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Abstract

Ultrafast spin dynamics has emerged as one of the most important branches of modern
nanomagnetism and has attracted huge attention for its tremendous application potential in
energy-efficient information processing, high-density data storage and neuromorphic
computing technologies. This doctoral thesis investigates spin dynamics ranging from
nanosecond to femtosecond timescale in nano-patterned magnetic structures and thin film
heterostructures. The role of external control parameters such as strength and orientation of
applied magnetic field as well as the internal spin configuration of nanostructure and
heterostructure interfaces has been extensively studied in modulating the ultrafast spin
dynamics. A range of techniques such as scanning electron microscopy (SEM), atomic force
microscopy (AFM), reflection high energy electron diffraction (RHEED), X-ray diffraction
(XRD), X-ray reflectivity (XRR), vibrating sample magnetometry (VSM) etc. have been
exploited to study the structural properties, surface topography and static magnetic properties
of the structures under investigations. The experimental investigations of spin dynamics have
been carried out employing a custom-built time-resolved magneto-optical Kerr effect
(TRMOKE) magnetometer. The experimental results have been analysed by using various
analytical models and micromagnetic simulations for in-depth insight.

The precessional magnetization dynamics of diamond-shaped permalloy (NigoFe2o) antidot
lattice with different configurations have been studied with the variation of magnitude and
orientation of the applied magnetic field. The spin-wave spectra demonstrated rich variation
with the variation in the strength of the applied magnetic field. The variation of the spin-wave
spectra were analysed with the help of harmonic functions to reveal the nature of the overall
dynamic configurational anisotropy. The nature and origin of the spin-wave modes have been
underpinned using various micromagnetic simulations. The precessional magnetization
dynamics in the nanosecond regime have also been exploited to investigate the spin pumping
phenomenon at the technologically important Heusler compound and platinum interface via
measuring the modulation of damping as harnessing pure spin current is crucial in
ferromagnet/nonmagnet heterostructures. In this study, it has been demonstrated that a suitable
heterostructure interface with a cobalt-based Heusler compound (CozFeo4MnosSi) and
platinum, a heavy metal, can be efficient to reduce spin current absorption at the interface and
other mechanisms such as two-magnon scattering and to enhance spin current transport across

the interface thereby achieving a giant value of interfacial spin transparency. We have then
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explored the laser-induced ultrafast demagnetization in CozFeo4MnoSi/Pt heterostructure.
Interestingly, we have observed strong modulation of ultrafast demagnetization time with the
ferromagnetic layer thickness. This has also been analysed using microscopic three-
temperature modelling. An inverse relation between the ultrafast demagnetization time and the
effective Gilbert damping has been observed experimentally. A significant enhancement of the
speed of ultrafast demagnetization has been obtained in these heterostructures and has been
attributed to the additional channel of spin current transport across the interface under the
action of strong spin chemical potential. The findings presented in this thesis on precessional
dynamics and ultrafast demagnetization contribute to the fundamental scientific understanding

imperative for technological implementation in energy-efficient device applications.
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Figure 5.1: (a) XRD patterns for the MgO (sub)/Cr/CFMS/Pt/Al samples measured in
conventional 6-20 geometry. Intense diffraction Peaks from CFMS (200), CFMS (400) and Pt
(200) are identified along with Cr (200) peak. (b) The tilted XRD scan showing no prominent
peak from CFMS (111) indicating the absence of L2 structural phase. (c) Intensity of CFMS
(400) diffraction peak is found to increase with CFMS layer thickness whereas the integrated
intensity ratio between CFMS (200) and CFMS (400) peaks remains thickness invariant
suggesting a stable Co-atomic Sit€ OTderING .........cccvviviiiiiiiiiiiiciie e 84
Figure 5.2: (a) In-situ RHEED patterns exhibiting clear streaks along MgO [100] and MgO
[110] crystallographic directions obtained from CFMS and Pt layers. (b) Measurement of mean
surface roughness from AFM image. (c¢) Variation of sheet resistance of the heterostructure as
a function of Pt layer thickness. (d) Representative result of magnetization vs magnetic field
from in-plane VSM measurements for S1 sample showing extraction of coercive field and
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Figure 5.3: (a) Schematic representation of spin pumping mechanism in CFMS/Pt interface
measured employing non-collinear pump-probe arrangement (b) Three different regimes
present in a typical TRMOKE data from the MgO(sub)/Cr(20)/CFMS (10)/Pt (5)/Al
heterostructure at H=1.0 kOe. The bi-exponential background fitting is shown in red solid line.
(c) Bias field dependence of the precessional frequency measured for sample S1 fitted with
Kittel formula. (d) Effective Gilbert damping extracted for sample S1 showing nearly
frequency-independent ValUES. ..........ccciiiiiiiiiiii i 88
Figure 5.4: (a) Background subtracted time-resolved Kerr rotation data for samples with Pt
thickness 1 =1, 2, 3, 4, 5, 8 and 12 nm recorded at H = 1.0 kOe (b) Schematic representation
of the corresponding sample with varying thickness of the Pt layer. (c) Variation of aeff as a
function of #. The solid and dashed lines represent the theoretical fits employing the ballistic
and drift-diffusive spin transport model, respectively to extract the intrinsic spin-mixing
conductance and the spin-diffusion length ... 92
Figure 5.5: (a) Background subtracted time-resolved Kerr rotation data for samples with
CFMS thickness 10,12,14,16,18 and 20 nm obtained at H=1.0 kOe. (b) Enhancement of
effective Gilbert damping with inverse of CFMS layer thickness is shown. The blue solid line
represents the theoretical fit considering spin pumping only whereas red dashed line represents
fitting with contributions from spin memory loss (SML) and two-magnon scattering (TMS)

taking into consideration. (¢) Percentage contribution in modulation of damping (MOD) from
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Figure 6.1: Schematic representation of the CFMS/Pt heterostructure sample with varying
thickness (b) a representative TRMOKE data depicting three different temporal sections
including the ultrafast demagnetization as well as precessional Kerr oscillation with a bi-
exponential background. (¢) Ultrafast demagnetization and fast relaxation dynamics shown
upto 2 ps-green circles represent experimental data points whereas black solid line represents
theoretical fit. (¢) background-subtracted precessional Kerr rotation-experimental data shown
in orange circles. Solid line shows decaying sinusoidal fit employed to extract characteristic
decay time and effective Gilbert damping. ..........ccoccovviiiiiiiiiiini 104
Figure 6.2: (a) Ultrafast demagnetization time (7m) as a function of CFMS layer thickness (d)
with = 5 nm (b) ultrafast demagnetization time ( 7m) as a function of inverse of effective Gilbert
damping with varying d, showing an inverse correlation between m and o (c) ultrafast
demagnetization time (zm) as a function of Pt layer thickness () with d= 16 nm (d) ultrafast
demagnetization time (zm) as a function of inverse of effective Gilbert damping with varying ¢,
showing an inverse functional relationship between zm and &.........ccccoveverviiiiieniciiiicnn, 105
Figure 6.3: (a) Evolution of electronic and lattice temperatures during ultrafast
demagnetization and fast relaxation for sample 1. (b) spin-flip probability parameter as a
function of the thickness of the CFMS layer (d) (c) enhancement of spin-flip probability
parameter with the thickness of the Pt layer (7) (d) Inverse of demagnetization time (1/7m) has
been plotted as a function of effective Gilbert damping () corresponding to the variation in Pt

layer thickness (#). The solid line shows theoretical fit to extract the spin chemical potential

Figure 8.1: (a) Normalized magnetization-Magnetic field plot showing hysteresis behaviour
of Permalloy film (b) Coercive field as a function of azimuthal angle of applied magnetic field
for Permalloy 1M ....ooviieecce s 117
Figure 8.2: (a) Simulated spin-wave spectra of the DADLSs arranged in square and hexagonal
lattices after introducing edge roughness mimicked from the SEM images at ¢ = 0° and 45°.
(b) Corresponding power-phase profiles of the spin-wave modes. The colour maps for power
and phase profiles are shown at the right side of the figure.............cccccoiiiii 118
Figure 8.3: Variation of strength of internal magnetostatic field for (a) square & (b) hexagonal
DADL. (c) Internal magnetostatic field distribution at different azimuthal orientation of bias
field. The colour map for internal field is shown at the right side of the figure. ................... 119

Figure 9.1: Fractional change in the lattice constant of Pt which is related to the lattice

xvii


file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827759
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827760
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827760
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827760
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827760
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827760
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827760
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827760
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827760
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827761
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827761
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827761
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827761
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827761
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827761
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827762
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827762
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827762
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827762
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827762
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827762
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827762
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827763
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827763
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827763
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827764
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827764
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827764
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827764
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827765
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827765
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827765
file:///D:/PhD%20data/AAA%20Thesis/All%20chapter/Final%20Copy%20of%20thesis/Final%20thesis%20copy%2019.4.23/Thesis_total_Koustuv_Dutta_19.4.23.docx%23_Toc132827766

microstrain plotted as a function of (a) CFMS layer thickness and (b) Platinum layer thickness.
Figure 9.2: Normalized intensity vs q plot showing the Kiessig oscillations obtained from XRR

measurement for sample S1, S6, S8 and S12. Black hollow spheres represents the experimental

data points where red solid spheres denote the simulated points..........c.ccccevvvieiiiiiiiiieiinnns 121
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Chapter 1

1. Introduction

Magnetism, despite being one of the oldest branches of science known to humanity, has never
really ceased to be amazing. Although phenomenal works by Curie(1985), and Langevin
(1905)[1] followed by mean field theoretical approach by Weiss (1906)[2] provided the
magnetism community with a solid classical backbone, the first connection to its quantum
mechanical origin was established in 1925 when Uhlenbeck and Goudsmit proposed the idea
of spin angular momentum of electron[3]. Very soon, Bloch put forwarded the concept of spin-
waves (1930)[4] and Landau and Lifshitz developed the semi-classical governing equation of
spin precession (1935)[5] later modified by Gilbert (1955)[6] to form the Landau-Lifshitz-
Gilbert (LLG) equation. The potential of this additional degree of freedom was first unlocked
by the discovery of Giant Magnetoresistance (GMR) much later (1988)[7] which gave birth to

a novel branch of science and technology, known as “spintronics”[8] today.

The discovery of GMR led to a paradigm shift in the conventional electronics and information
processing industry. Prior to this, conventional electronics evolved a lot from using valve-based
larger circuit elements to transforming completely into transistor-based circuitry. The rapid
progress and praiseworthy success enjoyed by transistor-based electronics till today mostly
came from the celebrated Moore’s law[9] which predicted that the number of transistors
integrated within a single chip will become double every two years. The tremendous
downscaling of the circuit components as predicted by Moore continued over several
decades[10] facilitated by the advent of high-end micro- and nanofabrication techniques

making affordable high-density logic and memory devices a feasible reality.

This exponential growth in charge-based electronics, despite being celebrated for years, suffers
from several physical and technological bottlenecks at the current time[11]. Considering the
high-frequency switching of the bits, heat management has been a serious challenge for the
high-density chips as the contemporary integrated transistor scaling has nearly approached the
atomic dimensions[12]. In addition to that, the next-generation worldwide developments in
artificial intelligence, cloud computing and other data-driven emerging services require a
tremendous amount of energy to store and operate with the exponentially increasing data per

capita. All these situations strongly suggest that a solid technology which may provide logic



and high-density storage solutions with energy efficiency is the need of the hour.

Under this circumstance, spintronics can be regarded as one of the most promising branches to
look forward to. Unlike conventional electronics, here a single electron might be able to serve
as the smallest unit of data storage with its spin up and down states representing two bits, 1 and
0. This indicates an enormous possibility of a complete revolution in storage technology|[8].
Moreover, it can also offer energy-efficient information processing at the GHz and sub-THz
regimes facilitated with much smaller on-chip integration[13]. This might greatly contribute to
various other emerging technologies such as quantum computation and information processing

through artificial synaptic networks as well [14-16].

However, the realization of such advanced technological developments calls for an in-depth
understanding of the basic scientific phenomena occurring at the edge of the length and
timescales. Aiming to actively manipulate the spins inside a magnetic system, scientists have
rigorously investigated various fundamental scientific aspects, which involve a thorough
examination of the fundamental static and dynamic magnetic properties of the spins. A growing
technological demand has motivated scientists to pursue these efforts. Additionally, numerous
experimental and theoretical efforts have been made in achieving control over several spin-
based phenomena in different types of low-dimensional artificial structures that can cater to the

needs of next-generation spintronics devices[17].

In the following sections, we shall provide highlights of the advancements in the spin dynamics
in various low-dimensional magnetic structures that have inspired us to formulate the research

hypothesis and driven us to execute the research works under this thesis.

1.1 Magnetic Nanostructures and Magnonics

The scientific community has been exploring new paradigms of patterning materials into
nanoscale due to the desire to create miniaturized and energy-efficient devices[18]. The
emergence of state-of-the-art nanofabrication facilities motivated researchers to test new
horizons of physics in the reduced dimensionalities. Research in the past few decades has
proved that artificially patterned magnetic nanostructures can cope with the requirement of
high-density storage media [17,19]. The creation of artificial nanostructures and metamaterials,
which are typically absent from nature is an intriguing idea as they can offer several novel

functionalities in comparison to their bulk counterparts. Magnetic materials may be patterned

2



in different ways forming nanostripe, nanodot, antidot structure, nanoring etc[20]. These types
of structures can be arranged in one, two and even three-dimensional periodic arrays as well.
These kinds of artificially patterned periodic structures are called magnonic crystals (MCs)[21]
in analogy to their photonic[22] and phononic[23,24] counterparts. MCs serve as the basic
building block for the understanding of a span of scientific phenomena dealing with
nanomagnetism and spin-wave manipulation at the nanoscale[25]. Nevertheless, in the current
research much attention is being paid to the range of potential spintronic applications[26] that
periodic magnetic nanostructures and MCs may offer, including bit-patterned magnetic storage
media, spin Hall and spin torque nano-oscillators (STNO), reconfigurable waveguides for low-
energy signal transmission etc. Such periodic nanostructures can also play a significant role in
emerging technologies like neuromorphic[16] and quantum computing as they demonstrated
their prospective applications as spin-wave-based transisitor[27], filter[28], directional coupler,
splitter[29], multiplexers [30], demultiplexer[31], phase shifter[32], interferometers[33] and
many other logic processing elements[34]. In addition, MCs have outperformed
electromagnetic wave-based devices in the nanomagnetism family in terms of their high speed
of data processing at a much lower energy cost. Furthermore, because of the easier on-chip
integration possibility, they are strong contenders for spin-wave based on chip communication

devices in the GHz and sub-THz regime.

The tremendous application potential has upsurged a flurry of research on the quasistatic and
dynamic magnetic properties of nanostructures[35]. Modification of the magnetic potential
landscape in one dimension has initially been studied mostly with nanostripes[36], nanowires
[37] and waveguide[38] like structures revealing interesting band structure modification. A
further extension of the dimension provided the opportunity to study nanodot[39], antidot[40],
nanoring[41], bi-component MCs[42-44], artificial spin-ice[45,46] etc. which showed much-
improved reconfigurability of the magnonic band structure[47,48]. It has also been revealed
that bias field strength and orientation[49] as well as the geometric configuration of the MCs
including shape[50], size[39], and periodic symmetry[51-53] can be altered to achieve efficient
band tunability[54] leading to tailored spin-wave dynamics. Recent advances in this area have
successfully amalgamated a span of fascinating quantum mechanical effects such as spin-orbit
coupling (SOC) [55], spin current[56], Dzyaloshinskii-Moriya interaction[57], topological
effects[58-60] etc. Moreover, the co-existence and complex interaction between magnons and
other forms of physical excitations such as phonons[61], polarons[62] and photons[63,64] have

been studied extensively in recent times that has given rise to the field of hybrid
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magnonics[65,66]. Out of various types of MCs, antidot lattices (ADLs) can be regarded as
one of the best classes of structure as they offer faster spin-wave propagation under strong
dipole-exchange control and a steeper magnon dispersion[51]. In addition, miniaturization in
ADLs is not limited by the superparamagnetic limit, unlike its dot counterparts. In recent times,
complex ADLs have attracted a lot of attention[67-69] for richer spin-wave dynamics and short
wavelength applications[70]. However, to achieve a better control over the spin-wave
propagation through such media which could realize a logic application in future, an in-depth
systematic understanding of dynamic configurational anisotropy is imperative for an ADL with
geometrical complexity with insight to its quasistatic internal magnetic field landscape.
Although MCs have been extensively studied using frequency domain electrical techniques
like VNA-FMR[71] and directly in the wave vector domain employing Brillouin light
scattering (BLS)[72], direct determination of spin-wave spectra at the time domain provides
much reliable information about the configurational anisotropy. Additionally, local
measurement of magnetization dynamics with higher spatio-temporal resolution can be
obtained from time-resolved magneto-optical Kerr effect (TRMOKE)[73] technique which will

be implemented in the present works.

1.2 Importance of Ferromagnetic/Nonmagnetic Thin Film

Heterostructures

Contemporary spintronic memory architectures are primarily based on magnetoresistive
properties of ferromagnetic/nonmagnetic (FM/NM) heterostructures. The ever-increasing need
for larger and faster storage architecture forced the then-existing technology to evolve at a rapid
pace. As already discussed, the discovery of GMR and tunnel magnetoresistance (TMR)[7,74]
and subsequent research focusing on industrial implementation of these novel properties of the
FM/NM/FM heterostructures[75,76] has made the journey of the hard disc from a few kB/inch?
to TB/inch? a feasible reality[77]. Below we discuss the importance of such heterostructures

both from the technological and fundamental points of view.
1.2.1 FM/NM Heterostructure in MRAM

To comprehend the technological importance of FM/NM heterostructures, it is imperative to
understand the unit cell memory structure of an MRAM[78]. An MRAM unit cell usually
contains a magnetic tunnel junction (MTJ)[79] which is manipulated in real-time to carry out
the read-write process of binary digital data. It is a bistable magnetic structure consisting of

two magnetic thin film layers separated by a thin spacer layer. These two layers are known as



the hard (fixed) layer and soft (free) layer depending upon the strength of their magnetic
anisotropy. Because of the elliptical shape of the layers, only parallel and anti-parallel
orientations are possible between these two magnetic layers producing low and high resistive
states of the structure representing the bit as 0 and 1. These resistances are measured to ‘read’
the binary bit from the unit cell of MRAM. On the other hand, MT]J is also a classic device for
spin-charge conversion. During the writing process, the spin-orbit torque (SOT) or spin transfer
torque (STT) may be employed to alter the magnetization of the soft layer to encode the desired
bit. For SOT-MRAM, a current is injected through another non-magnetic layer which is in
contact with the soft layer whereas the current is passed through the MTJ cell of STT-MRAM
during the writing process. Therefore, MTJ can serve as an analogue of the FET[80]. However,
the advantage of MRAM cells over FET is that the resistance state in MTJs is non-volatile in
nature. Nevertheless, extensive research in the FM/NM interface is required to reduce the

switching current (write current) and improve other parameters for enhanced device efficiency.
1.2.2 Multilayered Heterostructure with PMA

To fulfil the increasing demands of a denser storage media, the MRAM unit cells are further
miniaturized. When the cells attempted to reduce to sub-100 nm dimension, they approached
the superparamagnetic limit and struggled significantly in retaining the thermal stability against
the thermal fluctuations at room temperature[81]. To overcome the limitation, perpendicular
magnetic recording media is put forward as opposed to longitudinal recording systems typically
used in MT]J structure[82,83]. In this type, the heterostructure is constructed so as to incorporate
a strong perpendicular magnetic anisotropy (PMA)[84]. SOC plays a vital role in determining
the PMA properties of such structures. Additionally, it has been found that PMA strength
heavily depends on both the thickness of the constituting FM and NM layers as well as the
growth conditions and interface properties[85,86]. This establishes the importance of a
thorough investigation of FM/NM structures with a special emphasis on the effect of their

interface on the spin current transport across the structure.
1.2.3 Heterostructures in Analog Microwave Devices

FM/NM based heterostructures are strong contenders too for spin-torque nano oscillators
(STNO)[87] and various other radio-frequency applications such as signal mixers,
amplifiers[88,89], nanoscale signal transmitters[90] and tunable microwave resonators[91]. In
contrary to the memory devices, FM/NM structures are employed here as analog applications.

For the MT]J structure to be used as STNO, it is driven with a constant current source which



generates large spin angular momentum. The spin transfer torque induces precession of spins
in the soft FM layer resulting in a time-varying magnetoresistance of the whole structure. This
produces a time-varying voltage and an oscillating electric field across the device causing
microwave emission from it[90]. Researches have shown that this principle may be employed
for the microwave-assisted magnetic recording process, widely known as MAMR and a reliable
synchronized coupling[92,93] between such microwave emitters can find potential

implementations in neuromorphic computing[94].
1.3 Scope of Fundamental and Applied Research

The ever-growing demands of FM/NM heterostructures in both the existing and emerging
technologies make the research on novel fundamental properties and spintronic application
possibilities crucial. Here, we will discuss primarily two aspects of fundamental and applied
research in the following segments: 1) the generation and manipulation of pure spin current and
ii) achieving superior control over the ultrafast spin manipulation in such heterostructures. Both
of these fields are attractive as the growing contemporary research playgrounds and are known
for their laser-sharp focus on the high speed and energy efficiency of the spin dynamic

processes.
1.3.1 Harnessing Pure Spin Current with curated FM/NM Interfaces

In addition to the enormous technological application potential, FM/NM based heterostructures
are extremely attractive systems from a fundamental perspective as well. In presence of a
suitable non-magnetic or heavy metal system adjacent to the FM layer, they offer a vast
playground for a span of exotic phenomena such as spin-Hall effect (SHE)[95], inverse
SHE[96], Rashba-Edelstein effect[97], interfacial Dzyaloshinskii-Moriya interaction
(1IDMI)[98,99], spin Seebeck effect[100], spin Nernst effect[101], non-local injection of spin
etc. The most intriguing part is, all of these phenomena can be utilized to efficiently generate
and control the pure spin current. As the name suggests, pure spin current[102] refers to the
flow of spin angular momentum in a system without a net charge current flow and associated
energy loss caused by Joule heating[103]. As the prime focus of modern spintronics has been
the energy-efficient operation of high-speed devices, the practical realization of such goals

relies heavily on active manipulation over pure spin current.

In an FM/NM heterostructure, spin-current-induced magnetization precession was known for
along[104]. However, in 2002, Tserkovnyak et al.[105] proposed a physical mechanism which

is quite inverse in nature. They showed that in an FM/NM/FM ‘spin-valve’ structure,
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precessing magnetization in either of the FM layer can inject a spin current into the adjacent
NM layer under the difference of spin-chemical potential and as a consequence of the non-local
flow of spins, the precessing magnetic moments experience additional extrinsic
damping[105,106]. This mechanism is known as spin pumping and it is one of the most popular

and widely accepted mechanisms to harness pure spin current in FM/NM structures[103].

Several 3d ferromagnetic materials like Fe, Ni, Co and their alloys (such as NigoFe2o, CoFeB
etc. )[107,108] have been chosen along with heavy metals[109,110], semiconductors[111], 2D
layered materials[112], oxide insulator materials[113], topological insulators[114] etc. as the
adjacent NM layer to investigate the spin pumping in FM/NM heterostructure. Among the
various NM materials, heavy metals are the natural choice as because of their strong SOC
strength they are able to generate very large spin currents. However, the choice of FM material
becomes non-trivial and a large number of factors need to be taken care of while constructing
an FM/HM interface[56,115]. Co-based Heusler alloys are one of the best classes of materials
that can be chosen for such an interface[116]. They are half-metallic materials with high spin
polarization[117,118], stable spin-split band structure and low intrinsic Gilbert damping and
thus find considerable application potential in TMR-based devices and STNO[119,120] with
low switching current. Therefore, a Heusler compound/HM interface is an attractive system
both from fundamental and application perspectives[121] and calls for an in-depth study
regarding the generation, manipulation and absorption of pure spin current for a comprehensive
understanding. One of the key parameters that significantly controls the efficient spin current
transport in an FM/HM heterostructure is interfacial spin transparency[122]. At the interface,
the spin transport may face hindrance due to the presence of defects via two-magnon
scattering[123-125] or may get absorbed at the interface causing a spin memory loss[126]
resulting in poor spin current transport. Additionally, the mismatch between the band structure
between the two components of the heterostructure can further reduce the transport. The
cumulative effects of all the controlling factors can be quantitatively measured in terms of the
interfacial spin transparency[127]. This demands that rigorous efforts are essential in the
careful engineering of the interface with a wise choice of materials for achieving significant
control over the spin transport and enhancing its potential as a spin-orbitronic device

application in future.
1.3.2 Manipulation of Magnetic Order at the Ultrafast Timescale

As a result of continuous innovation through several decades most modern-day computers are



equipped with logic processors with 2-4 GHz of clock speed. However, reaping all the benefits
of such a tremendous speed has been limited by the speed of data manipulation offered by
memory architectures. As already discussed, in a typical memory unit the geometric
configuration coupled with energy minimization usually allows the magnetic orientation to
access a bistable configuration representing two separate bits by each of the configurations[80].
However, the writing process that is storing a new bit to the unit requires a ‘switching’ of the
state which is achieved via magnetic reversal. Therefore, it is quite evident that the speed of
writing or recording in a unit cell will depend on the fundamental mechanism behind the
magnetization reversal. Considerable efforts have been made to explore different mechanisms
of magnetic switching such as thermally assisted switching[128,129] leading to HAMR[130],
microwave-assisted switching (MAS)[131,132], spin-polarized current (STT) controlled
switching, voltage (electric field)-controlled[133-136] and even strain-controlled
switching[137]. Despite the rigorous research and optimization, the timescales associated with
these processes are found to lie in the order of picoseconds to nanoseconds[138] thus creating
an “ultrafast technology gap”[139] between the class of information processing and storage

architectures.

