the crystal is grown by placing the quartz tube in a tubular 

furnace for seven days with source and growth temperature of 750°C and 700°C, respectively. Once 

temperature of the furnace reduces to room temperature the quartz tube is taken out and broken to 

collect the grown crystal. This crystal was washed in ethanol to remove the excess iodine. Further, the 

nanometer thick flakes are created on a 100-nm-thick Si/SiO2 substrate by mechanical exfoliation. In 

order to prepare the samples for the time-resolved measurements, the substrates with exfoliated flakes 

are quickly transferred to a thermal evaporation chamber where a thin layer (7 nm) of Aluminum (Al) 

is deposited under a base pressure of 5 × 10-6 mbar. Naturally oxidized Al works as a capping layer to 

avoid possible degradation of FxGT flakes due to laser exposure during all optical pump-probe 

experiment. The thickness of the flakes is measured using atomic force microscopy (AFM). The room 
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are observed at ~3.7 THz, 3.3 THz with a small intense peak at around 4.2 THz for each sample. Few 

additional small peaks appear at slightly different frequency values for different x. The very similar 

coherent oscillations in the transient reflectivity represent the imprinted phonon dynamics. The phonon 

modes are prominent at almost equal frequencies of the magnon modes implying a direct spin-phonon 

coupling influenced by the femtosecond laser pulse. 

 

Figure 7.3: (a) Time-resolved reflectivity and (b) time-resolved Kerr rotation at different values of externally 

applied magnetic field for Fe3GeTe2 (left panels), Fe4GeTe2 (middle panels) and Fe5GeTe2 (right panels). 

These phonon modes are again confirmed from the result obtained from Raman measurement. 

However, the high frequency phonon mode observed at 282 cm-1 (frequency: 8.45 THz) is not visible in 

the TR-MOKE data. Notably, the phonon mode at ~3.7 THz belongs to the optical phonon branch at the 

gamma point, originated from time evolution of the diagonal elements of Raman tensor A1
1g [327] 

(evidenced from Raman spectroscopy of F3GT compound [325]). However, no such report is available 

for F4GT and F5GT on the phonon dynamics. Thereby, we predict that the nearly identical frequency of 

phonon in F4GT and F5GT might have the same origin. For the present scenario, Displacive Excitation 

of Coherent Phonons (DECP) [328,329] is the plausible mechanism of the THz optical phonon generation. 

In this method, the transient change of carrier (electron) density by the laser field leads to an alteration 

of the inter-ionic potential which results a displacive force to the ions. The ions shift from their 

equilibrium positions and oscillate around the new minima generating coherent lattice vibrations. Here, 

this optical phonon branch is associated with the out of plane vibration of heavy Te atoms [327]. 

Moreover, in FxGT, the Fe spins are coupled by Te atoms via super-exchange interaction which is a 

function of the distance between two nearest neighbor sites. Consequently, the vibration of Te atoms 

leads to the change in Fe-Te bond length. Hence, the lattice displacement of Te atoms, i.e., phonon acts 

as a perturbation on the ferromagnetic exchange coupling strength via spin-phonon coupling according 
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requisite spintronic parameters like magnetic damping remained elusive in our study. The noisy signal 

restricts us to evaluate the parameters, however our findings may show future prospects of both 

theoretical and experimental study of spin dynamics including all important parameters. Therefore, in 

order to explore the technological aspects of spin dynamics in FxGT system, further theoretical and 

experimental research is needed. 

7.4   Conclusions 

In conclusion, we have investigated the ultrafast demagnetization and precessional magnetization of 

FexGeTe2 at room temperature. We have employed TR-MOKE to excite and detect the dynamic response. 

A type-I single step demagnetization is noticed accompanied by THz magnon generation during the 

relaxation process. We are also able to excite optical phonon modes and evidenced direct spin-phonon 

coupling. Ferromagnetic resonance mode along with exchange controlled perpendicular standing spin-

wave are also probed during the nanosecond dynamics. Based on this emergence of spin dynamics 

similar to well-studied ferromagnetic system, we conclude that the samples hold ferromagnetic state at 

room temperature which is possibly a consequence of ultrafast laser tuned exchange interaction. 

Nevertheless, this study invokes further investigation of the fundamental physical phenomena in 2D 

materials and reveals their promising aspects to incorporate in spintronic devices.   
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used to estimate the intensity of TR-MOKE signal for magnons and phonons. In addition, to extract the 

SAW of elastic volume mods, we numerically determined the localization of modes in the direction 

normal to the sample surface. 