This had fueled intense research to further explore different avenues to control the magnetic
order which can potentially offer higher operational speed and efficiency. In this context, laser-
induced ultrafast demagnetization as discovered by Beurepaire ef al.[140] provided a novel
route. As the all-optical process demonstrated a characteristic demagnetization timescale of the
order of 280 fs, it attracted a lot of subsequent investigations over various classes of materials
such as metals[141], semiconductors [142,143], rare earth alloys[144,145], half-metallic
materials[146], 2d materials etc. devoted to controlling the speed and efficiency of the
mechanism. One of the most intriguing parts of the process is that even after two decades of
theoretical and experimental investigations, the fundamental physical microscopic picture of
the process is still elusive. Although various possible mechanisms have been proposed mostly
based on the spin-flip scattering process such as phonon-mediated scattering[147], Coulomb
scattering[148], electron magnon scattering[149,150], relativistic electromagnetic
process[151] etc., several literature reports also claim that the process may completely be
expressed in terms of spin-dependent super-diffusive transport and thermal current transport in
the FM/NM heterostructure devoid of any spin flips at all[152-154]. Thus FM/NM
heterostructure may serve as one of the ideal systems to gain deeper fundamental insights as

well as achieve better control over the ultrafast manipulation of magnetization. A wide range



of FM/NM heterostructures has also been investigated in recent times in all-optical techniques
deriving some of the key insights about the process demonstrating the role of various control
parameters such as film thickness[155], composition[156], laser fluence etc. In addition,
ultrafast demagnetization can also play a significant role in the all-optical helicity-dependent
switching (AO-HDS) of magnetization. This clearly suggests a huge opportunity to investigate
the mechanism of this non-equilibrium femtosecond spin dynamics in the technologically
important Heusler compound and heavy metal heterostructure interface in presence of a strong

spin transport phenomenon facilitated by the SOC of the heavy metal.
1.4 The objective of the thesis

The sole objective of this thesis is to explore the whole range of spin dynamics ranging from the
ultrafast demagnetization happening within the hundreds of femtoseconds to the precessional
dynamics taking place over nanosecond timescale in different low-dimensional magnetic
nanostructures and thin-film heterostructures which can be potentially advantageous in the
spintronic and spin-orbitronic applications. It focuses on some exciting and long-standing problems
of spintronics and magnonics. It aims to explore the role of configurational anisotropy in GHz spin-
wave response from magnetic nanostructures particularly, antidot lattices favourable for their
strong dipole-exchange interaction. In the case of the FM/HM type of heterostructure, it thoroughly
investigates the fundamental correlation between the ultrafast demagnetization time and the
effective Gilbert damping, corresponding to the ultrafast demagnetization and precessional
magnetization dynamics which span over different timescales of spin dynamics. The thesis also
puts rigorous efforts to elucidate the spin pumping and allied phenomena at the interface and
extraction of interfacial spin transparency using an all-optical techniques which can be
technologically imperative.

Therefore, the underlying scope of the doctoral work can be more specifically described as the
understanding of the role of bias field orientation, complex lattice geometry, effects of film
thickness, engineered interface and structural details in modulating the femtosecond to nanosecond
spin dynamics for nanostructures and heterostructures of technological significance. The thesis is
organized as follows: Chapter 2 provides the basic theoretical background of ultrafast
magnetization dynamics with different possible underlying mechanisms. Also, it discusses various
intrinsic and extrinsic origins of magnetic damping. Chapter 3 covers the detailed principles of all
the experimental and numerical techniques employed for the studies presented in the thesis. The
subsequent three chapters (Chapter 4, 5 and 6) covers the findings of the experimental and

numerical investigations as discussed below in detail:



1.4.1 Dynamic configurational anisotropy in permalloy (NisoFe20) antidot lattice with

complex geometry

Chapter 4 describes the investigation of precessional magnetization dynamics of NigoFezo
antidot lattice with geometrical complexity. The effect of configurational anisotropy on
different dynamical quantities is comprehensively studied from the bias-field strength and
orientation modulation of spin-wave spectra with an insight into the alteration in the spin-wave

mode profile origin with the variation in magnetic field landscape.

1.4.2 All-optical detection of giant interfacial spin transparency in CFMS-Pt

heterostructure

In chapter 5, we have investigated spin pumping phenomena in CFMS/Pt/Al heterostructure
using all-optical excitation and detection technique. We have been able to extract giant spin
transparency for this interface as a function of the spin-mixing conductance and spin diffusion
length which have been calculated employing two separate theoretical models. Apart from the
spin-pumping phenomenon, the role of other interface mechanisms in the modulation of Gilbert
damping such as spin memory loss and two-magnon scattering have also been studied

comprehensively.

1.4.3 Controlled evolution of ultrafast demagnetization in Heusler compound and heavy

metal interface

Chapter 6 deals with the controlled manipulation of magnetic order in CFMS/Pt/Al
heterostructure to explore the potential of ferromagnetic/heavy metal heterostructures in high-
speed spintronic architectures. Here, we have demonstrated strong thickness-dependent
modulation of ultrafast demagnetization time and found a strong inverse linear correlation of
it with the effective Gilbert damping. The modelling of the electron and lattice temperatures
along with the normalized magnetization in microscopic three-temperature framework
unraveled the strong role of phonon-mediated spin-flip scattering in this process. Additionally,
the role of spin-current transport via the interface in manipulating the magnetization in

femtosecond timescale has been thoroughly investigated.
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Chapter 2
2. Theoretical Background

2.1 Introduction

In the initial days of magnetism, it was regarded as a separate branch of science. In 1820, the
famous experiment by Oersted with a current-carrying wire and a magnetic needle established
that magnetism can hardly be separated from electricity. Subsequently, the development of
Heisenberg’s exchange model[ 1] and Curie-Weiss molecular field theory[2] are probably two
great milestones in the theoretical foundations of magnetism. However, with the rapid
developments in the quantum theories in the early twentieth century and technological
developments such as high precession nanofabrication facilities in late 1900, spintronics has
emerged as one of the pioneer branches of modern magnetism which demands a solid
theoretical framework to extend the thorough understanding to a large number of newer
phenomena. Many of these phenomena are manifestations of the quantum confinement effect
offered by exclusively low-dimension of materials. In addition to that, exotic physical
processes are revealed in the absolute short time window of observation especially in the sub-
nanosecond to femtosecond regimes such as spin precessional motion and ultrafast
demagnetization[3]. Furthermore, it is observed that strong light-matter interaction at the
ultrashort timescale often plays a crucial role to control the mechanism behind these processes.
Therefore, in this chapter, we shall briefly present the theoretical elements crucial for the
understanding of the spin wave and its dynamics for low-dimensional magnetic structures. We
shall begin with an overview of the different free energy components in a magnetic system
followed by the basic theory behind the magneto-optical Kerr effect (MOKE) which has been
exploited to understand the magnetization dynamics presented in the thesis. Subsequently, we
shall describe the ultrafast demagnetization and possible theories attempting to provide a
microscopic mechanism of the process. Finally, we will discuss the precessional spin dynamics
occurring in the sub-nanosecond regime, spin wave dispersion along with the different intrinsic

and extrinsic origins of the magnetic damping[3].
2.2  Free Energies in a Magnetic System
The free energy for a magnetic system under an external bias field can be written as the sum of

several free energy components such as i) Zeeman energy, ii) dipolar energy, iii) exchange
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energy, and i1v) anisotropy energy which are discussed below[4].
2.2.1 Zeeman Energy

The Zeeman interaction energy of a magnetic specimen with total magnetization M subjected
to an external field H can be represented by the expression E, = — [ M.HdV. The
magnetization tends to align itself towards the external field to minimize the Zeeman

interaction energy.
2.2.2 Dipolar Energy

Dipolar energy is a direct consequence of the interactions between the magnetic dipoles in a
system. This is often referred to as the magnetostatic self-energy or demagnetizing energy. In
a 3d transition metal system which may be consisting of a large number of dipoles, the total
dipolar interaction energy can be expressed as

_ 4B Imi-mi _3 (mi. m;)(m;. m;)
- 3

2 L rS
i%j

Eq

(2.1)

The dipolar energy distribution is known to have crucial effects in domain formation, spin wave

propagation and various other phenomena.
2.2.3 Exchange Energy

The exchange interaction is purely quantum mechanical in origin. The exchange energy is

usually expressed by the Heisenberg Hamiltonian:

H,, = —2]25,-.51- (2.2)
i

Where J is the exchange integral taking care of the Coulomb interaction and Siand Sjrepresent
the electron spins at two discrete atomic sites. However, an extension of the above expression

in the continuum model approximation would be:

H, = A f(Vm)ZdV (2.3)
Where A4, the exchange stiffness constant for specimen with lattice constant a is given by:
2JS?
A= ]a (2.4)

2.2.4 Energy due to Magnetic Anisotropy

Although the exchange energy is isotropic, very often the magnetic systems possess
preferential directions of magnetization, known as the ‘easy axis’[5]. This directional

dependence is referred to as magnetic anisotropy which gives rise to another energy term in the
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total energy consideration.

The primary contributors to this type of anisotropies are as follows.
2.2.4.1 Magnetocrystalline Anisotropy

The samples having strong epitaxial nature tend to show one or more specific directions of
preferred directions irrespective of the macroscopic shape of the specimen. This is strongly
influenced by the crystallographic axes of the material and is therefore known as
magnetocrystalline anisotropy. This is a direct manifestation of the spin-orbit coupling (SOC)
and therefore is a material property. The crystal field affects the spins and the total magnetic
energy via the SOC and thereby plays a pivotal role in the spatial distribution of the spins with
respect to the crystallographic axes associated with the symmetry of the crystal. The energy is
generally expressed in terms of power series of harmonic functions of the angle between the
principal axis and the magnetization vector. For example, the anisotropy energy for a cubic
crystal can be written as[4]:
E, = K;(a?a% + aa? + a2a}) + K,a?ata3 (2.5)
With K; and K> being the anisotropy constants and a4, a, and a3 are the direction cosines
along the Cartesian axes. However, for an hcp structure, the expression modifies to:
E, = K, sin? 8 + K, sin* 0 (2.6)

Where 6 is the angle magnetization makes with the c-axis of the hcp crystal.
2.2.4.2 Shape Anisotropy

Shape anisotropy is a consequence of the demagnetizing effect due to the dipolar interaction in
a magnetic system. The demagnetizing fields and the unsaturated magnetic charges near the
edges of the specimen become quite significant, especially in the nanostructures. The shape

anisotropic energy has the form:

Where the demagnetizing field is related to the magnetization via demagnetizing tensor N

H; =—-NM (2.8)
2.2.4.3 Surface and Interface Anisotropy

In the case of magnetic thin films and multilayered systems, the breaking of inversion
symmetry gives rise to additional anisotropy. In such a case the effective anisotropy energy is

usually written as a sum of a volume and a surface term[6]:
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KETT

Egni = [K,ff Iy ST] sin? @ (2.9)
Here, the volume term takes care of the magnetocrystalline energy and shape anisotropy
contribution. The broken symmetry at the surface and interfaces changes the
magnetocrystalline anisotropy which scales inversely with the layer thickness and becomes
dominant in the ultrathin regime.
Apart from the anisotropy contributors discussed here, there can be other kinds of anisotropies
such as perpendicular magnetic anisotropy (PMA) or strain-induced anisotropy which are also
manifestations of broken symmetry, modification in the electronic band structure, competition

between different free energies etc.
2.3 Magneto-Optic Kerr Effect

When a plane-polarized light faces reflection from the surface of a magnetic sample, the light
gets converted to an elliptically polarized light with a finite rotation in the plane of polarization.
This phenomenon is known as the magneto-optic Kerr effect (MOKE) and the angle is called
the Kerr rotation[7]. As Kerr rotation is proportional to the magnetization of the reflector
specimen, this principle has been widely accepted for the investigation of magnetic material
employing optical techniques. Kerr rotation and Kerr ellipticity depend on circular dichroism

and circular birefringence respectively and are connected by the following relation:
k
Hk + iEk = ; (210)

Where » and k£ denote the parallel and perpendicular components of the electric field of the

reflected light with respect to that of incident one.
2.3.1 Origin of MOKE

The electric field associated with light passing through a material medium exerts a force on the
electron cloud causing a motion. Electrons move in a left-circular fashion when exposed to left
circularly polarized (LCP) light. Similar to this, right-circular motion is produced by right
circularly polarized (RCP) light. The radii of these two circular motions are equivalent in the
absence of a magnetic field. The dielectric constants become identical. The external magnetic
field, however, causes the electrons to experience an extra Lorentz force when there is a
magnetic field present. The radii of the circular paths to the right and left will change and as a
result, the dielectric constants of the two polarized modes will differ by a finite amount.
Reflection changes each component's amplitude and phase. This causes the incident linearly

polarized light to convert to an elliptically polarized light[8].
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In a quantum mechanical depiction, spin-orbit interaction is held accountable for the Kerr
effect. The movement of the electrons under the action of the electric field of light is
represented as a magnetic vector potential

A~SXVV
Where V' denotes the potential of the electric field of the light. Although this effect exists in all
materials, it is less noticeable in NM materials because the effect is cancelled out by an equal
number of up and down spins. The impact for FM materials appears as a result of the

imbalanced population of electrons.
2.3.2 MOKE Geometries

The Kerr effect can be classified into three groups according to how the magnetization vector
is positioned with respect to the sample surface and the plane of light incidence. The geometry
is a polar one when the magnetization lies parallel to the plane of incidence of light and
perpendicular to the sample surface. This configuration is extensively used in the measurement
of thin films and microstructured systems. The geometry is longitudinal if the magnetization is
parallel to the plane of incidence of light and in the sample plane. Both p- and s-polarized light
can have these two geometries. On the other hand, if magnetization is perpendicular to the
plane of incidence yet lies in the plane of the sample, this is known as transverse MOKE

geometry and it only applies to p-polarized light.
2.4 Time Scales in Magnetization Dynamics

Magnetization dynamics covers a wide variety of exotic physical phenomena spanning its
timescale from fs to us order. While the characteristic timescale of exchange interaction is fs,
making it the fastest magnetic interaction, the motion of the domain wall happens to be the
slowest having a timescale of a few ps. The timescales are inversely correlated with the
corresponding interaction energies. The laser-induced ultrafast demagnetization occurs in a few
hundred fs followed by the fast remagnetization which takes place in a few ps timescale. The
magnetization precessional motion takes place in a tens ps to several ns time and the Gilbert
damping associated with the precessional motion is observed in the ns timescale. Magnetic spin
reversal, which is used for writing the data state in memory devices shares an almost similar
timescale with the spin precession. The spin waves are associated with almost 100 ps to 10 ns
of timescale. In the following sections, we will primarily discuss a theoretical framework for
laser-induced ultrafast demagnetization, fast remagnetization, precessional dynamics and spin

waves for a better understanding of the results presented later in the thesis.
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2.5 Ultrafast Demagnetization

Laser-induced ultrafast demagnetization was first reported in 1996 by Beurepaire et al. The
authors observed a drastic drop in the magnetization after shining an ultrashort laser pulse upon
a Ni foil[9]. The demagnetization was exponential in nature with an associated time constant
of ~270 fs known as ultrafast demagnetization time. This phenomenon is also supported by
experiments carried out on other 3d transition metals, semiconductors and alloys. Ever since
this breakthrough, the phenomena received not only widespread attention but also intense
debate regarding the theoretical interpretation of its origin and mechanism[10]. There are many

proposed mechanisms to explain the phenomena some of which we discuss below in detail.
2.5.1 Three Temperature Model

This was the first theoretical model used to understand the ultrafast demagnetization process
which is an extension of the already existing two-temperature model. Bearepaire et al.[9]
employed this simple model to explain their findings and to portray a physical description of
the process as well. In this model, they considered interaction and energy exchange among
three different heat reservoirs namely electron, spin and lattice heat baths with respective
specific heat capacities and equilibrium temperatures. According to the model, the laser photon
first interacts with the electron bath and creates non-equilibrium hot electrons above the Fermi
level. The photons can not transfer their energy directly to the spins as it is discarded by the
dipolar transition selection rule. The non-thermal electrons then equilibrate and interact with
the spin and elevate the spin temperature and the spin phase memory is lost causing a rapid
drop in net magnetization of the system. Following the process where the spin reservoir
interacts with both the electron and lattice reservoirs, a redistribution of energy takes place
lowering the spin and electron temperature but causing an increase in the lattice temperature
which is further dissipated in a longer timescale via interaction with the surroundings (substrate
etc.). This model solves three coupled differential rate equations given below to understand the

dynamics of the absolute temperatures of each of the heat baths in a separate manner.

dT.
Ce(Te) == = —Ges(Te = Ts) = Ger(Te = T1) + P(1) (211)
dT.
Csd_ts = _Ges(Ts - Te) — Gy (Ts - Tl) (2-12)
dT
G d_tl =—Go(T, —T,) — G (T, — Ts) (2.13)

Here, C., Ci, and C; are respective specific heat capacities of the electron, spin and lattice heat

baths with absolute temperatures 7, 77 and Ts. Ges, Ger and Gy express the electron-spin,
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electron-lattice and spin-lattice coupling parameters. P(¢) is the source term representing the
laser photon energy which only has a direct effect on the dynamics of the electronic heat bath.
It is usually represented by a Gaussian profile and the strength varies depending on the laser
fluence. Solving these three equations gives fairly accurate reproduction of the experimental
ultrafast demagnetization and fast remagnetization data as demonstrated by Beaurepaire et al.
Subsequently, an analytical solution of the model applicable to the lower laser fluence regime
has been proposed by Dalla longa et al.[11] and the formalism is widely accepted for its
robustness. Although this model was successful to understand the dynamics of various
magnetic systems nevertheless, it received criticism for being a ‘phenomenological’ one as it

does not provide any microscopic insight into the system.
2.5.2 Demagnetization via Spin-Orbit Interaction

The first laser-induced ultrafast demagnetization puts a lot of questions in front of the
community. However, one of the most important conclusions that came out was that since the
demagnetization is taking place within 50-100 fs, the speed limit is no longer decided by the
timescales associated with Zeeman, dipolar or spin-lattice interaction. Zhang and Hubner[12]
proposed a model based on the cooperative action of the laser and the spin-orbit interaction
(SOI). In their paper, they showed that, in the absence of the SOI, the electromagnetic field of
the laser is not enough to drive the demagnetization process in a truly ultrafast timescale as
there is no spin relaxation without SOC. On the other hand, SOI alone is not capable of a
significant drop in magnetization in absence of a laser field. Their model demonstrates that in
presence of the SOI, many of the singlet and triplet states get mixed up in a multi-level model
system and as a consequence, many of the transitions which were initially forbidden emerge as
allowed. This becomes the new pathway for the laser field to manipulate the dynamics in
ultrashort time. Therefore laser-induced demagnetization can be interpreted as a cooperative

effect of the external laser field and internal SOI of the system.
2.5.3 Phonon Mediated Spin Flip Scattering

Most of the theoretical interpretations that immediately followed the discovery of ultrafast
demagnetization fall short to provide a clear picture to understand the dissipation of the spin
angular momentum in this timeframe. Based on the existing theory of Elliott-Yafet (EY)[13,14]
where spin flip occurs via the interaction with the impurity or phonon in a system, Koopmans
et al attempted to model the ultrafast demagnetization phenomena. This model predicts that the

probability of a majority or minority spin having its state changes due to the phono-mediated
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scattering and during the scattering the spin momentum is transferred to the lattice phonon.
This scattering causes the mixing of majority and minority spin bands having similar energy
near the Fermi level which leads to a drop in magnetization. They derived a rate equation to

reproduce the ultrafast demagnetization which is given by[10]:

dm T, mT,
— = —|1-— 2.14
= gy 1= corh ()] @19

Where m is the normalized magnetization to its saturated value and 7., 7, and T, are the
electron, phonon (lattice) and Curie temperature. R is a material-dependent scaling factor and
is given by:
2

- % (2.15)
Here, Gep, Tp and Dy are the electron-phonon coupling parameter, Debeye temperature and
atomic moment relative to the Bohr magneton. The term aysrepresents the spin-flip probability.
As the scaling factor directly correlates to the spin-flip probability, a higher value of ayr would
result in a faster demagnetization time. The model also can be extended to demonstrate a

possible inverse correlation of the demagnetization time with the Gilbert damping of the system

which is associated with the precessional dynamics in the ns regime.
2.5.4 Electron-Electron Coulomb Scattering

This model as proposed by M. Krauf et al.[15] relies also on the spin-flip scattering process.
However, the model considers the electron-electron scattering under strong Coulomb force as
the underlying mechanism and does not require an impurity-mediated scattering. Depending
upon the band structure and the lattice temperature, the electrons are assumed to have a standard
Fermi-Diac distribution prior to interaction with the laser phonon. At this time there exists a
gap in the majority and minority spin bands giving rise to a non-zero finite magnetization. Due
to the ultrafast optical excitation, a non-equilibrium electron distribution is created leading to
strong intraband as well as interband scattering. Although the matrix elements suggest that the
photon can not directly impact the magnetization for a dipolar-type transition, ultrafast
demagnetization takes place as a consequence of the strong interband scattering which alters
the electron population in both the majority and minority bands. A further energy transfer to

the lattice bath gives rise to the process of fast remagnetization.
2.5.5 Relativistic Quantum Electrodynamic Mechanism

Another mechanism based on quantum electrodynamics has been put forward by Bigot et

al[16] which describes ultrafast demagnetization as a sequence of coherent and incoherent
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interactions. According to this model, as the laser pulse shines upon the magnetic system it
undergoes a coherent interaction first. In this phase, the angular momentum of the photon is
modified within the first 50 fs via interaction with the spin and electronic charges. Whereas the
SOI considers the ionic potential in a material, this coherent interaction has a relativistic
quantum electrodynamic origin beyond the SOI. Subsequently, the thermalization of spin and
charge starts which is an incoherent interaction in nature. In this phase, the electronic
wavefunction loses its initial phase memory that results in a sudden loss of magnetic order i.e.

ultrafast demagnetization.
2.5.6 Superdiffusive Spin Current Transport

As we have stated earlier that the most intriguing part that attracted the community's attention
was finding a channel that can offer dissipation of spin angular momentum in an ultrashort
timescale. Most of the proposed mechanisms were based on spin-flip scattering events so far
to explain the loss of magnetic order. In 2010, Battiato et al.[17] adopted a completely novel
physical mechanism to answer the long-standing question. They attempted to explain the event
purely on the basis of the spin-dependent transport of hot electrons devoid of any spin-flip
channels. They construct an equation of motion for the laser-excited spin-polarized electrons
in the superdiffusive regime. Although the model takes multiple collisions into account, all of
those are assumed to be spin-conserving. According to this model, a d-band electron on
receiving excitation from the laser photon reaches the sp-like band which is above the Fermi
level. The sp-like electrons have significantly higher mobility so d-electrons may be treated
quasi-statically and as localized. Assuming the emission of hot electrons isotropic and uniform
through a solid angle the model first calculates the ‘first generation’ (before having any
collisions) electron flux as:

(t—to)

— At
A - = —
d(z,t, 2y, to) = Z(t[——t]to)z exp T]/[ZE] x 0[(t—to) —|[At]]]  (2.16)

Where zj refers to the starting position of the hot electron at time 7. The flux (number of
electrons per unit time) is calculated at z=z at time ¢ while electron flow is through the plane
perpendicular to the z-axis. Considering an average over the distribution of hot electron sources

S, the first generation flux becomes:

+00 +t
CD(Z, t) = f dZ()f dtoSext(Zo, to)(l)(z, t,Zo, to) (217)

After that, a continuity equation is written for the number density of the same electrons:
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onltl  nltl ¢ sext
——t—= - ¢62 + sext (2.18)

The process is extended with a suitable approximation of multiple collisions to write the

equation for the number density of the 2™, 3™ etc. generation of electrons. Finally, a set of

transport equations are unified as follows:

0 tot tot 0 . .
nt =<_ ¢ +1)(5nf0t+sext) (2.19)

6t+r 0z

These sets of equations are numerically solved to arrive at the time-dependent density profile
of the excited carriers as well as the magnetization profile. One of the interesting parts of the
theory is that it represents the electron cascade motion in the superdiffusive regime i.e., the
electronic motion is ballistic like (6 ~ y°) in the small time and diffusive like ((¢° ~ 7)) in the
longer times. The main essence of this model is that majority and minority carriers have
different mobility and lifetimes which causes a rapid depletion of the majority spins in the
ferromagnetic material resulting in ultrafast demagnetization. Additionally, this model well
explains the faster and slower and two-step demagnetization observed for the 3d ferromagnets

like Ni and 4f ferromagnets like Gd.
2.5.7 Thermal Macrospin Model

In this model, the fluctuation in the spin sub-system is represented by a thermal macrospin[18].
This model also considers that the electron receives the thermal energy from the laser photon
first and creates the non-equilibrium electron population which is then redistributed in the spin
and lattice subsystems. According to the model, the angular momentum is dissipated via the
spin-flip process which is stochastic in nature. The stochastic process is accelerated by elevated
electron temperature and the spin fluctuations at high energy are statistically averaged to extract
temperature-dependent parameters. The actual ultrafast dynamics is governed by Landau-
Lifshitz Bloch (LLB) equation and the microscopic spin-flips are understood in terms of
coupling between the spin and electron sub-systems. The model can explain the phenomena

from a thermal origin and it also reduces the standalone atomistic computational time.
2.5.8 Optical Intersite Spin Transfer

A recently suggested method called optical inter-site spin transfer (OISTR)[19] can manage
the spins of a magnetic specimen by effectively redistributing spin angular momentum between
multiple sublattices. It has been demonstrated that this OISTR effect drives the full ultrafast
spin dynamics within 10-20 fs of the laser pulse excitation. This effect has also been

demonstrated in NM/FM heterostructures, where the majority of spins at the interface flow
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towards the NM and the minority to an FM. Later, spin-orbit-induced spin-flip scattering results
in the demagnetization of their minority spins. The OISTR effect dominates the first spin
dynamics in multi-sublattice materials and causes an ultrafast demagnetization that is both

faster and more efficient[20].
2.6 Precessional Magnetization Dynamics

When a magnetic material is subjected to an external magnetic field, all the spins are then
aligned along the direction of an effective field comprised of the magnetic fields representing
the competing energies such as Zeeman, dipolar and anisotropy energies along with the
exchange energy. This takes place as the system attempts to minimize the total energy and the
resultant spin configuration may be regarded as the ground state. In this state, the system can
be excited by an rf field or a femtosecond laser pulse. In the case where the system is subjected
to laser photon, within the first few hundred femtoseconds it shows a rapid magnetization
quenching known as ultrafast demagnetization. As we have discussed in the earlier sections,
this is followed by a relaxation mechanism of electrons and spins. However, the relaxation is
usually associated with two different timescales. The energy dissipation of electrons and spins
to the lattice taking place via the electron-phonon interaction, known as fast relaxation has a
characteristic time of a few ps. The heat exchange causes a significant elevation in lattice
temperature which in turn, causes an ultrafast alteration in the magnetocrystalline anisotropy
of the specimen. As a result, the effective field attempts to revert back to its equilibrium value
and exerts a torque. This serves as the triggering to set a damped spiral motion of the spins
around the effective magnetic field. For the case of the rf field being used as the excitation
instead of an ultrashort laser pulse, it acts as the trigger for precessional motion. The slow
relaxation is primarily a manifestation of the energy dissipation from the lattice to the
surroundings. It usually occurs in the few hundreds of ps time regime. In this timescale, the
precessional motion starts slowing down and a Gilbert damping comes into play. Investigation
of precessional magnetization dynamics is imperative for the achievement of a thorough
understanding of a material system to unlock its potential in spin-based device applications.
The precessional dynamics contains two important pieces of information about the system: spin
wave mode frequencies and the associated damping parameter. Here we first describe the
theoretical foundations of the precessional frequency along with spin wave dispersion relation

followed by a theoretical understanding of different origins of damping.
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2.6.1 Landau-Lifshitz-Gilbert Equation

This precessional dynamical motion is completely governed by Landau-Lifshitz-Gilbert (LLG)
equation on a semi-classical approach[21,22]. Here we briefly describe the formalism.
The torque (T) experienced by a magnetic dipole with moment u placed in a magnetic field H
is given by:

T=uxH (2.20)
Also, torque refers to the rate of change of angular momentum (L) which is also connected to

the magnetic moment u via the gyromagnetic ratio i.e.

_dL  1ldp (2.21)
T y dt '
Substituting this in the previous equation results in the following equation:
du
i —y(ux H) (2.22)
When represented for a magnetization M, the equation takes the form
dM
T —y(M X Hyf) (2.23)

Here, the effective field considers all the contributions from Zeeman, exchange, demagnetizing

and anisotropic contributions as well as any time-dependent modulation taking place.
H=H,s=H,+ Hex + Hjemag + Hani + H(t) (2.24)

However, as the equation represents a dissipationless motion of moments, Landau and Lifshitz

came up with an additive term to represent the rotational motion correctly:

dM A
— = V(M xHep) + iz M (M x H,jf) (2.25)

Later Gilbert introduced[22] the damping term a = Mi and arrived at the LLG equation:

dM dM

a
E = —}/(M X Heff) + E(M X E) (2.26)

2.6.2 Ferromagnetic Resonance

The electron spins in a ferromagnetic specimen subjected to a steady magnetic field continue
to precess and the frequency of the precessional motion is given by Larmor’s formula:

w =yHygf (2.27)
However, with an alternating magnetic field (B) applied perpendicular to the direction of the
steady field, the magnetic system absorbs energy from the electromagnetic field resulting in a

resonance which is known as the ferromagnetic resonance (FMR). Under this condition, the
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frequency enhances from the Larmor frequency and is obtained from the following

relation[23]:

2.6.3 Uniform Precession (Kittel Formula) and Macrospin Approximation

If magnetization within a material becomes completely uniform then its behaviour can be
studied, in principle, from the understanding of the behaviour of a single, giant magnetic
moment representing all the tiny moments. This formalism is known as the macrospin model.
Under macrospin approximation, Kittel[24] considered the demagnetizing field contributions
and theoretically derived the formula for FMR frequencies when the specimen has certain
regular geometry. The generalized Kitel formula of mode frequency for an ellipsoidal specimen

is given by:

w=2nf=y \/ [H, + (N, — N, )M,][H, + (N, — N,)M,] (2.29)

For a thin film, Ny = 47 and Ny = N,=0; Kittel formula modifies to:

w = 2nf =y H,[H, + 47M,] (2.30)
2.6.4 Spin Waves and Magnon Dispersion relation

In the case of uniform precession, all the spins precess in the same manner. However, when the
assembly of spins are subjected to some local excitation, then the phase of the energy
propagates through the medium as a wave. This is called spin wave or magnon in a quantum
formalism[24]. Depending on the nature of interactions and the wavelength regime, the SWs

can be of exchange-dominated, dipolar dominated and dipole-exchange dominated type.
2.6.4.1 Exchange Spin Wave

When the wavelength of the SW is small enough, the exchange interaction predominantly
defines the nature of the spin waves. The dispersion relation for a one-dimensional system can
be worked out analytically as[24]:

hw = 4J]S(1 — coska) (2.31)
Where J is the exchange integral and a is the lattice periodicity. In the long wavelength
approximation, this relation modifies to a quadratic function of k signifying an isotropic
dispersion:

hw = 2JSa’k? (2.32)
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2.6.4.2 Dipolar Spin Wave

Magnetostatic or dipolar SW modes are reported by Damon and Eshbach. If the spin wave
propagation is in sample plane and the magnetization is perpendicular to the sample plane, the
dispersion is known as magnetostatic forward volume mode (MSFVM). The dispersion relation

for a MSFVM mode can be expressed as[25]:

\/ 1—ekd
w=vy |(H—4mM,) lH —4nM, (—)] (2.35)

kd

When the magnetization lies in the sample plane and the propagation of the SW lies along the
magnetization vector, magnetostatic backward volume mode (MSBVM) is observed with the

dispersion relation given by:

1 — e—2kd
Wy =Y H [H + 4-77,'MS <T>l (234)

When the magnetization and propagation vector both lie in the same plane but they are

perpendicular to each other, it gives surface wave mode (MSSWM) of Damon-Eshbach mode

with dispersion relation:

wpp = YV [H(H + 47My) + (2rMg)2(1 — e~2kd)] (2.33)
Interestingly, MSSWM show positive whereas MSBVM shows negative dispersion relation.

2.6.4.3 Dipole Exchange Dominated Modes

There can be other kinds of SWs originated by a strong influence from both the dipolar and
exchange interactions. The dispersion of such a wave can be obtained from the Kittel-Herring

formula[26]:

w = yj(H + —kz) [H + —k2 + 4mM; sin? Hk] (2.36)

SWs can propagate along the finite thickness (d) of the medium and in the exchange-dominated
regime create perpendicular standing spin wave (PSSW) modes with dispersion given by (p)

being the quantization number giving the dispersion relation as follows:

2A pm\? 2A pm\?
Wyssw = Y\/(H + W(7) )[H +M_52(7) + 47TMS] (237)

2.7 Magnetic Damping

The constant dissipation of spin angular momentum across the lattice during precessional spin
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dynamics causes the precessional amplitude to continuously diminish over time, which is
referred to as magnetic damping. Understanding the theoretical foundation of the magnetic
damping parameter is critical since the achievement of external control over magnetic damping
is a crucial element in the construction of sophisticated spintronic devices. Since Landau and
Lifshitz's original (1935)[21] theory of magnetic relaxation and subsequent modification by T.
Gilbert's (1955)[22], different theoretical perspectives have been investigated to gain insight
into its underlying mechanisms. Depending on where it originated from, magnetic damping

may have two crucial components: intrinsic and extrinsic[27,28].
2.7.1 Intrinsic Origins

As the name suggests Intrinsic damping is a material property and thus can not be altered
externally. The main intrinsic origins for dampings are spin-orbit coupling, eddy current,

phonon drag etc. Below we provide a brief description of these mechanisms:
2.7.1.1 Spin-Orbit Coupling

Spin magnetic moments in a magnetic specimen are coupled with the orbital moments via spin-
orbit interaction. Despite that what makes it difficult for the orbital magnetic moments to follow
the spin motions is the fact that they are extremely vulnerable to fluctuations produced by
lattice deformations. As a result, the phonon, which carries the uniform magnon energy and
maintains the crystal momentum, destroys the spin angular momentum. Magnetic damping is
aresult of this energy loss. In 1970 V. Kambersky[29] first established this process' microscopic
details and explicit description of the damping coefticient, and in 1976[30] he developed the
Torque Correlation Model, which is a more illustrative theory. Based on the SOC there can be
two different physical processes behind the damping: a) phonon mediated spin-flip scattering

and b) ordinary scattering.
a) Phonon Mediated Spin Flip Scattering

This model is based on the earlier scattering theory proposed by Elliott and Yafet[13,14] and
the s-d relaxation mechanism as put forward by Kittel[31]. First, the spin momentum from the
quasi-static d-electrons is transferred to the s-electrons which are itinerant in nature. This
causes coupling between the interband electrons via s-d interaction. The itinerant s-electrons
may suffer scattering with the lattice phonons and faces a spin flip. Subsequently, this also
affects the d-electrons and modifies their spin state. According to this model, the Gilbert
damping directly correlates to the density of states at the Fermi level and is inversely related to

the electron-phonon collision time period [29]. It can be expressed as:
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yh*(8g9)*
B 4rM

a=D (2.38)

As 7! refers to the collision frequency, it explains that a higher rate of electron-phonon collision

would result in a higher value of intrinsic damping.
b) Ordinary Scattering

This type of scattering takes place within the same energy sub-band but with different wave
vectors because of the Fermi surface deformations related to the SOC. Due to the SOC, the
energy levels of spins are changed during the precessional motion, energy levels lying below
the Fermi level may rise above it and vice versa and the spin population redistribution continues
resulting in an oscillation in the Fermi surface, known as Fermi surface breathing[29]. In this
process magnon mode breaks in an electron-hole pair which gets further diminished via

scattering with the lattice[32]. This model calculates damping as:

Y782 (89)*
a= Dp—=—2 (2.39)
Foam

Later it has been found that the electron-hole pair may generate in the same sub-band or
different subbands leading to intraband and interband pair generation. It will also be interesting
to note that the damping is conductivity-like in the case of intraband scattering which is more
appropriate at low temperatures. For interband scattering, the damping is resistivity-like and
this mechanism is valid in the higher temperature regime. The intrinsic damping is proportional

to & and 7 (¢ and ) in the case of intraband (interband ) scattering processes[33].
2.7.1.2 Eddy Current

The idea of eddy current originates from Lenz’s law in electromagnetism and it opposes the
very cause of it. In the magnetic material, the precessing magnetic moment produces a time-
varying magnetic field that drives an emf and generates eddy current in ferromagnetic metals.
This works against the spin precession and induces damping. The value of the damping for a
thin film having complete penetration by an rf driving field can be obtained from[34]:

YM, r4m\*
Qeddy = TS<T) od? (2.40)

Where d is the thickness of the film and other signifies their usual meaning.

2.7.1.3 Phonon Drag

This mechanism is proposed by H. Suhl and is based on magnon-phonon scattering. According

to the model, magnon energy may directly dissipate from its uniform motion to the lattice.
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Alternatively, the energy dissipation may be associated with the excitation of a non-uniform
spin wave. The former method is called the phonon drag and seems stronger in the
magnetostrictive samples. This formalism gives the following contribution to Gilbert

damping[34] :

(2.41)

2ny [B,(1+ o) 2
Xphonon = M Y
s

2.7.2 Extrinsic Origins

There are plenty of physical processes that externally contribute to damping. They are not

specific to the material and often offer great external tunability of the damping parameter.
2.7.2.1 Spin Pumping

When a ferromagnetic (FM) material is allowed to share an interface with a non-magnetic
(NM) material, spin pumping can take place ensuring significant enhancement of magnetic
damping. In spin pumping, the magnetization precession induced by the ultrashort laser pulse
or an rf field acts as the source of spin angular momentum. The precessing spins then transfer
the spin momentum to the adjacent NM material. This causes the spins to lose a part of the
driving torque which leads to slowing down their precessional motion thereby introducing an
additional source of damping. The NM layer serves as a spin reservoir. Although several
pioneering works by Hurdequint et al. (1988) and L. Berger et al. (1996)[35] proposed a
mechanism where non-equilibrium spins can accumulate at the FM/NM interface which may
further dissipate through the NM layer, the first theoretical framework to comprehend the spin
pumping was put forwarded by Tserkovnyak et al (2002)[36]. The authors considered time-
dependent adiabatic scattering as the sole underlying mechanism and correlated the quantum
mechanical reflection and transmission coefficients to the spin mixing conductance and the
spin diffusion lengths, which are imperative to parameterize the spin pumping. Below we
briefly describe the formalism :

The formalism proposes the 2x2 spin current matrix as:
Ic
2

Now, under no applied charge current, /. vanishes. The term /; consists of a spin pumping and

I=1 ol (2.42)
a spin backflow contribution. If the spin pumping from the magnetization precession becomes
fast enough and so that the pumped spin leaves the interface faster, the NM may be regarded
as the perfect spin sink. This consideration results backflow to be negligible and the current

matrix takes the form[36]:

32



-~ e
T = —Ea.lfump (2.43)

Where the pumped spin current is related to the real (g,) and imaginary part (g;) (which are
again functions of quantum mechanical reflection and transmission coefficients) of the spin
mixing conductance as follows:

pump dm dm]
B =

h
E[grmxﬁ_giﬁ

With each complete precessional motion of the spin, the amount of the spin angular momentum

(2.44)

that is pumped to the adjacent NM layer is directly proportional to the real part of the spin
mixing conductance. This introduces additional damping in the LLG equation. In this theory,
the backflow has been considered to be negligible which can be significant if the thickness of
the NM layer is shorter than the spin diffusion length and the spin flow from FM to NM is not
ballistic in nature. In this case, it alters the spin accumulation at the interface and reduces the
amount of enhancement of damping which would have been observed otherwise. The condition
for a negligible backflow is given by[36]:

g > 1 (2.45)

r

It is important to note that the spin pumping effect greatly depends on the SOC strength of the
NM material in the junction. As the SOC scales with Z* where Z is the atomic number; heavy
metals such as Pt, Pd, W and Ta can perform better as a spin reservoir and show better
enhancement in damping through spin pumping in comparison to the materials with low SOC
strength like Cu, Zn, Al etc. Spin pumping serves as a major extrinsic source for damping in

suitable FM/NM heterostructures.
2.7.2.2 Spin Memory Loss

The physical process of spin memory loss was proposed by T. Valet et al. in 1993[37]. It is
another important extrinsic source of damping in the case of FM/NM heterostructures. It arises
mostly when the interface itself acts as a perfect spin sink. In this case, a spin current generated
in the FM layer can not enter the adjacent NM layer completely. Instead, The interface serves
as the sink and the spin current faces a partial depolarization[38] at the interface before even
entering the NM layer[39]. The current density at the NM layer can be expressed as:

M =1-8)M (2.46)
Where 6 represents the coefficient of spin memory loss. The process significantly hinders spin
transport across the interface and reduces interface transparency. Therefore, the reduction of

spin memory loss by efficiently engineering sharp interfaces is favourable for technological
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applications of the heterostructure.
2.7.2.3 Two Magnon Scattering

It is considered that the initial argument of magnetic relaxation stemming from spin-orbit
coupling via interband and intraband scattering is independent of the spin precession frequency.
Later experimental findings, however, defy this notion and show a damping parameter that is
frequency sensitive. In order to resolve this contradiction, the presence of a further frequency-
dependent contribution to damping is suggested. According to the theory, a uniform
precessional mode (k= 0) may be scattered to form non-uniform modes (k#0) in magnetic thin
films and heterostructures if there are magnetic defects and inhomogeneities present[40]. The
procedure is described as two-magnon scattering (TMS)[41]. It is an inelastic scattering process
where the momentum of the magnons is not conserved but the energy is. The TMS contribution
to precessional dynamics is primarily influenced by three variables: the precessional frequency,
the angle between the sample's easy axis and the applied magnetic field, and the thickness of
the magnetic film. With rising precessional frequency, there are more degenerate magnons
available for scattering which in turn rises the magnon-magnon scattering probability as well.
Magnon degeneracy rapidly reduces as the angle between the sample's easy axis and the
external magnetic field increases. When the sample magnetization is completely oriented along
the out-of-plane direction, the degeneracy finally disappears. The FM layer thickness exhibits

an inverse square dependence on the TMS contribution to the[42].
2.7.2.4 Non-Local Spin Injection

Non-local ‘injection’ of spin can significantly contribute to the damping of the specimen in the
case of FM/NM type of heterostructure especially when the NM has a considerable SOC. In
principle, this mechanism may be regarded as the converse mechanism of spin-pumping. Here,
in general, the spin current is generated in the NM layer and on entering the FM layer they
exert a torque acting against the precessional motion of the spin, resulting in the enhancement
of damping. There are many physical processes that can lead to such non-local injection of spin
angular momentum. One of the most widely used examples of the mechanism can be the spin
Hall effect (SHE)[43]. In SHE, charge current applied across an NM layer with high SOC
causes spin-dependent scattering, which leads to the development of spin polarization along
the transverse path of the NM material. Through the NM/FM interface, this spin polarization
is transmitted to the adjoining FM layer and exerts torque on its precessing magnetization. This

torque can either raise (damping-like torque) or lower (anti-damping-like torque) the damping

34



of the combined FM/NM heterostructure. The STT generated via other possible mechanisms
such as the Rashba-Edelstein effect and various spin-caloric effects can also contribute to the

magnetic damping via non-local spin injection[44].
2.7.2.5 Inhomogeneous Magnetic Anisotropy

The presence of strong magnetic anisotropy creates a directional preference for the spin
alignment within the system. If the external bias field is much weaker in comparison to the
magnetic anisotropy of the system, this damping might enhance. In this case, the ground state
spin configuration is poorly aligned with the direction of the applied bias field. As the bias field
has a weaker contribution to the total effective magnetic field, the precessional motion is

controlled by the effective anisotropy field[45]. This causes enhancement in damping.
2.7.2.6 Magnetic Defects

Any impurity present in the ferromagnetic specimen may give rise to scattering events and
might add an additional contribution to the damping. The uniformly precessing spin might
suffer an elastic scattering with the impurity scattering centres resulting in a greater rate of
energy loss by the spin and faster relaxation via dephasing of the precessional motion. This can
enhance the observed damping from the specimen significantly. A specimen with reduced

defect density can efficiently lower this contribution to the damping.
2.8 Interfacial Spin Transparency

The spin transparency (7) of an FM/NM interface controls the transfer of spin angular
momentum through the interface and accounts for all potential implications that could cause
the electrons to be back-reflected from the interface rather than transmitted. 7 is impacted by
both intrinsic and extrinsic interfacial variables, including the thickness of both the layers, the
resistivity of the NM layer, interfacial spin mixing conductance, Fermi velocity, band-structure
mismatch, interface imperfections, etc[46]. A high and configurable T-value is preferred for
interfaces in spin current-based applications, making the study of interfacial transparency in
NM/FM heterostructures a crucial area of research in contemporary spintronics. There are two
models that can be used to determine the 7-value of such an interface. These are a) the spin-
Hall magnetoresistance (SHM) model[47] and b) the spin transfer torque model (STT). The
former model considers the spin current flow to be a ballistic one and also considers a finite
backflow from the NM layer. In STT formalism, the drift-diffusive approach is adopted and T
is extracted considering the action of a field and damping like spin torque. Under the

approximation that the thickness of the NM layer is much larger than its spin diffusion length,
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the STT model neglects the spin backflow and often results in a higher estimation of 7748].
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Chapter 3

3. Experimental and Numerical Techniques

3.1 Introduction

Fabrication of samples in the microscopic length scales forms an indispensable part of
spintronics and other allied branches of nanoscience and technology. For fundamental studies,
it is desirable to implement the nanofabrication process which is simple, cost-effective and able
to produce high-quality samples. One can chemically synthesize the sample using the so-called
bottom-up approach as well as employing lithography and other physical processes usually
categorized as the top-down approach, to obtain the desired nanostructures. Both approaches
have their own merits and demerits as well. However, it is worth noting that as one prefers a
good quality nano-device devoid of surface defects and chemical impurities, presence of which
might greatly alter the electric, magnetic and other important physical properties, the top-down
approaches are found to be more reliable techniques despite being slow and often, expensive.
In this context, lithographic techniques with proper optimization can serve as one of the best
choices for the precise fabrication of high-quality ordered arrays of nanostructures. In this
chapter, we shall briefly discuss the deposition techniques for thin films such as magnetron
sputtering and electron beam evaporation along with techniques for growing patterned
nanostructures such as optical and electron beam lithography which has been employed to
fabricate the ferromagnetic thin films, heterostructures and nanostructure studied in the thesis.
The next important part of the study is to rigorously characterize the samples before proceeding
towards the measurements of static and dynamic magnetic properties. X-ray diffraction (XRD),
Energy dispersive X-ray (EDX), and X-ray reflectivity (XRR) are powerful techniques to
characterize the elemental composition, structural phase and many other crystalline properties.
On the other hand, scanning electron microscopy (SEM), atomic force microscopy (AFM) and
magnetic force microscopy (MFM) are widely used for the reliable imaging of the
topographical character and magnetic nature of the sample. Also, vibrating sample
magnetometer (VSM) and static magneto-optical Kerr effect magnetometer (MOKE) have
regularly been used to extract the static and quasi-static magnetic parameters. To probe the
magnetization dynamics with a high spatio-temporal resolution, a time-resolved magneto-
optical Kerr effect (TRMOKE) magnetometer, Brillouin light scattering (BLS) and

Ferromagnetic resonance (FMR) spectroscopy techniques are very useful in time, wave-vector
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and frequency domain, respectively. In the works described in this thesis, collinear and non-
collinear TRMOKE have been extensively employed to excite and detect the spin dynamics
directly in the time domain. Additionally, simulation in the micromagnetic framework can be
extremely efficient to understand a real physical system well in advance. Several finite
difference method (FDM) and finite element method (FEM) based micromagnetic simulation
packages are available such as object-oriented micromagnetic framework (OOMMEF),
MuMax3, Boris, Ubermag, Nmag, VAMPIRE, LLG micromagnetic simulator etc. Most of
these softwares come at no cost and can offer several advanced functionalities and helpful user
support to simulate complex magnetic behaviour of a plethora of complicated nanostructured
devices. Further post-processing and visualization of the data have been aided by a custom-
built Matlab-based code called ‘Dotmag’ in our group. We would like to present the working

principles of these techniques here in brief.
3.2 Fabrication Techniques of Thin Films and Heterostructures

There are quite a few useful techniques for the deposition of thin films in the nanoscale
dimensions such as a) thermal evaporation, b) electron-beam (e-beam) evaporation, c)
sputtering, d) molecular beam epitaxy (MBE) etc. In this section, we will briefly discuss two
of the most important physical vapour deposition techniques- namely sputtering and e-beam

evaporation.
3.2.1 E-beam evaporation

EBE[1] is a simple and robust technique for the deposition of metallic and dielectric or
insulating materials in the form of a thin film, especially with a high melting point. Here the
target material is placed in a water-cooled graphite crucible. An intense electron beam with
high kinetic energy is generated via thermionic emission and the beam is guided employing
several steering electric and magnetic fields to finally strike the target surface. This collision
effectively converts the kinetic energy of the electrons to thermal energy (typically of the order
of 1 eV) and vaporizes the target material. Now the atoms from the target usually travel to the
substrate placed above at a reasonable distance (300nm to 1m). To ensure the perfect collision
the mean free path of the vaporized atoms is enhanced by maintaining the pressure in the
chamber at around 3x10 torr or lower. This makes the mean free path longer than the distance
between the target surface and the substrate which allows the line of sight arrival of the target
material on the substrate. This becomes particularly useful when a mask is involved to fabricate

patterned structure. Usually, the sample holder is attached to a rotation motor to achieve
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uniformity in the deposition.
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Figure 3.1: Schematic diagram of electron beam evaporation technique

A schematic of the EBE system is shown in fig. 3.1. It is robust enough to deposit ferromagnetic
transition metals like Ni, Fe, Co and alloys such as NiFe, CoFe as well as nonmagnetic metals
(like Au, Ti etc) and various oxide materials (such as TiO2, SiO», Al203). The main chamber is
often associated with a load-locked chamber to facilitate the seamless transfer of substrate or

samples between the chambers.
3.2.2 Sputtering

Sputtering is a physical vapour deposition technique widely used for the deposition of nano
and sub-nanometer scale thin film systems with very high quality[2]. Unlike thermal
evaporation of EBE, sputtering is carried out under the presence of an inert gas atmosphere,
usually Ar. Here target material serves as the cathode and the substrate is placed above the
cathode and acts as an anode. The growth chamber is pumped out using a combination of rotary
and turbo-molecular pumps to create a very high vacuum (of the order of 1x107® torr) and Ar
gas is allowed to fill the chamber (around 05 to 0.1 mTorr). On application of a high voltage

between the electrodes, the plasma is created where the neutral atoms, ions electrons and
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Figure 3.2: Schematic diagram of thin film deposition in magnetron sputtering technique

photons remain in a dynamic equilibrium. Now the free electrons present in the plasma
experience a repulsive force from the negatively charged cathode and they become accelerated
away from it. On colliding with the neutral Ar atoms multiple times in the plasma medium
primary electrons knock off the outer shell electrons from Ar atoms and create a flow of Ar+
ions with secondary electrons. These Ar+ ions are accelerated towards the negatively charged
cathode and upon striking the cathode they eject the target atoms and electrons. Target atoms
then travel straight to the substrate, having the mean free path longer than the working distance.
On the other hand, free electrons flow to the valence shell of the Ar+ ions and create neutral Ar
atoms again along with high-energy photons and the dynamic stability of the plasma is
maintained throughout. However, the diode sputtering techniques apart from being quite slow
suffers from another serious drawback which is the overheating of the substrate and the
possibility of structural damage caused by the repeated electron bombardment. This hurdle is
overcome by the magnetron sputtering technique[3], Here, the back of the cathode is integrated
with a special arrangement of the magnets to create the semicircular lines of force which is
employed to efficiently trap the incoming electrons in a circular path and to reduce the velocity
as well as to increase the probability of creating of more Ar+ ions.