9.3   Results and Discussions 

In the following, the experimental and calculated results are presented and discussed. Figure 9.3(a) 

displays the representative background subtracted time-resolved reflectivity data for S1, S2 and S3 at 

Hext = 1.75 kOe. SAW frequencies are extracted from the fast Fourier transformed (FFT) power spectra 

of the time-domain data as shown in Figure 9.3(b). In each sample, four distinct modes are detected 

within a frequency range of 5-20 GHz with varying intensities. These modes are named as R1, R2, R3 

and R4. Among those, R2 is strongly dominating mode with comparatively higher intensity except in S1. 

Moreover, R1 and R2 are well separated from R3 and R4. Interestingly, the SAW frequencies 

systematically decrease with increasing lattice constant of the nanomagnet array. This feature indicates 

that the SAW generation is restricted by the geometrical parameters of the nanodot array.  

 

Figure 9.3: Background subtracted time-resolved (a) reflectivity and (c) Kerr rotation change indicating 
acoustic (SAW) and magnetization (SW) dynamics respectively detected for three different samples S1, S2, 
and S3 at a magnetic field of Hext = 1.75 kOe. (b) and (d) are fast Fourier transformed (FFT) power spectra of 

the time-resolved reflectivity and Kerr rotation, respectively. The peaks indicate the frequencies of the excited 
SW and SAW modes. 

The time-domain Kerr rotation depicts the collective precessional dynamics of magnetization in Figure 

9.3(c). Corresponding FFTs are presented in Figure 9.3(d) where multiple modes appear with different 

intensities which again vary with the lattice constant. The frequencies of SW modes M1 and M2 are 

almost equal to the frequency of SAW modes R1 and R2 with similar weightage of intensity distribution. 

The other higher frequency magnetic modes M3 and M4 do not overlap with the acoustic modes R3 and 

R4 at this value of Hext. Thus, the appearance of SW modes at the same frequency of acoustic wave 

becomes an indication of coupling between precessing spins and propagating strain in the system.  

The scenario is visually clearer in the surface plots of the bias field dependent frequency response of the 

magnetic and non-magnetic signal obtained for all three samples (Figure 9.4(a)-(f)).  
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At the crossing field resonance occurs due to overlap of two modes with a significant increase in the SW 

intensity. Additionally, the damping reduces due to injection of strain energy from the acoustic wave. 

Usually, the energy dissipation by the SW increases with a reduction of the external field (Zeeman field) 

contributions. This prompts the precessional motion to damp fast. Here, the damping seems to reduce 

with the decreasing field. Furthermore, in order to investigate the effect of geometrical arrangement, 

nanomagnet array of width 200 nm and lattice constant 350 nm arranged in square lattice symmetry is 

studied in the same substrate. Figure 9.5 shows the multimodal excitations of elastic modes in the square 

geometry similar to the hexagonal symmetry. In this case, slightly lower SAW frequencies confirm that 

the lattice arrangements control the SAW generation. Interestingly, the acoustic waves except R1 are 

unable to invade in the magnetization dynamics.  

 

Figure 9.5: Experimental magnetic field dispersions of (a) SAW and (b) SW frequencies for S4. 

In order to understand the interplay between the spin-wave and elastic wave due to their coexistence in 

the nanodot ensemble we have applied the hybrid model in one system (sample S3) as an exemplary. 

FEM calculations reproduce relatively well the main magnon (SAW) lines seen in the experiment, aligned 

diagonally (horizontally). Numerical calculations do not reveal a noticeable magnetoelastic interaction 

at the intersection of magnon and SAW branches, although a relatively large value of the magnetoelastic 

coefficient was chosen. Magnetoelastic interaction is, however, evident for selected elastic mods in a 

large range of the field, non-resonantly. Also for fields in which magnon modes do not exist 

spontaneously (i.e. without magnetoelastic pumping), non-zero amplitude of mz is observed for a long 

sections where SAW frequency appears. The non-vanishing mz profiles at H1, H2 and H3 basically 

indicate the magnetoelastically coupled mode behavior. It is worth to notice that for these modes the 

amplitude of elastic wave is concentrated in Py nanomagnets. In addition, there is a vertical distribution 

of the energy penetrating the substrate. This confirms that the SAW are being generated in the substrate 

and the magnets are being driven by that SAW.  
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Figure 9.6 (a) Calculated field dispersion for S3. The gray level of the lines denotes the amplitude of the out 

of plane component of (dynamic) magnetization. (b) Simulated spatial profiles isolated SW (mz), SAW (uz), 

and the magnetoelastic (ME) modes. 