Magnetron sputtering can be executed in both dc and rf potentials. While dc offers a cost-
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effective method of deposition of conducting materials such as metals, it might cause serious
problems like polarized charge accumulation, non-uniform film deposition etc. RF sputtering
can be used to bypass the problem of charge building up for the deposition of electrically
insulating material. RF plasma is more uniform than its dc counterpart and is sustainable at a
comparatively lower pressure ensuring more efficient deposition. Nevertheless, it suffers from
the issue that the growth rate becomes considerably slower because of the lack of secondary

electrons near the target surface.
3.3 Fabrication Techniques of Patterned Nanostructures

Lithography is a widely used process to precisely fabricate any 2D or even 3D structures in
micro to nano-dimension on a substrate. It is essentially scanning an electron-sensitive material
with high-power radiation. Depending upon the nature of radiation there are several choices
for the lithography process such as: 1) photolithography, 2) electron beam lithography (EBL),
3) x-ray and 4) ion-beam lithography etc. Here we shall present the working principles for EBL

in short.
3.3.1 E-beam lithography

EBL[4] is an extremely powerful technique to grow submicron to nanoscale feature patterns
extensively used for controlled fabrication of long-range periodic arrays on top of a suitable
substrate. The EBL works on a similar principle to that of a photolithography technique,
nevertheless, the much shorter wavelength of high-energy electrons is useful to achieve a
shorter feature size. Moreover, the thinner resist pattern aids this process[5]. In this process, a
specially cleaned substrate is spin coated with EBL resist such as PMMA and MMA polymer.
The coating parameters are wisely chosen keeping the required thickness of the resist in mind.
The pattern is first drawn with the help of Auto CAD (or, any other similar designing software
available). Afterwards, the focused electron beam is used to scan the system with the pre-
defined writing parameters (electron energy in keV, beam current and dose). After ‘writing’,
the system is then allowed for development using a suitable solvent according to the resist type
followed by cleaning in IPA and distilled water. For PMMA/MMA bilayer resist MIBK (methyl
isobutyl ketone): IPA (isopropyl alcohol)=1:3 mixture can serve as a good solvent and ma-D
developer can be the best choice for ma-N 2405 resist. Finally, the target material is deposited
as per the requirement using sputtering of EBE and unexposed resist is lifted off using ultra-
sonication in acetone solvent. Despite being an expensive and time-consuming top-down

technique, the higher resolution is what gives EBL an edge over the other techniques in
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fabricating fine-quality nanostructures over a long range.
3.3.2 Etching

In nanofabrication, the process of removal of the unmasked area of the sample is referred to as
etching. Depending on the phase of the etchant, etching can be done in wet or dry mode. The
wet etching or liquid phase etching which mostly uses HF acid or KOH as an etchant chemical
can give isotropic removal of resist. However, with the invention of VLSI technology, dry
etching is preferred such as focused ion beam (FIB) milling[6], ion milling[7], plasma etching
etc. Whereas physical etching depends on the high kinetic energy of the ions or electrons to
knock off the surface atoms, gaseous phase etching depends on the chemical reaction between
the target surface and etchant material offering high material selectivity but comparatively poor
unidirectional etching. Therefore, a physio-chemical combined process such as plasma reactive

ion etching (RIE) offers great material selectivity and highly anisotropic vertical etching.
3.4 Characterization Techniques

Even after deploying state-of-the-art nanofabrication techniques, the structures can vary a lot
from their targeted physical properties such as shape, size, thickness, and elemental chemical
composition because of various factors ranging from the ambient condition to the lithography,
film deposition and lift-off parameters. These can enormously alter the physical and chemical
properties of the system under study. Moreover, poor preservation and mishandling can cause
quality degradation of the samples to an extent. Therefore, characterization plays a vital role to
achieve greater and deeper insights into a system. The working principles of the

characterization techniques used in this thesis are presented here.
3.4.1 Optical Microscopy

Optical microscopy is one of the most basic yet useful tools which is used to observe systems
with dimensions ranging from a few um to hundreds of nm. The powerful magnification (10-
100X) of the object under observation is achieved by the combined arrangement of objective
and eyepiece lens systems. A visible lamp serves as the light source for the microscope. The
sample is placed on an x-y-z scanning stage to conveniently scan through the different areas

under interest. During the works performed in the thesis, Olympus MX51 has been used.
3.4.2 Scanning Electron Microscopy (SEM)

SEM is the most commonly used technique for visualizing nanoscale objects and pattern

morphology based on the interaction of high-energy electron beams with matter.[8] Because of
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Figure 3.3: Schematic diagram of scanning electron microscopy (SEM) technique

a shorter de Broglie wavelength of electron waves in comparison to light waves (typically 550
nm) SEM can offer tremendous resolving power coupled with a magnification of 300000 times.
A typical SEM consists of an electron source, a couple of condenser electromagnetic lenses, a
scanning coil or deflector plates, an electron detector and a sample chamber with vacuum
arrangements. Electron beams are generated from the cathode using the standard thermionic
emission technique by passing a large current through the W coil or using the field emission
method where W wires are placed under a high electrical potential gradient. The beam is then
allowed through multiple sets of electromagnetic condenser systems equivalent to lenses in
optical analogue. Afterwards, scanning coils or deflecting plates are used to guide the sharp
beam to incident on the sample surface and the raster scanning method is adopted to create a
2D image of the object. On striking the sample and penetrating to a few micrometres, the
primary electrons lose their kinetic energy and generate secondary electrons, Auger electrons,
and backscattered electrons along with continuous and characteristic X-rays. In SEM, the
density of the secondary electrons with respect to the incident electrons is probed by the
detectors to create a 2D image of the selected area of the sample. It is important to note that to

avoid any image artefacts or distortion caused by the surface charge accumulation the sample
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under SEM must have a conducting surface. For nano-devices or patterns made up of non-
conducting material, a layer of conducting material (such as Au) is applied on top of it before

allowing it for SEM.
3.4.3 Atomic and Magnetic Force Microscopy (AFM & MFM)

AFM is a type of scanning probe microscopy which is a very effective technique to study the
surface topography and morphology of nanofabricated samples[9,10]. Here, the various types
of forces such as the van der Waals force, adhesion, cohesion, electrostatic force etc. working
between the probe and the sample are measured to produce a high-resolution image. The probe
consists of two parts; one cantilever and a sharp probing tip with strong coating materials such
as Co-Cr, Pt-Ir or diamond. The sample is placed on the sample plate which is connected to
high precession piezoelectric actuators qualified to produce small oscillatory movements.
During the movements, the forces acting on the tip vary in magnitude causing the vertical as
well as horizontal deflections of the cantilever. A laser beam is made to get reflected from the

top of the cantilever falling on a sensitive photodetector. The differences between the signals

Photo Display
detectorf s~ Monitor

Figure 3.4: Schematic diagram of atomic force microscopy (AFM) technique

of different segments of the photodetector provides an estimation of the angular deflections of
the cantilever. A raster scanning over the sample of a few pm? gives the 2D topography for the
sample under characterization. For a magnetic sample, MFM[11] characterization can give
significant insights into the static magnetic states and can often predict possibilities of
intriguing spin configurations like skyrmions. Here, a magnetic tip with high coercivity is used

and the magnetic interaction is measured between the probe and the sample to produce a phase
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image. Both static and dynamic modes of operation can be utilized for the procurement of
MFM images. In characterizing the surface topography of the samples discussed in this thesis,

Veeco (dilnnova) AFM system has been used.
3.4.4 X-ray Diffraction (XRD)

XRD is often regarded as the most powerful technique for material characterization[12,13]. X-
rays having wavelengths comparable to the lattice parameters of most solid-state materials,
suffer diffraction by the periodic atomic arrangement in a crystal lattice. When an X-ray beam
having wavelength A is incident on a plane of atoms, usually known as the “Bragg plane” the
reflected beam is collected by a detector showing constructive interference at a suitable angle
and this reflection is parameterized by the famous Bragg’s law given by:

ZdhleinH =ni (31)

Incident X-ray Diffracted X-ray

Figure 3.5: Schematic diagram of X-ray diffraction (XRD) technique

From the initial knowledge of incident wavelength (4) setting an nth order diffraction pattern
for glancing angle 6, the distance between the plane having identical Miller indices (dyy;) can
be known and thereby lattice spacing of a particular compound can be calculated. In usual 6 —
20 geometry, the beam source is kept fixed and the detector is moved twice the angle as
compared to the sample. Finally, the intensities of the diffracted X-ray are plotted as a function
of 20 and the pattern is compared with standard dj,; values for different elements and
compounds from the ICSD database to identify the structural phases. Several other methods of
scanning such as rocking curve, 8 — w are also very useful for XRD scanning depending upon
the requirement of the characterization. Apart from the phase and lattice spacing, various other
crucial crystalline parameters like crystallite size, lattice strain, lattice imperfections etc. can
be extracted from the XRD scans. In the experiments described in the dissertation, both

“Rigaku Smartlab” and “PANALYTICAL EXPERT PRO” X-ray diffractometers have been
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utilized.
3.4.5 X-ray Reflectivity (XRR)

XRR provides another powerful characterization tool especially useful for any nanoscale thin
film and multilayer system[14]. It is a completely non-invasive technique and can give a fairly
accurate estimate for individual thickness, electron density and interfacial roughness for the
constituent layers of a multilayered heterostructure system. Unlike XRD, a specular reflection
condition that is grazing angle = detector angle is used and the grazing angle is usually kept
very small (approximately up to 4°) to expose more surface of the sample. Here, the sample is
kept fixed and the glancing angle, as well as the detector angle, is varied at the same pace to
obtain specular reflectivity.

The working principles of XRR is strongly dependent on the electron density of the material
which primarily determines the refractive index of the sample for a particular wavelength of
incident radiation. For X-rays, the refractive index of the sample is slightly less than 1, i.e., a
solid continuous medium behaves as a rarer medium to X-rays with respect to the air. As a
consequence, the X-ray having an angle of incidence smaller than the critical angle suffers total
internal reflection. However, on increasing the angle slowly X-ray becomes able to penetrate
through the surface of the sample and from each of the constituent layer interfaces, it suffers
multiple reflections. With an increasing angle, the intensity of the reflection decreases as 6.
The reflected beam of X-rays from each layer again merges to create constructive and
destructive interference patterns widely known as Kiessig fringes of Kiessig oscillations. The
amplitude and period of Kiessig fringes are directly correlated to the interlayer electron density
contrast and layer thickness. Also, the intensity decay rate at a higher angles is caused mainly
by the surface roughness whereas both the surface and interface roughness contribute to the
decay of reflectivity intensity at the lower angles.

The quantitative interpretation of an experimental XRR requires a bit more analysis. Firstly, a
layer structure model is proposed and using recursive Parratt formalism or distorted wave Born
approximation (DWBA) a theoretical XRR curve is calculated. Afterwards, a nonlinear least
square fitting method is adopted to obtain the optimal value for film thickness, interfacial
roughness and electron density. There are a number of open-source fitting programs available
for XRR analysis. We have used “Reflex 44”[15], a Matlab environment-based code for the
analysis of XRR data presented in this thesis.
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3.4.6 Energy Dispersive X-ray Spectroscopy (EDX)

EDX is an indispensable tool to characterize the chemical elemental composition in a sample.
It is usually attached to a FESEM system for convenience. The working principles of EDX
essentially rely on the characteristic X-ray generation from a particular element. As high-
energy X-rays from sources knock off some of the inner shell electrons from the element,
electrons from the nearest and next nearest shells fill the vacancy and the difference in energy
is emitted as characteristic X-ray radiation. This gets absorbed by Li or Si crystal in the detector
to produce equivalent electrical voltage via ionization. The elements are identified from the
peak energy values and the relative intensities of the peaks provide the atomic percentage of
individual elements. In this thesis, an EDX system from EDAX attached with FEI QUANTA
200 SEM has been utilized.

3.4.7 Reflection High Density Electron Diffraction (RHEED)

RHEED is one of the unique techniques to carry out investigation of structural order of thin
films heterostructures[16,17]. It is surface sensitive and can provide real time measurement of
surface topography of the film, grain size, epitaxial nature etc. during the growth. Principle of
RHEED essentially relies on imaging of the electron scattered from the sample surface. First,
a beam of high energy electrons is passed through an aperture and is approximately focused to
0.1 mm spot by electromagnetic lensing. A number of deflection coils are used to steer the
beam to incident on sample surface at a small grazing angle (0.5-6°). This makes the spot very
large on the sample and allows it to capture more surface information. The high energy electron
beam suffers diffraction at the atomic planes of the material and are finally arrive at a
fluorescent screen which serves as the detector inside the deposition chamber. The RHEED
pattern recorded in such a screen can be captured employing a CCD camera placed outside the
chamber. Depending upon the nature of the surface under investigation, one may obtain spots,
clear streaks, modulated streaks etc. as RHEED pattern. The spatial resolution of the image is

dependent on coherence length of the electron beam in longitudinal and transverse direction

which are givenby /; = AE/AEand ;= A/ (\/ 2A0), where AE and A#@ represent energy

spreading and divergence angle of the beam.
3.4.8 Vibrating Sample Magnetometry (VSM)

VSM is a popular technique to study the static magnetic properties of a solid specimen[18]. It
essentially uses Faraday-Lenz’s principle which states that the changing magnetic flux

associated with a loop generates electrical voltages. That is,

48



d — > dM
e= —na(B.A) = —nquE (3.2)

Where, B = uy(H + M) gives the magnetic induction vector and A is the area of the coil.
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Figure 3.6: Schematic diagram of vibrating sample magnetometry (VSM) technique

In VSM, the sample is attached to a piezoelectric transducer stage connected to a vertical
quartz/ plastic rod placed in a uniform magnetic field of constant magnitude. A pick-up coil is
placed in the vicinity of the sample. A sinusoidal current passing through the piezoelectric
transducer creates a vertical oscillation in the sample and as a result, there exists a finite rate of
change of stray field of the magnetic specimen which in turn, generates the electrical voltages
in the pick-up coil. This voltage is amplified and detected in a lock-in amplifier where the
output from the piezoelectric signal is used as the reference. Using a standard reference
specimen, magnetization is calculated from the lock-in voltage and this technique is sensitive
up to 10° emu. VSM is typically employed to measure the hysteresis behaviour of sample
magnetization. Sometimes it comes with the set-up attachments to carry out the
characterization at elevated and reduced temperatures as per the requirements. Our works

described in the thesis have been carried out in the “Lake Shore” VSM system.
3.4.9 Static Magneto-Optical Kerr Effect (S-MOKE)

The static MOKE employs the magneto-optical Kerr effect to understand the magnetic
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behaviour of a specimen. It is particularly very useful for a tiny and delicate sample having a
very low magnetic moment confined in a localized space. From static MOKE, Kerr rotation as
a function of the applied external magnetic field is probed which can be used to measure the
hysteresis nature of various types of nanofabricated samples. Here we provide a description of
the custom-built static MOKE set-up used for our measurements. The integral components of
a static MOKE set-up include: 1) A continuous wave (CW) laser, ii) an attenuator, iii) a Glan-
Thompson polarizer, iv) two highly reflecting mirrors, v) two plano-convex lenses for
collimating system, vi) two convex lenses or two long working distance microscope objective
(20X), vii) an optical chopper/ a photo-elastic modulator, viii) an optical bridge detector
(OBD), ix) a white light source, x) a CCD camera, xi) an electromagnet, xii) a lock-in amplifier
and xiii) a computer for data acquisition and visualization.

In our set-up, a He-Ne CW laser with a wavelength of 632 nm is used as a source. After passing

Figure 3.7: Schematic diagram of static magneto-optic Kerr effect measurement (MOKE) setup

through the Glan-Thompson polarizer, the ray becomes s-polarized which then faces two
highly reflecting mirrors used for the alignment of the beam. Afterwards, the beam passes
through a convex lens (L1) and finally falls on the sample. The magnetization of the sample
interacts with the light and via MOKE, it alters the polarization angle of the reflected light. The

reflected beam from the sample surface is again passed through another lens (L2) and is
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collected at the centre of the OBD connected to the lock-in amplifier. Before collecting the
beam in the detector, a PEM head is placed in the path of the ray, which modulates the intensity
of the beam and provides the reference signal to the lock-in amplifier for phase-sensitive signal
detection to be possible under a noisy environment. In this arrangement, an optical chopper can
also serve as an alternative to PEM and can be used for the intensity modulation. The sample
is usually placed on a movable x-y-z stage in between the pole pieces of a powerful
electromagnet.

Although the abovementioned arrangement is capable enough to perform static MOKE
characterization of thin films and magnetic multilayer heterostructures, the set-up requires
slight modification when the measurement of a nano-patterned sample is concerned. In this
case, a collimating lens system becomes necessary and the parallel beam falls on the sample
after passing through a 20X microscope objective instead of the lens L1. Similarly, the lens L2
is also replaced by another identical microscope objective. Moreover, a white light source and
a CCD camera are installed in the beam path for viewing different areas of the patterned
structure which makes the measurement system extremely powerful and convenient for the

Uuser.
3.5 Experimental Techniques for Ultrafast Magnetization Dynamics

Magnetization dynamics can take place from femtosecond to nanosecond timescale. Different
experimental tools have been developed over the years in order to achieve a sound fundamental
understanding of the topic. The way these techniques tend to explore the dynamics differ
strikingly from one another. For example, the conventional ferromagnetic resonance (FMR)
spectroscopy or the modern vector network analyzer (VNA) based broadband FMR (VNA-
FMR) serves as a convenient all-electrical technique to explore the magnetization dynamics in
the frequency domain. On the other hand, Brillouin light scattering (BLS) is another popular
optical detection technique based on the interaction of spin waves and photons and is
extensively used to determine the spin wave dispersion relation and the corresponding magnon
band structure. However, time-resolved magneto-optical Kerr effect (TRMOKE) is probably
one of the best experimental tools to probe the ultrafast magnetization dynamics directly in the
time domain[19]. The combination of sub-micron spatial resolution and ultralow temporal
resolution (40-100 fs, depending upon the laser source cross-correlation) made this technique
extremely powerful for the investigation of magnetic nanostructures. The modern, all-electrical
variant of this technique being completely non-invasive in nature, eliminates the multistep

lithographic process in the fabrication of waveguide structures required for electrical
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measurements. Moreover, the advent of attosecond lasers offers the TRMOKE system higher
temporal resolution suggesting enormous possibilities for exploring novel phenomena. In the

works described in this thesis, we have employed two types of custom-built TRMOKE set up:

1) TRMOKE microscope set up in collinear geometry: based on femtosecond oscillator.

i) TRMOKE set up in non-collinear geometry: based on the amplified femtosecond laser.

Below, we describe the important components as well as the working principles for these two

techniques.
3.5.1 Time-Resolved Magneto-Optical Kerr Effect Microscope

The custom-made TRMOKE microscope that has been employed to measure the magnetization
dynamics works present in this thesis, is an extremely complex and unique measurement set-
up[20,21]. Before describing the working principle of the set-up, we are going to provide a
brief idea about the crucial optical components of the set-up with their basic functions for the
convenience of the reader. In a nutshell, the femtosecond oscillator-based TRMOKE

microscope is comprised of the following prime segments:

)} Laser Unit: Containing an integrated diode laser and a diode pumped solid state
(DPSS) unit called “Millennia eV” (Spectra-Physics), Ti: Sapphire Femtosecond
oscillator unit called “Tsunami” (Spectra-Physics) and a second harmonic generator
(SHG) (Spectra-Physics).

i) Temporal Delay generator: A retroreflector panel mounted on a mechanical delay
stage and the corresponding motion controller unit

iii) Steering Optics: This part contains several highly reflecting dielectric mirrors, a Glan-
Thompson polarizer, neutral density filters (or attenuators), collimating lens duo, beam
splitters and a microscope objective.

iv) Movement stages: A linear stage for the microscope objective, a manual x-y stage, and
a piezoelectric x-y-z scanning stage for the sample with a controller unit.

V) Visualization arrangement: A CCD camera, a white light and a glass filter

Vi) Detection Assembly: Comprising an OBD, an optical chopper with a chopper

controller, two spectral filters and two lock-in amplifier units connected to a desktop.
We present here a short description of working principle of Millennia eV, Tsunami and SHG.
3.5.1.1 Millennia eV

“Millennia eV (brand: Spectra-Physics; Company: Newport Corporation)[22] is a diode-
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pumped continuous-wave visible laser system. It is an upgraded version of earlier available
Millennia and Millennia pro series DPSS lasers which required external diode lasers and a
power head. Here, the diodes and the high-quality fiber optic cables are integrated with the
laser X-cavity of the DPSS laser and the controlling microprocessor with associated electronic
components in a sealed box making the system rugged, compact and reliable for long-term
stable performances. In Millennia eV, the diode module (‘FCbar”) produces the initial output
laser which is then used to pump the vanadate crystal (Neodymium doped Yttrium ortho-
vanadate Nd: YVO4) serving as the gain medium for the laser, placed in a folded optical cavity
resonator. The gain medium is a four-level laser system and the lasing at a wavelength of 1064
nm is achieved when an electron transition takes place from 4F3/, to 4112 levels. The 1064 nm
radiation is confined and allowed to resonate within the optical cavity by a telescopic
arrangement. It focuses the beam on the active medium through a specially chosen dichroic
mirror which is highly transmissive for a diode pump laser but highly reflective at 1064 nm.

For the purpose of frequency doubling a non-linear crystal of lithium triborate (LBO) is
employed within the cavity of Millennia. It accepts the intra-cavity radiation of 1064 nm and
converts it to 532 nm. The large acceptance angle of LBO makes it capable of withstanding a
slight misalignment in the X-cavity. However, for stable performance at 532 nm, a compact
regulating oven is used for maintaining the crystal temperature. The frequency-doubled
radiation is then allowed to pass through another dichroic output coupler to a feedback
arrangement consisting of a beam splitter and a photodiode which collects the beam and sends
a part of it back to the pump laser driver. The dichroic mirror allows the 532 nm beam to exit
the cavity while reflecting the 1064 nm back to it. Outside the cavity resonator, a programmable
shutter is there to ensure beam blocking or opening on demand. Millennia eV is connected to
a PC and the user can operate it via a simple graphical-user-interface based proprietary

software.
3.5.1.2 Tsunami

“Tsunami” (brand: Spectra-Physics; Company: Newport corp.)[23] is a mode-locked Ti:
Sapphire (Ti: Al2O3) laser system which employs the output 532 nm CW laser from Millennia
eV as the input radiation and is able to produce near-infrared (690-1080 nm) variable pulsed
laser as an output beam. The Tsunami laser head contains titanium doped sapphire rod as the
active medium for lasing and a very complex cavity resonator. The requirement of a long cavity
in order to achieve the optimal repetition rate (80 MHz) is met by designing a space-efficient

10-mirror folded cavity. Nevertheless, this complicated design might suffer from astigmatism
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which is virtually eliminated by choosing the length of the active medium and the angle of
incidence accurately. For long-term stable performance, the laser head is purged with ultrapure
nitrogen gas removing the vapour and dust particles. Moreover, a chiller unit is employed to
keep the temperature of the gain medium maintained.

In Tsunami, active mode locking is ensured by passing the laser through an acoustic-optic
modulator (AOM). AOM is a quartz crystal with two highly polished surfaces parallel to the
direction of laser propagation. Either of these two surfaces is driven at an rf frequency by a
piezoelectric transducer generating an acoustic wave, which on reflecting from the other
surface interferes and eventually creates a standing acoustic wave serving as a time-dependent
acoustic diffraction grating. There is a possibility of a mismatch between this rf frequency and
the cavity length which is solved by driving the rf source from the laser cavity so that any
change in the cavity length also changes the rf signal frequency accordingly ensuring they are
never out of synchronization. This technique is known as regenerative mode-locking. It is
important to note that the temporal width of the mode-locked pulse varies as the inverse of the
number of modes that are locked in phase whereas, the intensity of the output scales as the
square of this number.

The positive pulse chirping and group velocity dispersion among the different wavelengths is
compensated by a four-prism sequence arrangement. By tuning the opening of the slit between

the prisms the output pulse width can be tuned.
3.5.1.3 Second Harmonic Generator (SHG)

SHG 3980 (Spectra-Physics; Newport Corp.)[24] uses a barium beta borate (BBO) crystal for
a second harmonic generation. It receives the 800 nm beam from Tsunami and generates its
frequency-doubled counterpart. BBO crystal can provide certain advantages over other non-

linear crystals (like LBO) such as:

)] Wide transmission range (190-3500 nm).

i) Coverage of broad operating (phase matching) range (690 nm to 1090 nm).

iii)  No compensating crystal is necessary; a single crystal is insufficient to match the phase
over the operating range.

iv) Large conversion efficiency.

V) High optical homogeneity (67~ 10" /cm).

vi) Higher damage threshold.

vii) It also minimizes the pulse broadening occurring due to group velocity dispersion.
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For a normal refractive medium, the polarization is usually written as a linear function of the
electric field. However, in a non-centrosymmetric crystal, it can depend on the higher powers
of the electric field leading to a power-series expansion of polarization. When a light of
frequency w is absorbed by such a non-linear optical medium, the dipole oscillations radiate
the light of 2w and higher harmonics along with the principal wavelength. BBO being an
excellent non-linear optical medium with great optical and mechanical properties is employed
in current SHG systems.

The conversion efficiency is inversely proportional to the beam cross-sectional area. Therefore,
the beam waist is further decreased by a telescopic lens arrangement. Controlling mirrors
employed are attached with external micrometre screws to tune the incidence angle of the input
beam on the surface of the BBO crystal so as to produce maximum power. A beam splitter
prism separates the second harmonics (SH) from its fundamental and routing mirrors steer the
SH beam to get diffracted through a pair of Littrow prisms to minimize the distortion in beam
shape as well as any horizontal displacement. Both the SH beam and the fundamental are

allowed to exit through two separate output windows.
3.5.1.4 Description of the Set up (Collinear pump-probe geometry)

The TRMOKE microscope experimental set-up[21,25] is placed on top of an optical table
(Newport RS 4000) which is connected with 4 hydraulic legs attached to a silent air compressor

Figure 3.8: Schematic diagram of TRMOKE setup with microscope and collinear pump probe
arrangement
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to provide the system broadband as well as tuned damped vibration isolation. The adjacent
schematic diagram shows the configuration of the setup. A 532 nm green CW laser from
Millennia eV (peak power: 10 W: usually operated at 8 W) enters the Tsunami. The Ti: Sapphire
gain medium powered with the regenerative mode-locking technology produces an 800 nm
pulsed laser with spot size ~2 mm, an average output power of ~2 W and a repetition rate of 80
MHz. The s-polarized (horizontal) fundamental beam is passed through a 70:30 beam splitter
and the stronger part, after getting frequency doubled (A = 400 nm) by the SHG emits with a
temporal width of ~100 fs and power ~200 mW. The weaker part of the fundamental (probe,
hereafter) is guided using a set of dielectric mirrors before entering the retro-reflector placed
on a motorized programmable delay stage (Newport ESP 301). After the delay, the probe faces
a pair of lenses in telescopic arrangement to proceed through a Glan-Thompson polarizer and
is steered by another family of 3 dielectric mirrors to finally incident on a 50:50 beam splitter,
known as beam combiner.

On the other hand, the beam from the SHG (hereafter, ‘pump’) is also guided by several
dielectric mirrors in its path. A spectral filter is used to eliminate the residual fundamental from
the SGH beam which would otherwise have created noise in the output signal. A linear
dielectric neutral density filter is employed to attenuate the power of the pump beam as per the
requirement. Finally, the beam is passed through a mechanical chopper modulating it at 2 kHz
which collects the reference signal for phase-sensitive detection. At the beam combiner surface,
both the pump and probe combine at 90° to each other and the combined beam is made to
incident normally on the back aperture of a microscope objective (40X, 0.65 numerical
aperture). The sample is usually attached to a holder connected to the piezoelectric x-y-z
scanning stage placed right after the microscope objective. The pump and probe beam pass
through the objective in a collinear manner and fall on the sample. The distance of the objective
from the sample surface is carefully chosen with the help of a linear stage screw so that the
probe beam remains tightly focused with a spot size of ~800 nm. However, due to chromatic
aberration, the pump beam remains slightly defocused with a spot size of ~ lum. A
visualization arrangement is also set up using white light, a plane glass slide and a CCD camera.
The white light after getting back reflected from the sample comes out through the MO and is
guided to CCD connected to the desktop monitor.

The back reflected pump and the probe beam also exit through the MO and are steered towards
to the OBD. Before allowing to the OBD, a spectral filter is employed in the beam path to

eliminate the pump beam from the mixed signal. The OBD construction is discussed in the
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static MOKE section. It is connected to the controller and signals from (A-B) and (A+B) ports
are sent to the lock-in amplifiers (SRS 830). For a precise estimation of Kerr rotation, (A-B)
signal is calibrated first and then set to zero in a multimeter reading for a negative delay value
by adjusting the screw attached to OBD. A well-defined rigorous process of optical alignment
is executed in different segments of TRMOKE set up such as retro-reflector, probe and pump

beams, OBD etc. for achieving reliable time-resolved precessional Kerr oscillation data.
3.5.2 Non-Collinear Time Resolved Kerr Effect Magnetometer

The custom-made non-collinear TRMOKE set-up we have used to measure the ultrafast
magnetization dynamics present in the dissertation is another sophisticated measurement set-
up. Here we are going to provide a brief about the crucial components as well as the working
principles of the setup in a nutshell. The femtosecond amplifier-based TRMOKE

magnetometer is comprised of the following units:

)} Laser Unit: All-in-one integrated amplified laser system (brand: Libra; Company:
Coherent)[26] consisting of the following sections: diode lasers, diode pumped solid
state laser (Verdi) coupled with a mode-locked ultrafast oscillator (VPUF) (Vitesse, in
compact form) and diode-pumped Q-switched laser (Evolution).

i) Temporal Delay generator: A retroreflector panel mounted on a delay stage and
corresponding motion controller unit

iii) Steering Optics: a number of highly reflecting dielectric mirrors capable of
withstanding high pulse energy, lenses and circular/ linear neutral density filters (or
attenuators).

iv) Detection Assembly: two silicon photodiode detectors, a Glan-Thompson polarizer, an
analyzer crystal, an optical chopper with a chopper controller and two lock-in amplifier

units connected to a desktop.

We present here a short, functional description of laser units integrated within Libra-namely
Vitesse and Evolution. Afterwards, we shall also discuss the principle of chirped pulse

amplification and SHG.
3.5.2.1 Vitesse

This segment of Libra consists of essentially three parts: the diode system, diode pumped solid
state laser called Verdi and Verdi pumped ultrafast oscillator (VPUF) system which we will
describe here[27].

)] Diode system: This part consists of two laser diodes, electrical circuits, a power box
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i)

and an air cooling system with computerized power and a current monitor. The diodes
produce CW laser and the output is carried via fibre optical package (FAP) modules.
Proper heat sinks and cooling fans are employed to maintain the temperature of the FAP
modules to achieve efficient laser output.

Verdi: It is essentially a single-frequency ring cavity resonator with Neodymium
Vanadate (Nd: YVO4) as the active medium with an LBO crystal for intra-cavity
frequency doubling. The resonator receives the 808 nm CW laser from the FAP modules
and converts it to strong line emission at 1064 nm. The optimum temperature of
vanadate is maintained to minimize thermal focusing and astigmatism. The LBO crystal
maintained at 150°C acts as an output coupler also which after generating the
frequency-doubled counterpart (532 nm) lets the beam exit the resonator cavity.
VPUF: Verdi pumped ultrafast Ti: Sapphire oscillator, called VPUF for short is the
mode-locking unit inside the compact Vitesse system. It is pumped by the 532 nm CW
output from Verdi. VPUF relies on Kerr lensing based passive mode locking system.
Due to the non-linear optical Kerr effect, the high-intensity laser beam with a Gaussian
power distribution across the profile experiences a gradient of refractive index from the
centre to the edge while passing through the active medium. Therefore, the Kerr lensing
acts as an artificial saturable absorber for the beam without the presence of any real
saturable absorber leading to self-mode-locking. For stable mode-locking, the cavity is
made unstable for CW operation by positioning an aperture which drives the process
further. Now the group velocity dispersion (GVD) causes spectral chirping and the self-
phase modulation caused by the self-focusing introduces temporal chirping and pulse
broadening. Multiple Fabry-Perot etalons are employed to address these issues by

setting the net GVD to null.

3.5.2.2 Evolution

It is a Q-switched laser with an output of 527 nm at a repetition rate of 1 kHz. It consists of a

diode laser for pumping and Nd: LiYF4 gain medium[28]. For acousto-optic Q switching, a

piezoelectric transducer drives the silica crystal at ultrasonic frequencies which generates

ultrasonic standing waves diffraction grating within the medium. By switching the vibration

on or off, one can block or allow the Q-switched laser pulse to emit. An LBO crystal is operated

at a constant tower temperature (164 °C) for converting a 1053 nm laser to a 527 nm laser
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3.5.2.3 Regenerative Chirped Pulse Amplification (RCPA)

Libra essentially employs the RCPA technique to generate ultrashort intense laser pulses. The
high-frequency laser beam, on power amplification, might damage the gain medium itself or
lose the energy in a very short time by unwanted self-focusing. This problem is handled
elegantly by employing a technique known as chirped pulse amplification (CPA). In the CPA
technique, prior to amplification, a laser beam is considerably stretched out in time resulting in
a significant reduction in peak power. Then the laser beam is allowed to pass through the Ti:
sapphire crystal multiple times in the RGA cavity of Libra. This regenerative amplification
converts the pulse energy from a few nJ to a few mJ. Finally, the pulse is again compressed
producing a high-power ultrashort laser pulse. The stretching and compressing of the pulse are
done by the respective grating devices. A typical stretcher grating introduces a longer temporal
delay in the high frequency (blue band) side of the spectra and positive GVD whereas a
compressor grating introduces the negative GVD and negative time delay by allowing the low

frequency (red band) components to travel a longer distance to compensate the delay.
3.5.2.4 Second Harmonic Generator

Libra provides a pulsed laser output of 800 nm with a repetition rate of 1 kHz. An SHG
(Harmonic, HGS-T) is employed to produce the frequency doubled beam which eventually
serves as the pump for the TRMOKE system. As the working principle is very similar to the

one already described earlier in section 3.5.1.3, we refrained from further describing it here.
3.5.2.5 Description of the Set up (Non-collinear pump-probe geometry)

The non-collinear TRMOKE set-up is placed on top of an optical table (Newport RS 4000)
with tuned damped vibration isolation. The setup is schematically shown in the fig. 3.8. The
fundamental 800 nm pulsed laser emits from Libra with spot size of ~2 mm, an average output
power of ~4 W and a repetition rate of 1 kHz. A part of the s-polarized fundamental is channeled
through the SHG to produce frequency doubled (A = 400 nm) output emission with temporal
width of ~50 fs and power ~500 mW. The highly attenuated counterpart of the fundamental
(probe, hereafter) is guided using a set of dielectric mirrors to a retroreflector on a motorized
delay stage (Newport ESP 301). Before the retroreflector, the beam is collimated by a pair of
plano-convex lenses arranged in a telescopic form. After the delay, the probe passes through a
Glan-Thompson polarizer (GTH5M, Thorlabs; extinction ratio 100000:1) and is steered by
another family of 3 mirrors to finally incident on the sample. A plano-convex lens is used to

focus the probe tightly on the sample surface making a spot size of ~100 um. Another
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attenuator is kept in the path of the probe for further modulation of the incident power.

Figure 3.9: Schematic diagram of TRMOKE setup with non-collinear pump probe arrangement

The emission from SHG is guided by multiple mirrors to finally incident on the sample. The
idea is to keep the path difference null between the pump and the probe. The pump makes an
oblique angle with the surface and is blocked by a beam-blocker after reflection from the
sample. A circular attenuator is employed in the pump path to conveniently tune the fluence
during the experiment. In this non-linear overlapping of the pump and probe, the detection
assembly is quite different from that of the collinear setup. For detection, the back-reflected
probe is divided by a 50:50 beam splitter. One part is directly sent to a Si-photo detector
connected to a lock-in amplifier which measures the reflectivity signal. Another part is passed
through an analyzer (another Glan-Thompson polarizer) and finally falls on the Si detector.
This detects the Kerr rotation on a slight reflectivity background when the analyzer is kept 1°
away from the cross-Nicol or extinction condition. The sample is kept attached to a glass slide
and holder connected to an x-y stage and a permanent magnet is employed just behind the glass
slide at polar geometry. A mechanical chopper (MC 200B, Thorlabs) is used in the path of the
pump beam which chops the laser at 373 Hz frequency and sends the reference to both the lock-
in amplifiers (SR830, Stanford Research Systems) for phase-sensitive detection in a

stroboscopic manner.
3.6 Numerical Techniques

As described earlier, the precessional magnetization dynamics is governed by the Landau
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Lifshitz Gilbert (LLG) equation. The ferromagnetic resonance in thin films and bulk ellipsoidal
materials can be understood with the help of LLG under macrospin formalism. Here, the LLG
equation is linearized under the approximation of small angle rotation and is analytically solved
assuming a single domain inside the material, i.e., a giant representative spin called
“macrospin”. However, understanding of magnetization dynamics in realistic systems such as
a collection of patterned magnetic dots, antidots, bi-component or multilayered
heterostructures with finite boundaries requires the incorporation of the effect of actual non-
uniform demagnetizing fields thus demanding a non-trivial numerical treatment. Though the
discrete spin models such as the Ising model or Heisenberg model can take into account the
inhomogeneity of the small nanostructure, however, limited computational resources make the
calculation extremely challenging for micron or sub-micron-sized nanostructures.
Micromagnetic continuum theory bridges the gap between the discrete model and the
macrospin model. In micromagnetic formalism, the magnetization within the medium is a
continuous function of space. However, the medium is assumed to be comprised of a large
number of tiny identical cells, each having a single macrospin representing the average
magnetization of the cell. In numerical frameworks, one can carefully choose the cell
dimensions to capture the appropriate long and short-range interactions, nature of the evolver,
initial boundary conditions etc. to obtain numerical predictions of the magnetization dynamics
in low-dimensional complex magnetic structures. Depending upon the way the program
discretizes the sample space, there are two categories of micromagnetic simulation frameworks
namely 1) finite difference method (FDM) and ii) finite element method (FEM). While FDM-
based programs can attain a faster solution to LLG equation sometimes, FEM-based packages
are able to reproduce the edge inaccuracies in a real system better. There are a few popular
choices for FDM-based micromagnetic packages such as 1) OOMMEF, i1) MuMax3, ii1) LLG
micromagnetic simulator, iv) Boris, v) Ubermag, vi) Micromagnus, vii) Magsimus etc. while
1) Nmag ii) fastMag iii) Magpar etc. are well known micromagnetic frameworks which rely
upon FEM. The simulations presented in the dissertation are carried out using OOMMEF and
LLG micro. Also, a home-built software “Dotmag” has been used for power and phase profile

analysis of the spin-wave modes. Below we discuss the key aspects of these techniques.
3.6.1 OOMMF

Object-oriented micromagnetic framework (OOMMF)[29] is an open-source cross-platform
(Windows, Linux and a few UNIX-based operating systems) FDM-based micromagnetic

simulation programs originally developed by Michael Donahue and D. G. Porter. It is one of
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the oldest and most reliable numerical packages written in C++ and Tcl/Tk script. In OOMMF
the simulation specimen is usually specified via the ‘box atlas’ module in the code (‘.mif”)
itself. However, sometimes the sample geometry and the associated boundaries might be non-
trivial which can be handled efficiently by defining the image replica of the actual sample via
the powerful ‘image atlas’ module. All the other necessary conditions such as the initial
magnetization, exchange stiffness constant, magnetic anisotropy, saturation magnetization and
bias magnetic field configurations are specified using the respective modules within the code.
OOMMF being an FDM-based simulation package discretizes the given sample in cuboidal/
parallelepiped cells having user-specified cell dimensions in the ‘mesh’ segment. The cell
dimension has a crucial role to incorporate the dipole and exchange interactions interplay in a
system and is usually kept smaller than the exchange length of the material under consideration.
It is worthy to note that the OOMMEF has limited functionality to incorporate the exact 3D
structures with irregular geometries. Moreover, it provides a lot of methods for solving ordinary
differential equations to choose from. For the iterative method of solution, either the time
evolver or the energy evolver can be used with the help of their respective drivers. Depending
upon the stopping criterion, drivers provide the initial condition to the evolver in each iterative
step and help the program save the state parameters in vector format. Where the time evolver
solves the LLG equation for each of the cells in an iterative approach, the energy evolver
attempts to find the global minima in the energy profile of the structure in every step. On
satisfying the convergence criterion, the program stops and all the time-dependent parameters
such as magnetization, field components and energies are extracted in ‘.ovf’ or ‘.omf” format.
OOMMF also supports the output of the parameters in plain text format for further processing

and 1s enriched with live graph plotting functionality.
3.6.2 LLG Micromagnetic Simulator

LLG micromagnetic simulator (LLG micro, hereafter) is a commercial software for solving
LLG equation in micromagnetic formalism developed by M. R. Scheinfein[30]. It has a very
user-friendly interface for optimized input and post-simulation analyses. In the input interface,
the user can enter all the relevant magnetic parameters and the sample details can be provided
in an image format. It can offer a significant edge in comparison to OOMMF in simulating
multilayered heterostructures with varying magnetic properties across the thickness due to its
flexible input interface. It also offers to configure a time-dependent bias field in the simulation.
LLG micro first sets up the 3D cartesian mesh environment with supplied parameters and

boundary conditions. LLG micro offers four different integrators to solve LLG: 1) Euler
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Cartesian, i1) Gauss-Seidel, iii) Cartesian predictor-corrector and iv) rotation matrices method.
Depending upon the problem requirement one can choose between these solvers. Such as the
Euler Cartesian method offers the least simulation time but also suffers with the least accuracy,
Rotation matrices method works best when the damping is higher than 0.5 or so. However, the
Cartesian predictor-corrector can be one of the best choices for most situations as it offers faster
solutions with higher accuracy even when the damping is 0.01 or below.

One of the most important features of LLG micro is the opportunity for powerful visualization
and post-simulation computations. Here, the magnetic domains and the interaction field
components in the nanostructures under investigation can be visualized in coloured contour
plots. Some additional functionalities like spin-polarized currents, effects of finite temperature

etc. can also be incorporated in simulation by LLG micro.
3.6.3 Dotmag

In the study of spin-wave dynamics, power and phase profile information can add superior
insights to the overall understanding and are thus considered indispensable. While most of the
micromagnetic packages (commercial or open source) do a great job by offering different LLG
solvers with various functionalities, almost all of them lack a straightforward module to
calculate this. Keeping this in mind, Dotmag[31,32], a set of codes, is developed by our group
on the Matlab platform. Dotmag does not solve the LLG equation, rather it helps in the post-
processing of the OOMMEF output files and is employed to extract further information about
the magnetization dynamics demonstrated by a nanosystem. In OOMMEF, each of the output
.omf files contains the magnetization as a function of spatial coordinates [m = m (x,),z)] and
thus, the collection of all such files in a proper sequence provides nothing but the magnetization
as a function of both space and time i.e. mathematically,

m=m(x,y,zt) (3.3)
It 1s quite non-trivial to understand the power and phase information for any particular spin
wave from this data. The central idea is to observe the power and phase distribution on a 2D
slice of the specimen for a definite resonant mode frequency. This is essentially done in Dotmag
by taking the projection of the magnetization at a particular constant z plane and then by
performing a discrete fast Fourier transform to it. So, after fixing z = zo (some constant)
magnetization is no more a function of z. A calculation of FFT readily transforms the
magnetization intensities in the frequency domain which means,

FFT [m(x,y,t] = m(x,y, f)

Now mi(x,y,f) being a complex function of planar spatial coordinates and frequency, the
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power and phase information for any given frequency f, are calculated numerically by using
the following relations:

Power:

P(x,y, fo) = 20 logo[m(x,y, fo)] (3.4)

Phase:

Im [f(x,y, fo)]> (3.5)

Re [m(x,y, fo)]

The SW power is expressed in terms of dB and phase in radians. The Dotmag is executed in a

(,‘b(x, y)fO) = tan™! (

Matlab environment and the extracted output shows the spatial mapping of power and phase at
discrete frequencies. It is important to note that, the frequency resolution depends upon the
total time window of the simulation while the spatial resolution of calculated power and phase

maps depends on the discretization of the specimen during micromagnetic simulation.
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Chapter 4

4. Dynamic Configurational Anisotropy in Nig)Fezo Antidot

Lattice with Complex Geometry

4.1 Introduction

Magnonics[ 1], initially emerged as a sub-branch of magnetism, has matured in the last decade
as a major branch of condensed matter physics and nanoscience dealing with principles and
potential realization of energy-efficient logic, processing and communication devices via
excitation, active or passive manipulation and detection of spin waves, known as magnons in
its quantized form[2-4]. The recent developments in this field have successfully entangled the
conventional findings with various fascinating quantum mechanical effects like spin-orbit
coupling (SOC)[5], spin current[6], Dzyaloshinskii-Moriya interaction (DMI)[7], non-
linearity[8] and topological effects[9,10] thereby strengthening the fundamentals as well as
presenting next-generation multifunctional magnonic devices with superior functionalities[4].
The faster propagation velocities demonstrated by short-wavelength spin waves[11] and
magnon current generated by the collective unidirectional motion of spin-wave, showing lower
energy dissipation in comparison to spin-polarized or pure spin-current, strongly envisioned
the future potential of magnonics[12,13]. Moreover, the possibility of energy harvesting has
been demonstrated in the achievement of strongly-coupled magnon-phonon[14], magnon-
photon[15,16] or magnon-magnon[17,18] systems, which offers potential for quantum
transduction and gives rise to the emerging branch of hybrid magnonics[19,20].

Ferromagnetic antidot lattices (ADLs) have emerged as one of the most attractive systems in
the magnonic crystal (MC)[21] family, where the periodic modulation of magnetic properties
is achieved via the incorporation of non-magnetic etched out sections or nanoholes in an
otherwise continuous ferromagnetic media. They exhibit immense potential for designing high
speed reconfigurable magnonic devices operating in the sub-100 nm magnon wavelength
regime by efficient tailoring of the dipole-exchange interactions[11]. The initial works on the
magnetization dynamics of ADLs revealed excitation of nonuniform magnonic modes[22],
pattern induced splitting [23], magnetic field strength and orientation-dependent localization
and delocalization of spin-wave modes [24-27], and anisotropic spin-wave propagation[28]. A

flurry of successive experimental, as well as numerical investigations[29-31], have surfaced
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focusing on manipulation of physical parameters and engineering of magnonic band
structure[32,33] by varying the geometric properties including shape[34], lattice constant[35],
lattice symmetry[36-38], base material[39], besides the strength and orientation of external bias
magnetic field[40]. These are associated with the exploitation of potential applications in GHz-
frequency on-chip filters[41], waveguides[42], multiplexers[43], couplers[44], phase
shifters[45], transistors[46] and logic devices[47].

Recently, the idea of introducing geometric complexity in MCs has attracted significant
attention due to the richer and more complex spin-wave dynamics[48]. Substantial
reconfigurability of rich spin-wave dynamics has been demonstrated in various complex ADLs
in the form of quasiperiodic octagonal lattice[49], defective honeycomb lattice[50], octagonal
lattice with triangular basis[51], some aperiodic structures[52],artificial fractal structures[53]
and many more quasiperiodic MCs in recent studies[54-57]. This calls for investigation of new
structures in the pursuit of more versatile and reconfigurable spin-wave dynamics. Here we
investigate the spin-wave dynamics of a diamond-shaped antidot lattice (DADLs,
hereafter)[58], where the diamond shaped antidots are arranged on square and hexagonal
lattices. Few earlier studies on diamond shaped nanofilms explored the dependence of magnetic
reversal on the length-to-width ratio [59] along with correlation of shape anisotropy[60] and
influences of demagnetizing field[61] for this type of basis. Thus, diamond shaped basis can
be regarded as the square nanohole rotated by 45° from one of its edges, which can introduce
an additional symmetry in the anisotropic of the overall spin-wave dynamics. The
ferromagnetic nanochannels between the antidots, which accommodate the extension of spin-
waves, can be substantially modified due to the presence of demagnetized regions around the
four sharp corners of the diamond-shaped basis, which are unusually placed w.r.¢. the symmetry
of the lattice. Thus, DADLSs are expected to exhibit a unique pattern of inhomogeneity in the
local magnetostatic field distribution, which, in turn, can produce atypical anisotropic signature
in the evolution of spin-waves.

Here, we have studied the precessional magnetization dynamics of two types of DADL using
the time-resolved magneto-optical Kerr effect (TRMOKE) microscope and micromagnetic
simulations. A rich variation of the spin-wave dynamics with the strength and in-plane
orientation of the external bias field has unravelled the signature of mode conversion from
extended to quantized/localized nature. An extensive comparative study between the DADLs
arranged in square and closely packed hexagonal symmetry leads to the understanding of the
competition between the basis shape and lattice symmetry in the overall dynamical

configurational magnetic anisotropy. The internal magnetic field profiles enveloping the sharp
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edges of the antidots have been found to be crucial in the mode conversion and offers great

tunability of spin-wave dynamics for this complex configuration.