9.4   Conclusions 

We have investigated the ultrafast kinetics of Ni80Fe20 nanomagnet arrays of different geometrical 

parameters. This study showcases simultaneous excitation of both elastic wave and spin-wave by 

ultrafast laser pulses. A profound coupling between the elastic degree and spin degree is evidenced in a 

broad range of applied magnetic field. Specially, hybrid magnetoelastic modes are observed near the 

degeneracy points indicating a transfer of energy between elastic mode and spin-wave. The features 

observed in experiment is almost reproduced by numerical calculations. Experimentally, the SAW 

frequencies shows tunability by the array geometry and the choice of underneath substrate. In addition, 

the coupling with SAW and SW has a strong dependence on the lattice symmetry of such patterned 

array. Nevertheless, this investigation opens interesting perspectives of tailoring spin-wave dynamics 

by surface acoustic wave in nanomagnets.  
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The next research highlights the improved film quality achieved through electrochemical growth 
of a Heusler alloy film, Co2FeSn on a single crystalline Si substrate. Employing TR-MOKE magnetometer, 
we conducted a comprehensive study on magnetization dynamics, revealing insights into ultrafast 
demagnetization, relaxation times, precession frequency, and damping. The ultrafast demagnetization 
dynamics was subsequently modelled by the widely used three temperature model. Trends indicate 
increased demagnetization and relaxation times with fluence, accompanied by decreased damping. This 
intrinsic damping, inversely correlated with ultrafast demagnetization time, suggests its origin in a 
resistivity-like interband scattering mechanism. These results not only showcase the potential of 
electrochemically grown intermetallic alloy films on crystalline substrates but also open avenues for 
magneto-optical and spintronic applications. 

In a separate investigation, we explored the ultrafast demagnetization and precessional 
magnetization of FexGeTe2 at room temperature using TR-MOKE microscopy. A type-I single-step 
demagnetization process was observed, accompanied by THz magnon generation during relaxation. 
Additionally, we successfully excited optical phonon modes, providing evidence of direct spin-phonon 
coupling. Ferromagnetic resonance mode and exchange-controlled perpendicular standing spin-waves 
were probed during nanosecond dynamics. The emergence of spin dynamics akin to well-studied 
ferromagnetic systems led us to conclude that the samples maintain a ferromagnetic state at room 
temperature, possibly due to ultrafast laser-tuned exchange interactions. This study underscores the 
need for further exploration of fundamental physical phenomena in 2D materials and highlights their 
promising potential for incorporation into spintronic devices.  

In our exploration, we investigated short-wavelength spin-waves in narrow domains at the 
edges of triangular antidot lattices (ADLs) in Co/Pd multilayers. Using a TR-MOKE microscope and 
micromagnetic simulations, we confirmed their presence and explored their reconfigurability. These 
domains were formed around antidots due to disrupted out-of-plane anisotropy. The anisotropic nature 
of the spin-waves, influenced by the azimuthal angle of an external magnetic field, was rooted in the 
flexible ground state configuration. Short-wavelength spin-waves were excited and confined in the 
domain with different quantization numbers. The in-plane direction of the domain magnetization 
underwent a sharp change with the bias field direction, modifying the frequency and spatial position of 
those localized spin-waves. Spatial profiles confirmed the excitation of multiple spin-waves of different 
wavelengths but the same frequency by breaking symmetry through the magnetic field direction. The 
precise control of field orientation for generating tunable short-wavelength localized spin-waves within 
such narrow domains holds promising applications for spin-wave-based computing. 

Finally, we elucidate the acoustic actuation induced by femtosecond laser pulses in a two-
dimensional array of square-shaped Ni80Fe20 nanodots on a Si/SiO2 substrate. The investigation reveals 
synchronized magnon modes strongly influenced by surface acoustic waves (SAWs) through 
magnetoelastic coupling, in conjunction with intrinsic magnon modes of the nanodot arrays. The 
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experimental results highlight three key aspects. Firstly, in low magnetostrictive materials like Ni80Fe20, 
the laser induces enhanced magnetostriction through instantaneous thermal annealing, underscoring 
the importance of considering magnetostriction in potential applications. Secondly, the sensitivity of 
SAW modes to geometrical parameters in a nanomagnet array allows tunability of magnetoelastic 
coupling. Lastly, the study demonstrates that SAW can drive magnetization dynamics even at low 
magnetic fields, creating a hybrid magnetoelastic mode with potential applications in energy-efficient 
devices utilizing nanomagnet arrays.  