4.2 Experimental and Simulation Details

4.2.1 Sample Fabrication

Two-dimensional diamond-shaped antidot arrays carved on NigoFezo (Permalloy or Py
hereafter) film, arranged in square and hexagonal lattice symmetry, were fabricated over an
area of 25%25 pm? using a combination of electron beam lithography (EBL), electron beam
evaporation (EBE) and ion milling techniques[51]. Firstly, a 20-nm-thick Py layer was grown
on a self-oxidized Si(100) substrate using EBE technique at a base pressure of ~2x107 torr.
To protect the Py film from the external atmosphere as well as from the possible degradation
from the laser heating during TRMOKE measurement, a capping layer of 3 nm of Al,O3 was
deposited on top of the Py at the same base pressure of ~2x107® torr and a deposition rate of
0.2 A/s. A magnetic hysteresis loop of Py film coated with Al,O3 measured using static
magneto-optical Kerr effect (MOKE) presented in fig. 8.1(a) of Appendix A ensures that the
quality of the Py film does not alter due to deposition of AlO3. No discernible shift in the
MOKE loop due to exchange bias effect as a result of possible surface oxidation is observed.
A bilayer of MMA and PMMA was applied on the Py/Al,O3; and EBL was used to prepare the
desired pattern on the resist. This was followed by the Argon ion-milling at a base pressure of
1x10™* torr with 60 mA beam current for 6 minutes and subsequent lift-off of the resist to obtain
the ADLs. The scanning electron microscope (SEM) images of the fabricated ADLs are
presented in fig. 4.1(a) and 4.1(b). The diamond-shaped antidots have a corner-to-corner length
(d) of 200 nm and separation between nearest edge (s) of 300 nm with a mild tolerance (+5%)
in its lateral dimensions. The lattice constant (@) for the square lattice is 500 nm, whereas in
the hexagonal lattice, the lattice parameters are found to be a = 500 nm, » = 520 nm and y’ =
120°. 1t 1s clear from the SEM images that the edges of the diamond antidots suffer from mild

deformation from the ideal shape.
4.2.2 Time-Resolved Magneto-Optic Kerr Effect Measurement

A custom-built TRMOKE microscope set up based on two-colour collinear pump-probe
geometry was employed to study the time-resolved magnetization dynamics which essentially
used the fundamental laser beam (wavelength, 4 = 800 nm, pulse-width = 80 fs) from a mode-
locked Ti-sapphire laser (Tsunami, Spectra-Physics) to probe the dynamics whereas its

frequency-doubled counterpart (4 = 400 nm, pulse-width = 100 fs) was used to optically excite
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Figure 4.1: SEM images of (a) square and (b) hexagonal diamond antidot lattices. The spin-wave
extension channels are schematically shown by dotted lines in the SEM images. (c) Typical time-
resolved Ker-rotation data from the square lattice showing ultrafast demagnetization, fast relaxation

and slow relaxation superimposed with precession of magnetization. (d) TRMOKE measurement
geometry with collinear pump and probe beams.

(pump) the sample. A retro-reflector mounted on a motorized delay stage was placed on the
path of the probe beam which allowed us to introduce the variable temporal delay between the
pump and probe pulses. Both the beams were then combined and allowed to pass collinearly
through a microscope objective (40x, N.A. = 0.65) and made to incident on the sample. The
probe was tightly focused to a spot size of ~800 nm and the pump was kept at a slightly
defocused condition having a spot size of ~1 pm on the sample surface as depicted in the
schematic fig. 4.1(c). A thorough and careful alignment ensured that the collinear condition
was maintained throughout the experiment. The sample was placed on a piezoelectric x-y-z
scanning stage with a feedback loop, allowing the pump and probe to excite and collect the
dynamics from the same sample position respectively. A magnetic field was applied on the
sample with around 10° tilt from the sample plane. This tilt ensured the necessary out-of-plane
demagnetizing which was altered by the pump pulse to launch the magnetization precession in

the sample. The in-plane component of this magnetic field is referred to as the bias magnetic
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field (H), whose magnitude and direction (¢) were varied during the measurements. The pump
beam was modulated by an optical chopper and was used as a reference signal for the phase-
sensitive detection of the signal by a pair of lock-in amplifiers. The optical bridge detector
(OBD) which used a polarized beam splitter followed by a pair of photodiodes in the balanced
condition[62], ensured the distinct detection of reflectivity and Kerr rotation signals without

any breakthrough of one into another.
4.2.3 Simulation in Micromagnetic Framework

The origin and nature of the spin-wave modes was studied under the micromagnetic
framework. Here, we essentially solve the Landau-Lifshitz-Gilbert (LLG) semi-classical
equation for the system under consideration in the continuum limit. In the object-oriented
micromagnetic framework (OOMMF) [63] we used a finite difference based approach and sub-
divided the whole system into several rectangular prism-like cells each of them possessing a
single macrospin. At first, a static magnetic microstate was constructed under the bias magnetic
field from an initially uniformly oriented magnetization state. Then the optical excitation by a
laser pulse was mimicked by a square magnetic pulse with magnitude of 30 Oe and 20 ps pulse
duration. The system was then allowed to relax under the bias magnetic field only and the time-
driver iteratively solved the LLG equation thereby finding out all possible resonant modes for
spins from different zones of the sample under the study. Here, the sample was discretized into
cells with dimensions 4x4x20 nm® with an intention to incorporate the exchange interaction in
play as the exchange length of Py is ~5.2 nm. The material parameters used in the simulation
like Gilbert damping a = 0.008 and exchange stiffness constant 4 = 1.3x10® erg/cm was taken
from the literature[64], whereas saturation magnetization M, = 860 emu/cc, gyromagnetic ratio
y = 17.6MHz/Oe and magnetocrystalline anisotropy constant K = 0 values was extracted from
the fit of the bias field dependence of a 20-nm-thick Py blanket film deposited under the same
conditions. Since Py film was deposited using EBE it is likely to be highly polycrystalline in
nature with grains having no specific orientation, and hence, carries no significant contribution
from magnetocrystalline anisotropy. However, to confirm that, magnetic hysteresis loops of the
Py/ALOs3 film at different in-plane magnetic field orientations (¢) are measured. A plot of the
coercive field as a function ¢ obtained from static MOKE measurement is presented in fig.
8.1(b) of Appendix A which validates the consideration of negligible magneto-crystalline
anisotropy in the simulation. Nevertheless, consideration of small value of K would have
introduced an additional two-fold symmetry in the frequency vs. ¢ in the simulation but no

qualitative change in the nature of the spin-wave mode. We have also performed simulations
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introducing the actual edge deformations in the antidot shape as shown in fig. 8.2 of Appendix

A, where nearly identical results are obtained to that of the ideal antidot shape.
4.3 Results and Discussion

Figure 4.1(c) shows representative Kerr rotation data in the sub-picosecond to nanosecond time
domain from the square DADL sample, which reveals three different temporal phenomena
during the interaction of ultrashort laser pulse with the sample. Region I refers to the well-
known ultrafast demagnetization followed by the fast remagnetization (region II) and
precessional motion of magnetization superimposed with a slow remagnetization (region III)
process. There an essential energy exchange takes place initially among the electron, spin and
lattice heat baths and then with the surroundings[65]. The data have been fitted with the
theoretical expression (Eq. 4.1) obtained from solving three coupled differential equations in
the three temperature model considering the generation of hot electrons after interacting with

laser, a loss of spin memory and subsequent distribution of energies during the remagnetization

process[66].
{[ ] )
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Here, A1 represents the amplitude of magnetization after equilibrium is restored, A2 is
proportional to the rise in the electronic temperature and 43 corresponds to the state filling
effects. H (¢), 0 (¢) and G (¢) are the Heaviside step function, Dirac delta function and Gaussian
function corresponding to the laser pulse. From the fit, we have calculated 7,, = 187 + 19 fs,
224 + 7 fs, and 7= 949 + 17 fs, 958 £ 20 fs for the square and hexagonal lattices respectively.
Since 7, 1s a material parameter is is not expected to change significantly with lattice geometry
but the slight difference in t), between these two lattices may stem from slightly different

condition of measurement and different in defects and deformations in the two samples.
4.3.1 Bias Field Dependence of Magnetization Dynamics

At first, we study the bias field dependent frequencies of the spin waves. A biexponential
background was subtracted from the time-resolved Kerr rotation data corresponding to the fast
and slow remagnetization to obtain the purely precessional oscillation of magnetization.
Subsequently fast Fourier transformation (FFT) was applied to the time-resolved data with

rectangular window function to obtain the power vs. frequency spectra of the spin-wave modes
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Figure 4.2: (a) Experimental and (b) simulated spin-wave power spectra at H = 1 kOe for ¢ = 0°
and 45° in square and hexagonal DADL.

for the two lattices as shown in fig. 4.2 for H = 1 kOe. Figures 4.3(a) and (b) represent the bias
field variation of frequency (f'vs. H) of three spin-wave modes for in the range 0.38 kOe < H
<1.0kOe at ¢ = 0°. A systematic variation in f with H is observed in both square and hexagonal
DADL confirming purely magnetic origin of the modes. The lowest frequency mode M1 and
the highest frequency mode M5 appear only for values of H and exhibit no stable field
dispersion. Interestingly, mode M3 can be identified as a uniform mode both for the square and
hexagonal DADL as discussed later in this article. Therefore, we fitted f'vs. H of M3 with the
well-known Kittel equation (Eq. 4.2)

f = %\/(H + H)(H + Hy + 4nM,zf) (4.2)
using magneto-crystalline anisotropy field Hx = 0 and extracted the effective magnetization
values (M) as 767 emu/cc and 918 emu/cc for Square and hexagonal DADL respectively.
Here the effective magnetization parameter takes care of the effects from the demagnetizing
fields around the antidot and readjusts itself resulting in a significant alteration from its bulk

value.
4.3.2 Investigation of Configurational Anisotropy

In order to investigate the role of configurational magnetic anisotropy in the modulation of

spin-wave dynamics, the time-resolved precessional oscillations were measured by varying ¢
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Figure 4.3: Bias field dependence of spin-wave mode frequencies in (a) square and (b) hexagonal
DADL. Anisotropic variation of spin-wave frequencies with in-plane orientation of bias magnetic
field at H = 1.0 kOe in (c) square and (d) hexagonal DADL.

in the range 0° < ¢ < 180° at H = 1 kOe. Figure 4.2(a) experimental spin-wave spectra for the
two lattices at ¢ = 0° and 45°, while fig. 4.2(b) shows the corresponding simulated spin-wave
spectra. Figures 4.3(c) and (d) plot the angular dispersion of the spin-wave mode frequencies
for the square and hexagonal DADL, respectively. The solid and hollow circles represent the
experimental and simulated mode frequencies, whereas, the solid lines represent the theoretical
fits consisting of a weighted combination of different harmonic functions corresponding to
different rotational symmetries. The angular dispersion for the square DADL (fig. 4.3(c))
reveals that modes M3 and M4 attain their respective maxima at 45° and then gradually
decrease to attain minima at 90° together in phase thereby clearly indicating anisotropic nature
with four-fold rotational symmetry. Mode M2 also shows four-fold anisotropy with a much
lower amplitude of anisotropic contribution. Figure 4.3(d) shows the angular evolution of spin-
wave modes for hexagonal DADL. Here, mode M4 attains its maxima periodically at a gap of
30° though with a significant variation in the amplitude which can be fitted using a harmonic

function with a strong six-fold symmetry along with the superposition of a weak four-fold
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symmetry. Mode M3 displays a similar anisotropic behaviour with modified weightage of
harmonics though in the opposite phase to that of mode M4. The anisotropic nature exhibited
by mode M2 is quite complex in the regime under consideration. This mode is found to be
coupled with the mode M3 in the range 25° < ¢ < 55° and in the subsequent complementary
angles.

4.3.3 Investigation of Spatial Spin-Wave Power and Phase Profiles

For a better understanding of the origin and behaviour of the spin-wave modes at various
angles, the spatial profiles (power and phase) of these modes were calculated using a custom-
built MATLAB based code, named “Dotmag” [67]. The simulated power and phase maps of
the square DADL, as shown in fig. 4.4, shows the presence of different spin-wave resonant
modes, namely an energetically trapped or localized edge mode, a uniformly extended mode
via antidot channel and quantized standing wave mode due to the modulation of confining

magnetic potential by the demagnetizing fields around diamond-shaped antidots. For a
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Figure 4.4: Power and phase (embedded) profiles of the spin-wave modes in square DADL at
different in-plane bias magnetic field orientations (¢) at H = 1.0 kOe. The colour maps for power
and phase profiles are shown at the right side of the figure.
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consistent description of the nature of the standing spin-wave modes, we assign ‘n’ as a
quantization number to a resonant mode confined between two nearest neighbour basis units.
We observe that the lowest frequency mode M1, which only appears at some specific values of
@, 1s an edge mode with a very low power concentrated at the sharp corners of diamond
antidots. At ¢ = 30°, the power from the basis edges couples with the first nearest neighbour
and helps to gain this mode a considerable intensity. At ¢ = 0°, mode M2 gets an extended
nature in the y-direction through the Py channel aided by the dipole and exchange interactions,
although, at the same time it forms a standing wave pattern in the x-direction between two
nearest neighbouring diamond antidots in a backward volume (BV)-like geometry with n = 3.
Interestingly at ¢ = 45°, this mode power extends up to the 2" nearest neighbour or even further
but did not extend through the full channel thereby showing a pseudo-extended nature with n
=3. At ¢ = 60°, the nature of M2 changes drastically and it becomes a quantized mode between
two 2" nearest neighbours. At 90°, this mode becomes a localized one (n = 3) with much-
reduced power concentrated only at the edges of the antidots. The other higher frequency mode,
M3 has extended nature like M2 through the Py channel along the y-direction in the DE
geometry at ¢ = 0°. However, with the increase of ¢, mode M3 becomes a quantized mode in
BV-like geometry with n =5, 7 and 5 at ¢ = 30°, 45° and 60° respectively. At ¢ = 90°, mode
M3 undergoes a remarkable transformation by reclaiming its extended nature along the x-
direction, and hence, a phenomenon of mode conversion with the variation of the orientation
of the bias magnetic field is observed. The mode M4 remains highly quantized for the entire
angular regime under consideration with » = 7, 7, 9 and 7 at ¢ = 0°, 30°, 60° and 90°,

respectively, with its axis in consonance with the bias orientation. .

The power and phase (embedded inside) profiles for the hexagonal DADL, presented in fig.
4.5, give us insight into the spin-wave modes for this ADL type. At ¢ = 0°, the mode M2 is an
edge mediated extended mode in the y-direction having quantized nature in BV-like geometry
along the x-direction with n = 3 despite the dearth of ferromagnetic channel formation at this
angle. At ¢ = 30°, a wider channel becomes accessible to the spin-wave for the hexagonal
arrangement of the lattice, and as a consequence, mode M2 converts to a fully extended mode
confirming a clear mode conversion. However, for 30° < ¢ < 90° nature of this mode
significantly modifies to pseudo-extended mode with n = 3 for both ¢ = 45° and 60°. At ¢ =
90°, mode M2 is converted into a quantized mode (n = 7) with maximum power concentrated
along the edges of the antidots. On the contrary, mode M3 has a quantized nature at all values

of ¢ in the range 0° < ¢ < 75°, but at ¢ = 90°, a channel is opened for this mode to convert it to
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Figure 4.5: Power and phase (embedded) profiles of the spin-wave modes in hexagonal DADL at
different in-plane bias magnetic field orientations (¢) at H = 1.0 kOe. The colour maps for power
and phase profiles are shown at the right side of the figure.

an extended one. We observe mode conversion both for M2 and M3 but at different values of
@. The mode M4 is a quantized mode for all values of ¢ < 90° with n =7, 7 and 3 for ¢ = 0°,
30° and 45°. This mode undergoes moderate alteration at ¢ = 90° at which its phase contrast
become clear with n = 11. The variation in the confining potentials at ¢ = 90° within the
rhombic region (as shown by the black dotted box) for the other angles could play a leading

role in this sharp alteration of mode character.
4.3.4 Calculation of Internal Magnetostatic Field Profiles

To investigate the origin of the anisotropic behaviour of the spin-waves we further calculated
the internal magnetostatic fields using LLG micromagnetic simulator [68]. The contour plots
of the simulated magnetostatic field distribution for the 3 x 3 arrays of square and hexagonal
DADLs are shown in the section 8.3 of Appendix A. Figures 4.6(a) and (b) show a line-scan

plot of the internal field along the x-direction across the dotted line, which reveal systematic
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decrease in the internal field strength with ¢ in the range 0°< ¢ <90° for both square and
hexagonal DADLs. However, careful observation in fig. 4.6(c) enables us to understand the
drastic modulation exhibited by the contour plots of the magnetostatic field map on changing
the orientation of the bias magnetic field. For the square lattice at ¢ = 0°, the field lines are
only concentrated around the sharp corners of the antidots. However, the magnetostatic field
lines show denser distribution at the sharp corners of the diamond antidots and a very strong

nearest neighbour interaction (see fig. 8.3 of Appendix A) i.e. coupling in the x-direction for ¢
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Figure 4.6: Line scans of internal magnetic field for different bias magnetic field orientations (¢) in
(a) square and (b) hexagonal DADL. (¢) Internal magnetic field distribution for different ¢ values.
The dotted lines represent the position of the line scans presented in (a) and (b). The colour map is
shown at the bottom of (c).

=45° and 60°. On the other hand, in the case of hexagonal lattice, a weak diagonal interaction
is observed in the field profile at ¢ = 0° which enhances with increasing ¢, thereby putting a
significant contribution to the confining magnetic potential and diagonal channel in case of the
hexagonal lattice. For both the lattices, the field lines display an asymmetric distribution
attributed to the strong inhomogeneity in the demagnetizing field around the diamond antidot
corners strengthening the possibilities of the presence of edge modes in the collective
dynamics. The observed mode conversion phenomena from extended to localized mode or vice
versa along with strong anisotropic modulation of spin-wave dynamics can be attributed to the

variation of effective internal magnetic fields with the bias field orientation.
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4.4 Conclusion

In summary, we investigated the ultrafast spin dynamics of NigoFe2o diamond antidot lattices
(DADL) arranged in square and hexagonal geometry by varying the strength and in-plane
orientation of the bias magnetic field employing TRMOKE magnetometry. The rich
multimodal spin-wave spectra unlocked systematic variation with the strength of the applied
bias field. The effect of the configurational anisotropy has been studied by varying the
azimuthal angle of the bias magnetic field unveiling four-fold anisotropy for the square DADL
while a signature of strong six-fold and a weak four-fold symmetry is observed in the
anisotropic nature of spin-wave modes from hexagonally arranged DADL. The experimentally
obtained spin-wave dynamics were qualitatively reproduced by micromagnetic simulations.
Moreover, the calculated power and phase profiles gave deeper insights and enabled us to
identify the mode conversion from quantized to extended or pseudo-extended mode taking
place at different azimuthal orientations. In addition to this, the significant modulation in the
simulated internal magnetostatic field distribution with in-plane angular variation crafted by
both the lattice symmetry and the basis shape together was found to be solely responsible for
such anisotropic modulation of magnonic spectra. The efficient tunability exhibited by the
DADL is anticipated to be crucial from scientific as well as technological viewpoint and might
come up with new possibilities in designing magnon-based on-chip communication devices in

the GHz frequencies.
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Chapter 5
5. All-Optical Detection of Spin Pumping and Giant

Interfacial Spin Transparency in CozFeosMng¢Si/Pt

Heterostructure

5.1 Introduction

Efficient generation and precise manipulation of pure spin current[1] have become pivotal
aspects of contemporary spintronics[2] offering a robust mechanism to harness the spin degree
of freedom in a myriad of low-dimensional systems[3,4]. As pure spin current consists of the
flow of spin angular momentum devoid of net charge transfer, it holds the potential to minimize
the Joule heating and Oersted fields[5] in a circuit promising the development of ultra-low-
power computing technology. The active manipulation of pure spin current in a ferromagnet
(FM)/nonmagnet (NM) thin film heterostructure has three crucial aspects, namely, generation,
transport and absorption [6]. Various physical phenomena such as spin Hall effect (SHE)[7,8],
spin caloric effects[9-12], spin pumping[13], non-local injection of spin[14,15], have been
utilized for efficient generation of pure spin current in FM/NM heterostructures. Amongst
those, spin pumping tenders an elegant method as it is free from the impedance mismatch
problem[16]. This mechanism can be quantitatively treated in terms of spin-diffusion length of
the NM and spin-mixing conductance[17] associated with the FM/NM interface. Additionally,
for spin-orbit torque-based applications, interfacial spin transparency is a salient parameter
determining the spin transfer efficiency. Interfacial spin transparency as a function of spin-
mixing conductance and spin-diffusion length essentially measures the amount of spin that can
effectively pass through the interface[18]. Therefore, from an application viewpoint, a large
value of interfacial spin transparency is the key for improved device efficiency[19].

Very few reports are available in the literature exploring the potential of Heusler compound
and heavy metal heterostructure in effective spin current manipulation using spin pumping
[20,21]. Cobalt-based Heusler compounds are promising half-metallic materials [22] which
gained considerable interest for their application potential in tunnel magnetoresistance (TMR)
devices[23,24], spin-torque nano oscillator (STNO) with low switching current[25,26] etc.
They can provide significant edge in the pure spin current manipulation over the other FM

materials because of their ultra-low intrinsic magnetic damping[27-29] and stable spin-
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polarized band structure[30]. Co2Feo4Mno 6S1 (CFMS, hereafter) shows high Curie temperature
(~1000 K)[31], low Gilbert damping (0.004)[28] and its high spin polarization leads to superior
TMR ratio than its peers. On the other hand, platinum is an archetypal heavy metal with high
spin-orbit coupling (SOC) strength[32], and is popular for its giant spin Hall conductivity, low
resistivity, high stability and efficiency as a spin reservoir in FM/NM heterostructures.

Incidentally, majority of the studies on spin pumping in the literature are carried out by studying
inverse spin Hall effect (ISHE) employing all-electrical techniques such as ferromagnetic
resonance (FMR). More recently, the all-optical time-resolved magneto-optical Kerr effect
(TR-MOKE) has been used as a reliable and non-invasive technique to probe spin pumping
including spin-mixing conductance, spin-diffusion length and interfacial spin transparency in
FM/NM heterostructures [19,33]. This technique is devoid of any complex microfabrication of
delicate waveguide structures. Besides, local measurement of magnetization dynamics directly
in the time domain gives it a significant advantage in precise and reliable determination of
magnetic damping parameter over the alternative techniques. Therefore, the objective of this
study is to perform unambiguous measurement of spin pumping and related phenomena in
CFMS/Pt heterostructures using the all-optical TRMOKE technique and to extract the
important parameters as discussed above. From the experimental results, we have extracted the
spin-mixing conductance and spin-diffusion length for the CFMS/Pt heterostructure using both
the ballistic model[34-36] and the drift-diffusion model of spin transport[37,38], and thereby
the interfacial spin transparency employing two different approaches, namely, the spin-Hall
magnetoresistance model[39] and spin-transfer torque based model[40]. Moreover, we have
compared the relative contributions from the spin pumping, spin memory loss (SML) and two-
magnon scattering (TMS) at the interface to the magnetic damping parameter. This study will
substantially enhance the in-depth understanding of the fundamental magnetic properties of
Heusler compound-based FM/HM heterostructures and promote them as a promising candidate

for future spin-orbitronic devices.
5.2 Experimental Details

5.2.1 Sample Fabrication

Thin films of CFMS Heusler compound were deposited on a 20 nm thick buffer layer of Cr
grown on the top of a single crystalline MgO (001) substrate at room temperature using ultra-
high vacuum-compatible magnetron sputtering at a base pressure below 1x107 torr. This was
followed by in-situ annealing at 500 °C to promote the high-quality crystalline ordering of
CFMS. After the in-situ annealing for CFMS layer, a Pt layer was deposited at room

82



temperature. The depositions were carried out typically at a rate of 0.01 A/s with Ar pressure
of 5 millitorr. Two series of films with stacks of MgO/Cr(20)/CFMS(d)/Pt(t) were prepared for
the present investigation. For series | (S1-S6), the nominal CFMS layer thickness was varied
asd =10, 12, 14, 16, 20 nm while maintaining a constant thickness of Pt layer at t =5 nm. For
series |1 (§7-S12), the Pt layer thickness was variedast =1, 2, 3, 4, 8, 12 nm, keeping a constant
thickness of CFMS layer at d = 16 nm. A 2 nm thick capping layer made of Al was deposited
on top of all the sample stacks to protect those from any external degradation including
oxidation due to exposure in the atmosphere as well as to the femtosecond laser. For

convenience, we have listed the sample names and nominal thickness values in table 5.1.

5.2.2 Measurements

In-situ reflection high energy electron diffraction (RHEED) images of the samples were
acquired to investigate the surface structural quality of the thin films. On the other hand, ex-
situ out-of-plane and tilted x-ray diffraction (XRD) patterns in 6-26 geometry were measured
to reveal the crystalline phase information and atomic site ordering in the thin films. Atomic
force microscopy (AFM) was used to probe the average surface roughness and the topography
of the sample stacks and a standard four-probe technique was used to measure the resistivity.
Static magnetic properties were measured using a vibrating sample magnetometer (VSM) at
room temperature. A custom-built all-optical time-resolved magneto-optical Kerr effect
(TRMOKE) magnetometer based on two-colour optical pump-probe setup in a non-collinear
geometry was employed to measure the ultrafast magnetization dynamics from the samples.
Here the fundamental laser beam (wavelength, A = 800 nm, full width at half maximum,
FWHM = 40 fs) from an amplified femtosecond laser source (Libra, Coherent Inc.) was split
into two parts using a 30:70 beam splitter and the weaker part is used as probe and the second
harmonic of the stronger part of this beam (A = 400 nm, FWHM > 40 fs) was used as pump to
excite the dynamics in the sample. The pump beam has a larger spot size (~400 um) on the
sample surface as opposed to that of the probe beam (~100 um) ensuring the detection of local
dynamics from a uniformly excited zone. The pump beam was obliquely incident on the
sample, while the probe beam was incident normal to the sample plane so that the polar Kerr
rotation is measured from the sample using a polarized beam splitter and two separate
photodiodes. A variable magnetic field was applied to the sample at a small angle (~15°) from
the sample plane, the in-plane component of which (H) is referred to as the bias magnetic field.

An optical chopper was used to modulate the pump beam at 373 Hz and Kerr rotation and
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reflectivity were recorded by two separate lock-in amplifiers in a phase-sensitive manner

avoiding any possible breakthrough of one into another.
5.3 Results and Discussion

5.3.1 Structural Characterization

The crystalline phase and atomic-site ordering play non-trivial roles in the determination of the
magnetic properties of Heusler compounds[22,41]. Therefore, before proceeding to the
investigations of dynamic magnetic properties, we have performed some important structural
characterizations of the deposited samples systematically. In fig. 5.1(a), XRD data measured
in usual 0-20 geometry are shown for a few representative samples from both series I and II.
The presence of a strong diffraction peak from CFMS (400) at 66.3° suggests good crystalline
growth of CFMS associated with cubic lattice symmetry, whereas a clear diffraction peak at
31.8° from CFMS (200) strongly indicates the formation of B2 lattice ordering for all the
CFMS layers under investigation. A tilted XRD scan presented in fig. 5.1(b) shows no clear
CFMS (111) peak, thereby ruling out the possibility of any admixture of L2; phase in the lattice
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Figure 5.1: (a) XRD patterns for the MgO (sub)/Cr/CFMS/Pt/Al samples measured in
conventional 0-20 geometry. Intense diffraction Peaks from CFMS (200), CFMS (400) and Pt (200)
are identified along with Cr (200) peak. (b) The tilted XRD scan showing no prominent peak from
CFMS (111) indicating the absence of L2, structural phase. (c) Intensity of CFMS (400) diffraction
peak is found to increase with CFMS layer thickness whereas the integrated intensity ratio between
CFMS (200) and CFMS (400) peaks remains thickness invariant suggesting a stable Co-atomic site
ordering
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ordering. Careful observation reveals that both the intensities of the CFMS (200) and CFMS
(400) superlattice peaks are increasing for the case of S1 (d =10 nm) to S3 (d = 20 nm) which
are in consonance with the increasing nominal thickness. As a previous report[41] presented a
thickness dependent ordering for CFMS, we have calculated the integrated intensity ratio of
CFMS (200) to CFMS (400) diffraction peaks as shown in fig 5.1(c). Though an increasing
trend in the intensity of CFMS (400) peak signifies an improvement of cubic crystalline
structure, the nearly constant value of the integrated intensity ratio confirms a very stable
atomic-site ordering of Co-atoms within the compound structure. The degree of lattice strain
can also be qualitatively understood from the analysis of Pt (100) peak, which is presented in
section 9.1 of Appendix B.

To understand the nature of oriented growth of the CFMS and Pt thin film layers along the
MgO [100] and MgO [110] directions, in-situ RHEED images have been acquired. The images
for CFMS and Pt layers are depicted in fig. 5.2(a) for the sample S4. The prominent streaks
observed in the images confirm the epitaxial growth of both the CFMS and Pt layers. The
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Figure 5.2: (a) In-situ RHEED patterns exhibiting clear streaks along MgO [100] and MgO
[110] crystallographic directions obtained from CFMS and Pt layers. (b) Measurement of mean
surface roughness from AFM image. (c) Variation of sheet resistance of the heterostructure as
a function of Pt layer thickness. (d) Representative result of magnetization vs magnetic field
from in-plane VSM measurements for S1 sample showing extraction of coercive field and
saturation magnetization.
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CFMS (001) and Pt (001) planes have grown on the MgO (001) plane. In addition, the CFMS
[110] and Pt [100] directions have aligned parallel to the MgO [100] direction. Here, the Cr
layer acts as a buffer layer which promotes the epitaxial growth of layers by reducing the lattice
mismatch between MgO and CFMS layer. Previous studies suggested the achievement of a
better crystalline ordering after post-deposition annealing [29,42] which is reconfirmed by the
RHEED patterns from all the samples. From these RHEED observation, we found the
following epitaxial relationship: MgO (001) || Cr (001) || CFMS (001) || Pt (001) and MgO
[100] || Cr [110] || CFMS [110] || Pt [100].

The AFM image revealing the surface topography for a particular sample (S7) is presented in
fig. 5.2(b). The mean surface roughness calculated over a large area shows a fairly small value
of 0.48 nm. The average topographical roughness corresponding to all the samples are of the
same order. However, for the heterostructure, interface roughness for the individual layers
significantly contribute to the control the spin transport across the interface. Layer thickness
and roughness values estimated from the simulation of X-ray reflectivity measurement data are

presented in table 5.1. For further details, please refer to section 9.2 of Appendix B.

Table 5.1: Coercive field and saturation magnetization values extracted from VSM
measurements along with thickness and roughness estimated from XRR data for MgO
(sub)/Cr(20)/CFMS(d)/Pt(t)/Al(2) samples

S Measured Nominal Thickness and roughness extracted from XRR
from VSM Thickness
H. M CFMS Pt Cr (buffer) CFMS Pt Al
(Oe) | (emu/cc) (capping)
d t d c d c t c d c
(nm) (nm)| (nm) (nm) (nmm) (nmm) (nm) (nm) (nm) (nm)
S1 | 32 947 10 5 20.28 0.60 10.15 0.21 550 039 220 0.30
S2 | 32 902 12 5 20.08 0.30 12.01 040 570 036 2.10 0.60
S3 | 34 888 14 5 20.28 0.50 14.02 028 560 044 2.00 0.60
S4 | 30 922 16 5 20.68 030 16.01 022 6.00 045 2.00 0.21
S5 | 26 868 18 5 20.38 0.59 18.04 033 585 0.53 2.00 0.50
S6 | 24 896 20 5 20.58 0.30 20.01 021 575 045 2.00 0.60
S7 | 24 909 16 1 20.05 0.29 16.00 039 1.70 033 190 0.69
S8 | 33 875 16 2 2035 033 1597 027 284 047 129 0.68
S9 | 22 923 16 3 20.56 042 1620 031 370 048 273 048
S10| 30 871 16 4 20.06 0.22 16.10 0.21 478 035 233 0.38
S11| 22 856 16 8 2094 030 1580 032 890 045 201 035
S12] 25 895 16 12 12044 020 1520 0.29 1250 045 2.00 0.26

Fig. 5.2(c) displays the variation of the sheet resistance of the heterostructure as a function of

the platinum layer thickness. The resistance vs thickness data are fitted using a standard parallel
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combination of resistance model and the resistivities of the CFMS and Pt layers are calculated

as 79.7 + 1.1 uf2.cm and 48.7 4+ 0.8 pf2. cm respectively.

5.3.2 Static Magnetic Properties

The magnetic hysteresis behaviour of all samples has been studied using VSM at room
temperature. Fig. 5.2(d) shows a typical plot of magnetization vs in-plane applied magnetic
field of S1 sample along the easy axis of CFMS ([110] direction) which reveals a square
hysteresis loop for the sample. The estimated saturation magnetization (M) and coercive field
(Hc) values for all samples are presented in table 5.1. The M values differ slightly from one
another and show about 10-18% reduction from the bulk value of 1050 emu/cc[41]. The Hc
values for the samples are found to be small having an upper bound of ~35 Oe.

5.3.3 Investigation of Damping Constant from All-Optical TRMOKE Measurement

The phenomenon of spin pumping at the CFMS/Pt interface is schematically depicted in fig.
5.3(a) along with the optical pump-probe measurement geometry. A typical TRMOKE result
presented in fig. 5.3(b) comprises of signatures from different physical phenomena associated
with a magnetic system in the femtosecond to nanosecond timescale. When an ultrashort laser
pulse is incident upon a ferromagnetic surface, a sudden drop in magnetization is observed
referred to as the ultrafast demagnetization[43]. The magnetization then exhibits a recovery via
spin-lattice relaxation giving rise to the fast relaxation process. The third regime essentially
consists of the slow relaxation process superimposed with spin precession where the energy is
redistributed from the system to the surroundings and the system reclaims its initial
magnetization[44]. To find the magnetic damping, it is imperative to calculate the effective
magnetization and the characteristic decay time associated with the precession of spins. To
execute this, the precessional Kerr oscillations, after eliminating the bi-exponential background
caused by the relaxation, are fitted with a sinusoidal function with decaying amplitude of the

following form:

0,(t) = Ae_% sin(2nvt + @) (5.1)
where 7 is the decay constant of the spin precessional motion with frequency v and amplitude A.
Time-resolved Kerr oscillations are measured at different strengths of the bias magnetic field
and the corresponding frequency values have been calculated from the fast Fourier transform
(FFT) spectra. We plot the bias magnetic field dependence of the precessional frequency and
the effective magnetization has been extracted for all samples from theoretical fit using the
Kittel formula for uniform precessional mode given below[45,46]:
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Figure 5.3: (a) Schematic representation of spin pumping mechanism in CFMS/Pt interface
measured employing non-collinear pump-probe arrangement (b) Three different regimes present in
a typical TRMOKE data from the MgO(sub)/Cr(20)/CFMS (10)/Pt (5)/Al heterostructure at H=1.0
kOe. The bi-exponential background fitting is shown in red solid line. (c) Bias field dependence of
the precessional frequency measured for sample S1 fitted with Kittel formula. (d) Effective Gilbert
damping extracted for sample S1 showing nearly frequency-independent values.

V= % J(Hcos(8y — 6y) + Hy) (Hcos(6y — 6y) + Hp) (5.2)

wherey = g”B/h ; g,ug and h being the Lande g-factor, Bohr magneton and reduced

Planck’s constant respectively and H represents the bias magnetic field. 8, and 6,, are the
respective angles between in-plane easy axis with the applied bias field orientation and
direction of magnetization. H, and H, are the contributions from two-fold and four-fold

anisotropies and are given by[45]:

2K, 2K,
H, = cos 20, + cos 46y,
MS N
H, = anm, + 2 2K 0 g +K4(2 in2(26,)) (5.3)
=47 — = sin — (2 =sin .
b S Ms Ms M Ms M

where K,, K, and K, are in-plane uniaxial, cubic crystalline and out-of-plane anisotropy

constant.
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Further details of the Kittel fit parameters along with the values of anisotropic constants can be
found in the Appendix B (section 9.3). The effective damping (e ) constant is then extracted
employing the following relation[45,47]:

2
eff = yt(2Hcos(8y — 6y) + H, + Hp)

(5.4)

In fig. 5.3(c) we have shown the uniform precessional mode frequencies as obtained from
sample 1 at different bias magnetic field strengths. The field dependent dynamics has been
fitted with the Kittel formula given by eq. 5.2 to extract the K,, K, and K,. We have also

extracted o at different bias magnetic field strengths. A plot of s vs precession frequency

for S1 shown in fig. 5.3(d) revealed that o 1s nearly invariant with precession frequency. As
magnetic damping is highly correlated to atomic site ordering in CFMS[41], a nearly
frequency-independent value of o4 can be attributed to a stable B2 structure observed for the
studied samples and indicates the absence of any significant amount of inhomogeneous
anisotropy distribution and two-magnon scattering (TMS)[48] due to the presence of surface
and volume impurities[42]. Nevertheless, we have extracted the precise contribution of TMS

later in this article.
5.3.4 Modulation of Damping as a Route to Probe Spin Pumping

In an FM/NM heterostructure, apart from the intrinsic Gilbert damping, there can be various
other physical mechanisms contributing to the magnetic damping such as spin pumping, two-
magnon scattering, spin memory loss, etc. In a non-local contribution to damping like spin
pumping, the FM layer acts as a source of spin current and the optically induced spin current
in the FM layer flows through the FM/NM interface and finally dissipates in the adjacent NM
layer acting as an absorption medium for spin current or a spin sink. This leads to an
enhancement in the effective damping. This phenomenon is theoretically modelled by
Tserkovnyak et al. using a modified Landau-Lifshitz Gilbert equation given below[13]:

dm dm y
=y (m X Hepy) + g (mx 2) + s (55)

Here, «, is the intrinsic Gilbert damping and V is the volume of the FM layer. The net spin
current I consists of a DC contribution I which is null for the present case, pumped spin
current IP*™P from FM layer and a spin backflow current 122¢* from NM layer to FM layer
since a practical NM material might not act as an ideal spin sink. Thus,

I, =19 + IB"™P 4 phack (5.6)
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The effect of a backflow of spin current from the NM to FM layer can be quantified by B
as[49,50]:
-1
= (276G \/E tanh(E) (5.7)
B 13 1 :
which depends on the spin-diffusion length (1) of the NM medium.
Here, ¢ is the spin-flip probability given by [51,52]:

2 4
= (Z”e ) (5.8)

hc
2
whose value is obtained as 0.105 using Zp; = 78 for platinum and Z—C is the fine structure

constant = 1 /1 a7

However, the transport of spin current through the interface is characterized by intrinsic and
effective spin-mixing conductance. The effective spin-mixing conductance takes care of the
spin backflow factor, and as the thickness of the NM layer enhances, it approaches the intrinsic
spin-mixing conductance asymptotically in the regime of no or negligible backflow current. In
the ballistic spin transport approach, the relation between spin-mixing conductance and

enhancement of damping can be modelled as[35,36]:

2t

Gesr=Gn(l—e 2) (5.9)
dndM;Aa  4md M

Gepr = e om (@err — o) (5.10)

Since the ballistic model does not take the resistivity of the NM layer into consideration, an
alternative model based on drift-diffusion framework[37,38] provides another functional
relation between spin-mixing conductance and modulation of damping:

Gy

14+ E2000 oy

where p is the resistivity of the NM and the reverse flow of the spin current is represented by
the hyperbolic cotangent term present in the denominator.

Now, according to the spin Hall magnetoresistance model, the detected spin current at the NM
layer is smaller than the spin current pumped out of the FM layer. This reduction can indicate
many possible physical factors like the presence of local disorder and intermix at the FM/NM
interface accompanied by electronic band mismatch etc. In the spin Hall magnetoresistance
(SHM) model[39], interfacial spin transparency (T) parametrizes all these hindrances and is

correlated with G by the following relation:
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t
Geff tanh (ﬂ)

T = (5.12)

_h_
2e?p

However, in the spin-transfer torque (STT)-based model the spin backflow factors are

t
GeffCOth(ﬂ) +

neglected. In the higher thickness regime of both the FM and NM layer and the interfacial spin
transparency attains the following form[40]:

2Gy
_ GNM
T =——"F~— (5.13)
14250
GNM
where Gy = e;;p refers to as the spin conductance for the platinum layer here.

In a heterostructure like the one under investigation, there could be other physical effects
playing a role in the observed modulation of damping. The spin angular momentum exerted by
the precessing spins in the FM layer can suffer a loss at the interface due to spin memory loss
(SML)[53], two-magnon scattering (TMS) etc. Whereas the spin-orbit coupling at the interface
or proximity induced interfacial depolarization leads to the SML and consequent enhancement
of damping, the creation of degenerate magnon modes from an initially uniform FMR mode
caused by the surface inhomogeneity scattering centres, leads to TMS effect[54]. Inclusion of
these two effects into the effective damping gives the following modified set of
expressions[19,55]:
Aeff = Ao + Asp + Asy, T Arys

,BTMS

gu
7 (Gogp + Gy ) + — (5.14)

aeff = aO + 47TdMeff
G gy 1S the spin conductance due to SML and By is the TMS coefficient depending on the
defect density and perpendicular magnetic anisotropy in the FM layer.

5.3.5 Investigation of Thickness-Dependent Enhancement of Damping

The bi-exponential background subtracted precessional Kerr oscillations recorded at H= 1.0
kOe are presented in fig. 5.4(a) where the NM layer thickness is varied as 1 <t <12 nm for the
sample Sub/Cr(20)/CFMS(16)/Pt(t)/Al(2) (shown schematically in fig. 5.4(b). A non-
monotonic variation of o is observed with t as presented in fig. 5.4(c). In the lower thickness
regime, i.e. t < 4 nm, o increases rapidly but for t > 4 nm, it starts to saturate and
asymptotically approaches a value of 8.5x1073. This result is fitted using the ballistic model of
spin transport with eq. (5.9) and (5.10) to estimate the intrinsic spin-mixing conductance, Gy, =

(6.51 + 0.21) x 10% cm and the characteristic spin-diffusion length for platinum layer, A =
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Figure 5.4: (a) Background subtracted time-resolved Kerr rotation data for samples with Pt
thickness t =1, 2, 3, 4, 5, 8 and 12 nm recorded at H = 1.0 kOe (b) Schematic representation of the
corresponding sample with varying thickness of the Pt layer. (c) Variation of o as a function of ¢.
The solid and dashed lines represent the theoretical fits employing the ballistic and drift-diffusive
spin transport model, respectively to extract the intrinsic spin-mixing conductance and the spin-
diffusion length

3.06 £ 0.29 nm. Moreover, we have further fitted our results employing eq. (5.10) and (5.11)
as suggested by the spin diffusive model resulting Gy, = (1.23 +0.11) x 10** cm2and 1 = 3.23
+ 0.11 nm as a fitting parameter. Unlike the ballistic approach that assumes a fast spin current
transfer in the regime of t << 4, the resistivity of Pt is taken into consideration in the calculation
of Gy by the diffusion model giving a higher estimate of spin-mixing conductance. The
differences in the way the spin backflow is incorporated in both frameworks can be attributed
to the differences in the estimated value of Gy,. However, the values obtained for spin-diffusion
length using both the models are close enough and also are in agreement with the existing
literature [53,56]. From eq. (5.8), we have calculated the spin-flip probability for platinum as
e = 0.105 as mentioned above and the corresponding 8 as (1.40 + 0.11) x 107 cm? from eq.
(5.7) for the sample with t = 12 nm. Here, g exhibits a strong width dependent modulation (up
to 74%) and attains its maximum value of (2.44 + 0.22) x 107 cm? for the sample with the

lowest Pt layer thickness, t =1 nm.
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Investigation of  precessional dynamics for the other set of samples
Sub/Cr(20)/CFMS(d)/Pt(5)/Al(2) where the FM layer thickness (d) was varied as 10 <d < 20
nm provides an avenue for direct experimental determination of G, . The time-resolved Kerr
rotational data for these samples measured at H= 1.0 kOe are presented in fig 5.5(a). A plot of
aqrr Vs 1/d (fig. 5.5(b)) shows an almost linear behaviour. The experimental result is fitted
with the theoretical expression given by eq. (5.10) to derive the values of a, and G,y to be

0.0039 + 0.0004 and (6.08 + 0.12) x 10*° cm?, respectively.
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Figure 5.5: (a) Background subtracted time-resolved Kerr rotation data for samples with CFMS
thickness 10,12,14,16,18 and 20 nm obtained at H=1.0 kOe. (b) Enhancement of effective Gilbert
damping with inverse of CFMS layer thickness is shown. The blue solid line represents the
theoretical fit considering spin pumping only whereas red dashed line represents fitting with
contributions from spin memory loss (SML) and two-magnon scattering (TMS) taking into

consideration. (c¢) Percentage contribution in modulation of damping (MOD) from spin pumping,
SML and TMS across the thickness range of CFMS layer

Subsequently, to disentangle any possible contributions of SML and TMS at the interface from
that of spin pumping in the modulation of damping, we have further fitted the results using a
modified expression for o, as given by eq. (5.14). From this fit, we have extracted the value
of Gsm = (3.21 + 0.15) x 10*3 cm2and the coefficient for TMS is found to be By = (3.57 +
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0.21) x 10*® cm? which shows that the contributions of SML and TMS in the modulation of
damping are negligible in comparison to that of spin pumping. Their relative contributions and
plotted in fig 5.5(c), which confirm that the effects of spin pumping is far more dominant for
the systems under investigation. It is to be noted that the value of G,,, obtained for the
CFMS/Pt interface is significantly higher than the value for other FM/NM heterostructures, as
shown in table 5.2, promoting this system as a strong candidate for spin-orbit torque (SOT)-

based devices.

Table 5.2: Comparison of effective spin mixing conductance and interfacial spin

transparency obtained from present work with the values reported in the literatures

Spin Mixing Conductance Interfacial Spin

NM/FM Material Systems
Transparency

Material Interfaces with Pt

Pt/Py[18] 1.52 0.25
Pt/Co[18] 3.96 0.65
Pt/FM[40] 0.6-1.2 0.34-0.67
Pt/YIG[57] 0.3-1.2 NA
Pt/Fe[58,59] 2.0-44 NA
Pt/CosoFeso[60] 2.5 NA
Material Interfaces with Heuslers
B-Ta/CosFeAl[61] 2.90 0.68
CozFeAl/Mo[62] 1.56 NA
MoS, /CosFeAl[63] 1.49 0.46
CoFeAl/Cu/B-Ta[64] 3.40 NA
Material Interfaces with Heuslers and Pt
Co,MnSi/Pt[65] 6.5-9.0 NA
COzFCA]o,sSio,s/Pt[66] 2.1-3.7 NA
CoFeo4Mng ¢Si/Pt [this work] 6.5-12.3 0.87

We have further measured the resistivity of the Pt layer and used G as obtained above to
extract the interfacial spin transparency, 7. As T depends on the electronic band matching of
the metals in an FM/NM junction, it is an electronic property of the interface and a higher value
of T is always desirable for energy-efficient SOT applications. We have found 7= 0.84 = 0.03
using the eq. (12) considering the SHM model, while eq. (13) from STT-based model yields T
=0.87 £ 0.02 which is slightly higher than that obtained from SHM. From the table 5.2, it is
evident that the interfacial transparency value that we obtained from the present study is highest
among the available literature reports on various FM/NM systems involving heavy metals.
Interfacial spin transparency essentially expresses the probability of transfer of spins across the

interface of ferromagnet and non-magnet interface. As it is a function of effective spin mixing
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conductance, it will highly depend on the spin-orbit coupling strength of the NM material
involved. Apart from this, interface band structure matching, presence of lattice defects and
dislocations, Fermi velocity are some of the crucial factors[63] governing the efficiency of spin
transport and thereby implicitly contribute to manipulation of spin transparency. The spin
density of states (DOS) at the Fermi level directly correlates with the Gilbert relaxation

parameter and associated damping[67].

G « &2D(Eg) (5.15)
Also, G has a linear relationship with damping
G = yaM; (5.16)
Therefore,
a x E2D(ER) (5.17)

¢ spin orbit coupling (SOC) parameter is very small for CFMS and constant for Pt. Also, Pt
being a metal will possesses high DOS at the Fermi level. Thus, for Pt both high SOC strength
and large occupancy at the Fermi level controls the rapid dissipation strong spin angular
momentum inflow from the CFMS layer and strongly enhances the effective damping.
Therefore, both the material choice as well as careful engineering of the interface play crucial
role in observed large 7. The giant interfacial spin transparency value essentially suggests the
ease of spin transfer through a favourable CFMS/Pt interface and ushers superior application

potential of CFMS/Pt heterostructure in pure spin current-based devices.
5.4 Conclusion

We have extensively investigated spin pumping and related phenomena in the CFMS/Pt
heterostructure employing a non-invasive and reliable all-optical time-resolved magneto-
optical Kerr effect technique. A strong but linear enhancement of effective damping is observed
with increasing CFMS layer thickness whereas an initial exponential rise followed by
saturation in damping is found with a systematic variation of Pt layer thickness in the range of
1 to 12 nm. The relationship between effective damping and the thickness of the CFMS layer
has been modelled to extract the intrinsic Gilbert damping to be 0.0039 + 0.0004 and effective
spin-mixing conductance to be (6.08 + 0.12) x 10" cm™ . The results for variation of effective
damping with Pt thickness have been modelled employing ballistic spin transport as well as
drift-diffusive based framework for spin transport to extract the intrinsic spin-mixing
conductance values of (6.51 + 0.21) x 10" cm™?and (1.23 £ 0.11) x 10'® cm™, respectively.
Furthermore, we have isolated the contributions from spin memory loss and two magnon

scattering to damping and found them to be negligible to that from spin pumping. The 7 value
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is also estimated to be 0.84 £ 0.03 and 0.87 + 0.02 using the spin Hall magnetoresistance model
and spin-transfer torque model, respectively. The value of T is one of the highest reported
values in such FM/NM heterostructure so far. The large interfacial transparency in conjunction
with the high value of effective spin-mixing conductance and small intrinsic Gilbert damping
strongly place the CFMS/Pt heterostructure as a potential candidate for SOT-based new

generation storage and memory devices.
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Chapter 6

6. Controlled Evolution of Ultrafast Demagnetization in

Heusler Compound and Heavy Metal Interface

6.1 Introduction

Pulsed laser-induced ultrafast demagnetization has become a topic of immediate interest ever
since its discovery in 1996 by Beaurepaire et al.[1] as it offers the potential realization of
manipulating the magnetic order at an unprecedented speed. Thus, the intriguing phenomenon
has been extensively studied in ferromagnetic transition metals[2], semiconductors|3,4], rare
earth alloys[5,6] and half-metallic alloys[7] to achieve a solid understanding of the underlying
mechanism associated with the ultrashort timescale[8]. In their paper, Beaurepaire et al.[1]
proposed a simple phenomenological model, known as the three-temperature model (3TM)
which presented a physical description of the phenomenon by considering the possible energy
exchanges between the spin, electron and lattice baths in thermal equilibrium. Subsequently,
many plausible mechanisms were put forward to describe the route of dissipation for spin
angular momentum[9] to explain the dramatic decay of magnetic order within a few hundreds
of femtoseconds. The majority of the proposed models such as Elliot-Yafet electron-phonon
scattering[ 10], Coulomb exchange scattering[11], electron magnon scattering[9,12] and Stoner
excitation are based on ultrafast spin-flip scatterings. Even direct laser excitation mediated[11]
and electromagnetic radiation-mediated relativistic approaches[13] too adopted the spin-flip
process as the sole underlying mechanism. Nevertheless, the phenomenon has also been
attempted to be explained based on purely spin-dependent transport of excited hot carriers
devoid of spin-flips, termed as super-diffusive spin transport[14,15]. Besides, a thermal current
driven mechanism has also been put forward[16] and efforts have been made in terms of
fundamental studies to achieve better control over the process in various materials[17].