10.2   Outlook 

The comprehensive investigations into various aspects of magnetoelastic coupling, spin dynamics, and 
acoustic actuation in the above-mentioned studies pave the way for exciting future prospects in the field 
of condensed matter physics. Here are some potential future directions. The spin-wave band engineering 
by magnetic field direction can lead to design of reconfigurable device suitable for microwave 
applications or logic operation. Further studies by choosing different material properties like low 
damping can enhance the performance level by maintain long range coherency of spin-wave required 
for signal transfer. The findings on fine-tuning dynamic magnetic responses in bicomponent magnonic 
crystals provide a foundation for reconfigurable magnonics applications. Future efforts could explore 
novel designs and materials to enhance the versatility and efficiency of magnonic devices, potentially 
revolutionizing information processing technologies. The study on the electrochemical growth of Co-
based Heusler alloy films showcases improved film quality and dynamic responses. Future research 
might delve into exploring a broader range of intermetallic alloy films on crystalline substrates, aiming 
for advancements in magneto-optical and spintronic applications. The investigation into ultrafast 
demagnetization and precessional magnetization in FexGeTe2 at room temperature suggests the 
potential of 2D materials in spintronics. Future explorations could focus on uncovering more 
fundamental physical phenomena in 2D materials and harnessing their unique properties for practical 
spintronic device applications. The study on short-wavelength spin-waves in narrow domains offers a 
promising avenue for spin-wave-based computing. Future research might delve into optimizing the 
control parameters to enhance the precision and efficiency of short-wavelength localized spin-waves, 
potentially leading to spin-wave based computing. The insights gained from the acoustic actuation by 
femtosecond laser pulses in nanodot arrays provide a foundation for future developments. Researchers 
may explore applications in energy-efficient devices and investigate novel materials to further enhance 
the magnetoelastic coupling effects, offering new possibilities in magnonic and opto-magnonic 
technologies. 

In conclusion, the future outlook for the physics explored in these studies is marked by the 
potential for advancements in magnonics and spintronics. These findings not only contribute to the 
fundamental understanding of condensed matter physics but also pave the way for innovative 
technologies with diverse applications in the field of  information processing, energy harvesting, and 
beyond.  
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Appendix II                                                                                       

A.II.1   Static magnetization profiles of bicomponent magnonic crystals  

The simulated static magnetization configurations (ground states) for three different values of Happ are 
shown in Figure A.5. Here, the my component is displayed to show the demagnetizing regions. The 
demagnetizing regions appear near the interface and is extended in CoFe. Its volume reduces with 
increasing Happ for a particular BMC. When D is increased, the interface area also increases and the 
demagnetizing regions occur within an enlarged area around the interface. Thus, a gradual 
enhancement in the demagnetizing field is observed with increasing D. 

 
Figure A.5: Static magnetization profiles of all BMCs (S1-S6) at three different values of the externally 
applied magnetic field (Happ). The associated color bar is shown in the bottom. 

A.II.2   Spin-wave power and phase calculation   

The spatial distribution of power helps to understand the spatial origin of different modes, i.e., 
involvement of spins of different regime. Meanwhile, the phase map gives the quantized or extended 
nature of the modes with their relative orientations about the applied magnetic field. In Figure A.6, we 
have shown the power and phase profiles of the high-frequency SW modes (M3 and M4) for two different 
samples (D = 200 nm (S1) and 700 nm (S6)) at Happ = 200 Oe (Happ << Hcr) and H = 1500 Oe (Happ >> 
Hcr). In S1, M3 is nearly uniformly distributed in both the dots and the matrix and the quantization 
numbers are n = 7 and n´ = 5. For S6, the mode profile of M3 is more complex. Here, mode power is 
uniformly distributed through both the dots and the matrix. However, additional mode quantization 
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occurs in the Damon Eshbach (DE)-like geometry (nodal lines parallel to magnetic field). Here, at Happ 
= 200 Oe, n = 15, n´ = 5 while at Happ = 1500 Oe, n = 17, m = 3, n´ = 3, indicating higher frequency. The 
power and phase profiles of M4 however are too complex to visually identify their mode quantization 
numbers.  

 

Figure A.6: Simulated power and phase profiles of the high-frequency SW modes (M3 and M4) for two 
different samples (S1 and S6) at two different values of bias magnetic field (Happ). The colour bars associated 
with power and phase are also shown at the top right corner. 

A.II.3   Simulated spin -wave spectra of Ni 80Fe20 nanodisks and Co50Fe50 antidot 
and bicomponent magnonic crystal without interfacial exchange interaction   

We have performed simulations to compare the field dependent SW spectra of one BMC (D = 200 nm) 
with the constituent NiFe nanodisks and CoFe antidot lattices as depicted in Figure A.7. In the nanodisk, 
we observe a prominent high intense SW mode. The antidot lattice shows two different SW modes with 
higher frequency. Further simulations for one BMC (D = 200 nm) without any interfacial exchange 
interaction show two prominent SW modes well separated in frequency scale at the low field regime. It 
seems that both the uniform nanodisk mode and the uniform antidot mode are dominant when the BMC 
is formed. With increasing bias field, the lower frequency mode disappears which is quite different from 
the BMC with a finite interfacial exchange coefficient. Therefore, the exchange interaction in the studied 
systems is not completely negligible as its effect is clear from the simulated results.  
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Figure A.7: Simulated spin-wave spectra of NiFe nanodisk, CoFe antidot and NiFe-CoFe bicomponent 
magnonic crystal with Aexch = 0 for D = 200 nm. 
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