However, it is imperative to extend a deeper understanding of the phenomenon in the
heterostructures catering to the specific need of the modern technology-driven industry dealing
with high-speed and energy-efficient devices. In recent times, ferromagnetic and heavy metal
(FM/HM) based heterostructures[18,19] have emerged as one of the best choices for spintronic
and spin-orbitronic device structures such as spin-orbit torque (SOT) magnetic random access

memory (MRAM)[20] devices for their enormous application potential[21,22]. Cobalt-based
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half-metallic Heusler compounds are ideal materials[23] to fit in this type of FM/HM structures
for having low minority spin density of states[24] thereby achieving very high spin polarization
and low switching current[25,26]. In addition to that, they are top-tier candidates in magnetic
storage such as hard disks and various other spintronic and magnonic applications because of
their small intrinsic Gilbert damping ()[27,28]. On the other hand, Pt has long been a widely
popular heavy metal (HM) candidate from a technological point of view for its lower resistivity,
higher SOC strength and superior device efficiency involving FM/HM heterostructure[29].
Recently, it has been shown that the interface of the Heusler compound and Pt can offer giant
spin transparency along with very high spin mixing conductivity and thus can be a crucial
choice in spin current-based devices[19,30].

There have been reports on extensive studies on Heusler material focusing on the precessional
dynamics conducted in the electrical and all-optical manner [31]. Reports are also available in
the literature showing a correlation between the demagnetization time, Fermi level position and
half-metallicity for cobalt-based Heusler alloy thin films [32,33]. However, there is a dearth
of systematic studies in the literature dealing with the femtosecond and picosecond dynamics
simultaneously for FM/HM heterostructure. Therefore, an extensive theoretical and
experimental investigation is required for achieving a comprehensive fundamental
understanding of such an interface.

Thus, the objective of the present study is to perform a systematic investigation of the ultrafast
demagnetization in Co2Feo4Mng ¢Si/Pt heterostructure and to understand the correlation with
the precessional dynamics with an insight into the underlying microscopic nature. Here we
have employed an all-optical time-resolved magneto-optical Kerr effect (TRMOKE) technique
that has long been demonstrated as one of the most efficient methods to probe the spin and
magnetization dynamics in the femtosecond to nanosecond temporal regime offering local,
non-invasive measurement and reliable determination of demagnetization time as well as
effective Gilbert damping. In this study, we present a thickness-dependent strong modification
of the ultrafast demagnetization time in an engineered heterostructure interface consisting of a
Heusler compound and a heavy metal which have further been correlated with the effective
Gilbert damping associated with the precessional dynamics of the system. Phonon-mediated
spin-flip scattering (SFS) has been considered the primary mechanism responsible for the
ultrafast quenching of magnetic order which has been validated employing microscopic three-
temperature (M3TM) model. Furthermore, the significant role of spin transport through the

interface has also been demonstrated in ultrafast spin dynamics.
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6.2  Experimental Details

6.2.1 Fabrication

Two series of heterostructures with configuration: MgO(sub)/Cr(20 nm)/CFMS(d)/Pt(t) were
prepared for our investigation. For series | (S1-S6), the CFMS layer thickness was varied as d
=10, 12, 14, 16, 18, and 20 nm keeping the thickness of the Pt layer constant at t = 5 nm. For
series 11 (S7-S12), the Pt layer thickness was systematically variedast=1, 2, 3, 4, 5, 8, 12 nm,
maintaining a constant d = 16 nm. A 2-nm-thick protective Al layer was deposited on top of
the sample stacks to prevent any external degradation such as oxidation due to atmospheric
exposure, high pulse energy from femtosecond laser etc. The deposition of CFMS Heusler
compound thin films was carried out at room temperature using ultra-high vacuum magnetron
sputtering at a base pressure below 1x107 torr. Here, a single crystalline MgO (001) substrate
was used and on top of that, a 20-nm-thick Cr was deposited to serve as the buffer layer. The
deposition of CFMS was followed by in-situ annealing at 500 °C to promote the crystalline
ordering of CFMS with subsequent growth of the Pt layer at room temperature to reduce the
interface intermixing. The depositions were executed at a rate of 0.01 A/s with Ar pressure of

5 millitorrs.

6.2.2 Measurements

In-situ reflection high energy electron diffraction (RHEED) images from the samples were
procured to check the epitaxial growth quality of the CFMS and Pt thin films. In addition to
that, ex-situ out-of-plane and tilted x-ray diffraction (XRD) patterns in standard 6-260 geometry
were recorded to extract the crystalline phase information as well as chemical (atomic-site)
ordering. After that, the x-ray reflectivity (XRR) measurement and simulation technique are
employed to confirm the actual thickness of the constituent layers. Magnetic hysteresis
properties of the samples were investigated at room temperature using a vibrating sample

magnetometer (VSM).

To measure the ultrafast demagnetization and fast relaxation dynamics from the samples, an
all-optical time-resolved magneto-optical Kerr effect (TRMOKE) magnetometer is employed.
The present set-up is a custom-built one in a non-collinear geometry that adopts a two-colour
pump-probe technique to explore the magnetization dynamics at the ultrafast timescale. At
first, the fundamental laser beam from an amplified femtosecond laser source (Libra, Coherent
Inc.) with wavelength (1) = 800 nm and full width at half maximum (FWHM) = 40 fs was split
into two parts using a 30:70 beam splitter. The weaker part of the fundamental laser beam is
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utilized as a probe and the frequency-doubled stronger part of this beam (A = 400 nm, FWHM
> 40 fs) is used as a pump so as to trigger the dynamics. On the surface of the sample, the pump
beam has a larger spot size (~400 pum) in comparison to that of the probe beam (~100 um)
ensuring the measurement of local dynamics from a uniformly excited area. Here, the pump
beam is made to incident obliquely on the sample, while the probe beam is allowed to incident
normally to measure the polar Kerr rotation from the sample using a polarized beam splitter
and two separate silicon photodiodes. A variable magnetic field is applied to the sample at a
small angle (~15°), the in-plane component of which (H) is defined as the bias magnetic field.
Finally, a pair of lock-in amplifiers (SRS 830) are employed for phase-sensitive detection of
Kerr rotation and reflectivity data without any mutual interference and an optical chopper

modulating the pump beam at 373 Hz serves as the reference for the detection.
6.3 Results and Discussion

6.3.1 Structural and Interface Characteristics

In order to proceed with a systematic investigation it is imperative to study the structural
characteristics of the series of samples as the material properties of the Heusler compounds
tend to change to a great extent depending upon their crystalline phase and the chemical
ordering at the atomic sites[34]. A strong XRD peak obtained from CFMS (200) confirms the
formation of B2 crystalline structure whereas the intense diffraction peak arising from CFMS
(400) indicates its association with cubic crystalline symmetry. The nominal thicknesses of the
constituent layers have been confirmed by best-fit to the experimental XRR fringes. The
magnetic hysteresis behaviour at room temperature has also been studied using VSM with an
in-plane magnetic field applied along the easy axis (CFMS [110]) which shows that all the
samples have very low coercive fields (~22-30 Oe) and the extracted values of saturation
magnetization show a moderate reduction from its bulk counterpart (~1050 emu/cc)[35]. An
in-situ RHEED imaging along the MgO [100] and MgO [110] direction reveals overall
epitaxial relationship as:
MgO (001) || Cr (001) || CFMS (001) || Pt (001)

and, MgO [100] || Cr [110] || CFMS [110] || Pt [100].

A detailed investigation and discussion on the structural ordering, epitaxial growth, interface
and magnetic properties of the similar heterostructure can be found in earlier reports[19].
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6.3.2 All-optical investigation of ultrafast demagnetization and precessional dynamics

Fig. 6.1(a) shows the schematic of the sample with all the constituent layers. A typical time-
resolved Kerr rotation data obtained from all-optical TRMOKE measurement is comprised of
different phenomena recorded from a few fs to a few ns regime can be decomposed into three
temporal regimes as shown in fig. 6.1(b). The sudden loss of magnetic order probed within
hundreds of femtoseconds (regime 1) after shining an intense femtosecond laser pulse is known
as ultrafast demagnetization. The system then attempts to regain its magnetic order within a
few picoseconds which is known as fast relaxation (regime 2). Regime 3 essentially consists
of the precessional motion of the magnetization superimposed with the slow relaxation
mechanism which extends in the ns timescale. The relative change in magnetization in ultrafast
timescale enables a route to faster and non-invasive optical manipulation of magnetic order.
The experimental data plotted in fig. 6.1(c) has been fitted to extract the characteristic time for
ultrafast demagnetization (zm) and fast relaxation (ze) employing an analytical expression as
given below[2].

)

_ AAI/IVIZ _ i[ Ay AsTe — AT e-(ﬁ) _ Me‘(%)]ﬂ(t) + A36(t) } ® G(t) (6.1)

L_ Te = Tm Te = Tm J
i |

This expression has been derived using the three-temperature thermal reservoir model (3TM)

under suitable approximations. The 3TM model provides a pretty accurate phenomenological
description of the ultrafast demagnetization and the subsequent fast remagnetization
considering the energy exchanges taking place between the thermal baths- spin, electron and
lattice interacting with one another. For the case of direct laser-induced demagnetization, the
laser photon interacts with the electronic degree of freedom first and elevates it above the Fermi
level, creating a population of hot electrons. The direct interaction between the laser photon
and the spin reservoir is prohibited by the angular momentum selection rule[36]. This is
followed by the rapid thermalization of electrons, when they interact with the spin bath causing
a loss of spin phase memory, resulting in sudden quenching of the ferromagnetic order in the
material. However, the spin bath then dissipates its excess energy by interacting with the lattice
and environment. By doing so it relaxes back to the initial order although at a much slower
pace in comparison to that of ultrafast demagnetization. Here, in equation 1, t, represents the
timescale associated with the electron-phonon interaction. Where the weight factor A, being
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Figure 6.1: Schematic representation of the CFMS/Pt heterostructure sample with varying thickness
(b) a representative TRMOKE data depicting three different temporal sections including the ultrafast
demagnetization as well as precessional Kerr oscillation with a bi-exponential background. (c)
Ultrafast demagnetization and fast relaxation dynamics shown upto 2 ps-green circles represent
experimental data points whereas black solid line represents theoretical fit. (c) background-
subtracted precessional Kerr rotation-experimental data shown in orange circles. Solid line shows
decaying sinusoidal fit employed to extract characteristic decay time and effective Gilbert damping.

proportional to the magnetization after equilibrium is regained between the electron, spin and
lattice subsystems, A, follows the rise in temperature for the electronic reservoir. The
magnitude of the state filling effect occurring during the overlapping between the pump and
probe [5(¢t)] is represented by A;. The function is then convoluted with a Gaussian laser pulse
function, represented by G (t) to arrive at the normalized change in magnetization.

In the process of electron-lattice and spin-lattice relaxation, the rapid modification in the
crystalline anisotropy due to the elevated lattice temperature triggers the precessional motion
of magnetization around an effective magnetic field. The precession takes place alongside the
slow re-magnetization process when lattice and electronic degrees attempt to achieve thermal
equilibrium with the surroundings. The precessional motion of magnetization can be

parameterized by the associated Gilbert damping parameter, « and the precessional frequency,
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f. In our experiment, the bi-exponential background associated with heat dissipation during the
slow relaxation has been eliminated and the precessional oscillation is fitted with a decaying
harmonic function to extract the characteristic decay constant (fig. 6.1(d)) which is factored in
along with the effective magnetization to calculate the effective value of . Constant values of
pump and probe fluences have been maintained at 17 mJcm™ and 1.5 mJecm™ to avoid any
significant contribution of time smearing in the analyzed values of ultrafast demagnetization

time.
6.3.3 Correlation between ultrafast demagnetization and Gilbert damping
Experimental values of ultrafast demagnetization (zm) for the two series of samples have been

extracted using the best fit from equation 1. The standard deviation in the fitted parameter has

been denoted as the error bar. We have observed that z is increasing monotonically with d, as
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Figure 6.2: (a) Ultrafast demagnetization time (zm) as a function of CFMS layer thickness (d) with
t= 5 nm (b) ultrafast demagnetization time (7m) as a function of inverse of effective Gilbert damping
with varying d, showing an inverse correlation between 7m and « (c) ultrafast demagnetization time
(7m) as a function of Pt layer thickness (¢) with d= 16 nm (d) ultrafast demagnetization time (zm) as a
function of inverse of effective Gilbert damping with varying ¢, showing an inverse functional
relationship between 7, and «
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shown in fig. 6.2(a) while t has been kept fixed at 5 nm. On the other hand, the extracted values
of zm have been found to decrease gradually with t, especially in the lower t regime. However,
with t >4 nm, 7 shows no appreciable variation with t, as evident from fig. 6.2(c). To explore
the correlation of ultrafast demagnetization with the precessional dynamics we have
subsequently potted = as a function of inverse of effective damping constant, 1/ . As the value
of 1/« increases from 95.4 to 136.7, corresponding to an increase in d from 10 to 20 nm, the
value of z, rapidly and monotonically increases from 18019 fs to 242+12 fs, as depicted in fig.
6.2(b). However, @ increases from 21849 fs to 241+10 fs with the value of 1/« increasing
from 112.5to 164.5 as t is varied from 1 nm to 8 nm. Although, zm rises at a much slower pace
with 1/« associated with a variation of t, in comparison to that observed for a variation of d,
we have observed a clear linear relationship between zn and « characterizing two largely

different timescales of spin dynamics (fig. 6.2(b) and 6.2(d)).

6.3.4 Microscopic three temperature modelling

So far, we have experimentally extracted the value of zm and « employing an approximated
expression derived from the 3TM and observed their correlation for our system. As the
phenomenological 3TM only deals with the exchange of energy between different heat
reservoirs, it hardly provides any information about the microscopic nature of the system or its
constituting components. Therefore, to achieve a better insight into the underlying microscopic
behaviour, we have further attempted modelling of the experimental data employing the
microscopic three-temperature model (M3TM). This model, first proposed by Koopmans et
al.[8,37], considers the Elliott-Yafet type spin-flip scattering interaction mediated by phonons
as the main microscopic mechanism responsible for the ultrafast demagnetization and
subsequent relaxation dynamics.

In M3TM, the rate equations for electron and lattice temperatures are described by:

daT,
Ce d_te = —Ge(T, — Ty) + P(1) (6.2)
dT,
G = ~Ga(T, = T2) (63)

Which are modified versions of the foundation equations used in phenomenological 3TM.
Here, C.and C; are the specific heats and 7, and 7} are the absolute temperatures of the electron
and lattice (phonon) reservoirs, respectively. Considering a mean-field approximation to

describe the spin excitation, the femtosecond magnetization dynamics is given by a modified
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rate equation:
dm T T,
— =R —p[1— th( —C)] 6.4
It m T, mcoth|{m T (6.4)
Here, the parameter R is a scaling factor specific to the material system under investigation

with the following functional form:

R «ay (TCZ/MM> (6.5)
Where agrdenotes the spin-flip probability associated with the Elliot-Yafet type of scattering of
electron and phonon momentum. 7. refers to the Curie temperature and st denotes the atomic
magnetic moment for the system. For setting up the simulations, we chose a laser pump term
of the form P(f) = Fexp[-(t/1,)*] having a Gaussian temporal profile with a pulse width 7, = 100
fs determined by the pump-probe cross-correlation and proportional to the pump fluence F.
The maximum electron temperature rise and thus also the amplitude of magnetization
quenching sensitively depends on the laser pump term which is therefore adjusted to reproduce
the maximum quenching observed. The electronic specific heat is calculated as Co(7%) = yTe
where y is the Sommerfeld coefficient. The value of y for CFMS is approximated to 820 Jm
3K? as a weighted average of the individual y values of Co, Fe, and Mn found in standard
textbooks[38]. The lattice specific heat C; is calculated at each value of the lattice temperature

according to the Debye relation

T
T\3 (5, x%*e*
) (6.6)

C; = 9N kg (5 . m
where N4 is the Avogadro’s number, kp is the Boltzmann constant and 6p is the Debye
temperature, taken as 441 K. T, is taken to be 985 K as reported in the literature[39] and st to
be 2.14us, the weighted average of the constituent elements. Thereafter, the normalized
demagnetization traces are directly fitted to equation (4) to obtain G¢; and ayr as fit parameters.
While ayr influences the associated timescale of the demagnetization via the scaling factor R,
Ge influences mainly the magnetization recovery dynamics. In table 6.1 we have shown the
variation of as vs d. With # = 5 nm and d varying from 10 nm to 20 nm for samples S1 to S6,
we have observed that the fitted value of ay decreased from 0.0756 to 0.0649 indicating a
gradual decrease in spin-flip probability from 7.5% to 6.5%, associated with the
correspondingly longer demagnetization times. On the other hand, for = 16 nm and ¢ varying
from 1 nm to 8 nm, a weaker modulation of the demagnetization time is observed in

commensurate with the extracted ay.
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Table 6.1: Electron-lattice coupling constant, maximum electron temperature and the

spin-flip probability extracted from M3TM

Sample d (nm) t (nm) G (%10 Js'm3K™) T max (K) ay
S1 10 5 2.0 968 .0756
S2 12 5 2.0 1161 .0735
S3 14 5 2.0 1055 .0661
S4 16 5 2.0 1080 .0658
S5 18 5 2.0 1175 .0654
S6 20 5 2.0 1029 .0649
S7 16 1 2.6 1114 .0649
S8 16 2 2.4 1297 .0655
S9 16 3 2.4 1159 .0656
S10 16 4 2.2 1115 .0658
S11 16 8 2.0 1053 .0658

So far as the microscopic behaviour of the system is concerned, phonon-mediated spin-flips
and the spin current transport can be taking place at the same time. As our model takes care of
the quenching of magnetization occurring because of the spin flip scattering processes alone,
it will be interesting to see how the model output accounts for the overall dynamics when there
can be a significant contribution of the spin current transport, which is spin conserving in
nature. Fig 6.3(b) shows that the spin flip probability consistently drops with the enhancement
in thickness of the CFMS layer (d), although the rate of decay becomes slightly lower in the
higher d range. This decrement predicts the slower rate of quenching and higher
demagnetization time observed in the higher d values as shown in the fig. 6.2(a). Here, as the
observation has been made with a constant z, we expect a finite amount of spin current transport
to be associated with the process. However, the spin-flip scattering remains the sole driving
mechanism for the process.

Variation of spin flip scattering probability (asy) with the thickness of Pt layer (#) has been shown
in the fig. 6.3(c). Here, ays grows with ¢ in an exponential manner and is found to saturate
around 0.658 when the thickness () is sufficiently higher than the spin diffusion length. In this
case, as d remains constant over the complete range of varying ¢, spin-flip scattering can no
longer be responsible for the change in aywith ¢. Thus, the demagnetization process is mainly
modulated by the spin current transport process which is captured by the model despite the fact

that a constant amount of spin flips is taking place. It will be interesting to note that, when the
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Figure 6.3: (a) Evolution of electronic and lattice temperatures during ultrafast demagnetization
and fast relaxation for sample 1. (b) spin-flip probability parameter as a function of the thickness of
the CFMS layer (d) (c) enhancement of spin-flip probability parameter with the thickness of the Pt
layer (¢) (d) Inverse of demagnetization time (1/7m) has been plotted as a function of effective Gilbert
damping () corresponding to the variation in Pt layer thickness (). The solid line shows theoretical
fit to extract the spin chemical potential (z&).

spin current transport is the driving mechanism behind the ultrafast quenching of magnetic
order, the change is ay is found to be smaller as compared to the case when spin-flip scattering
is the sole driver of the process. This helps us to understand the zm vs ¢ behaviour observed in
the experiment as shown in fig. 6.2(c).

Although the effect of spin current transport as reflected in the change in ayrappears to be small,
the actual effect of the interface in controlling the ultrafast demagnetization dynamics is
significant. Earlier literature consisting of the investigation of CFMS thin films reported the mm
in the range of 355-365 fs for CFMS films of 10-20 nm[31]. On the contrary, we have obtained
the value of zm as 180+9 fs to 242+12 fs in the present study for CFMS(10)/Pt(5) and
CFMS(20)/Pt(5), respectively, which shows a 49.2% and 33.7% acceleration of ultrafast

demagnetization in the respective thickness range. We attribute this to the presence of Pt, a
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strong spin sink material adjacent to the CFMS, promoting strong spin current transport across
the interface. Therefore, it can play a vital role in the modulation of both the dynamics. Because
of the strong SOC of Pt, the spins are accumulated at the interface building a significant spin
chemical potential. Under the action of this strong driving force, the spin current from the
CFMS layer rapidly flows to the Pt layer and gets dissipated creating a large non-local
enhancement in effective Gilbert damping. The amount of spin chemical potential can be

obtained from the following expression:

A (%) = .U_hs (a — ap) (6.7)

We have plotted [fig. 6.3(d)] and calculated /& for our system which comes out to be: 0.766 eV.
Thus, along with modulating the Gilbert damping and thereby the corresponding precessional
dynamics, strong spin transport through this FM/HM interface also serves as an additional
avenue for the dissipation of spin angular momentum and the enduing ultrafast

demagnetization.
6.4 Conclusion

In summary, we have systematically investigated pulsed laser-induced ultrafast
demagnetization in CFMS (d)/Pt (¢) heterostructures with varying thicknesses of CFMS and Pt
layers. A large tunability of demagnetization time has been found with the variation of the
CFMS thickness in the range 10 nm < d < 20 nm. On the contrary, it is found to vary slowly
with Pt layer thickness being varied in a considerable range: 1 nm <¢< 8 nm. The experimental
findings have been found to be in good agreement with the scattering probabilities calculated
employing the microscopic three-temperature model. In addition, we observed an inverse
correlation between the ultrafast demagnetization time and the effective Gilbert damping.
Furthermore, a significant acceleration of ultrafast demagnetization has been observed for the
CFMS/Pt heterostructure in comparison to that of CFMS layers alone reported in earlier
literature. This has been attributed to the spin transport phenomenon occurring at the interface
under the influence of the spin chemical potential manifested mainly due to the large SOC
associated with the HM layer. Therefore, strong spin current transport can provide an additional
avenue for the dissipation of spins thereby facilitating a highly controllable evolution of
femtosecond demagnetization. This study can open up new possibilities in FM/HM

heterostructure-based high-speed spintronic device applications.
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Chapter 7

7. Conclusions and Future Perspective

7.1 Conclusions

In essence, the thesis contains rigorous investigations of spin dynamics from the ferromagnetic
nanostructures and heterostructures in various timescales ranging from femtosecond to
nanosecond employing state-of-the-art time domain experimental techniques. RF and DC
magnetron sputtering, and e-beam evaporation techniques have been utilized for the deposition
of thin films and heterostructures whereas e-beam lithography has been employed to fabricate
the two-dimensional ferromagnetic antidot lattice. SEM has been used to produce the electron
micrograph of the nanostructure and the surface topography and the elemental composition are
investigated utilizing AFM and EDX techniques respectively. In-situ RHEED has been very
effective to probe the crystalline epitaxial growth of the constituting layers of the
heterostructures. To understand the structural phase and crystalline ordering better, out-of-
plane and tilted XRD has been carried out for the heterostructures. The thickness of the
individual layers and corresponding interlayer roughness values have been investigated by
employing the X-ray reflectivity (XRR) technique which is simple and non-destructive in
nature. The static magnetic properties and reversal behaviour has been explored in VSM and
static MOKE to extract the saturation magnetization, coercive field, magneto-crystalline
anisotropy etc. For the time domain measurement of ultrafast magnetization dynamics, we have
employed the time-resolved magneto-optical Kerr effect (TRMOKE) based on a two-colour
pump probe in both collinear and non-collinear geometry. The findings of the experimental
investigations have been aided by micromagnetic simulations carried out in OOMMF, LLG

Micro and Dotmag.

We started with the investigation of precessional magnetization dynamics from the diamond
antidot lattice with square and hexagonal geometry. A rich variation in the multimodal spin-
wave spectra is observed with systematic variation in the strength of the applied bias field.
Variation of the in-plane orientation of the applied bias field revealed the nature of the dynamic
configurational anisotropy for the complex antidot systems. Strong four-fold anisotropy is
obtained from the antidot with the square symmetry whereas a mixture of a strong four-fold

and a weak six-fold configurational anisotropy has been demonstrated for the antidot with
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hexagonal lattice symmetry. The spin wave spectra are also qualitatively reproduced using
micromagnetic simulations (OOMMEF). A further calculation of the spatial distribution profile
for spin wave power and phase enabled us to identify the origin and nature of the modes with
deeper insight. The phenomenon of mode conversion from an extended mode to a quantized or
pseudo-extended mode is observed at different azimuthal angles depending upon the effect of
its geometry. To understand the effect of configurational anisotropy in the manipulation of spin-
wave dynamics, we also calculated the internal field profile at different orientations of the
applied bias field. We have obtained a stark variation of the internal field distribution with
azimuthal orientation and both the lattice symmetry and the diamond shape of the antidot basis
played a significant role in this modulation. The effective tunability of the spin-wave dynamics
manifested from the dynamic configurational anisotropy of diamond-shaped complex antidot
lattice proves them as strong candidates for spin-based on-chip functional logic devices in

future.

We have then proceeded to investigate the spin pumping in ferromagnetic/heavy metal
(FM/NM) heterostructure which is a crucial interface in advanced spin-orbitronic device
applications. Motivated by the exotic properties such as stable spin-polarized band structure,
and low intrinsic damping of Cobalt-based Heusler compounds, CFMS has been chosen as FM
material. On the other hand, Pt has been selected as the heavy metal system for its high SOC
and band matching properties to create a high-quality interface. A heterostructure of CFMS and
Pt with varying layer thickness has been deposited on a MgO substrate with a Cr buffer layer
for reduced lattice strain employing sputtering. The spin dynamics have been measured
employing the TRMOKE microscope-based technique directly at the time domain. As the flow
of pure spin current from FM to adjacent NM The effective damping parameter is then extracted
as the function of the layer thicknesses and careful modelling of the trend using the ballistic
model and drift-diffusion based model provides spin mixing conductance and spin diffusion
length which are imperative to parameterize the pure spin current transport through an
interface. Finally, we employed spin hall magnetoresistance (SHM) and spin transfer torque
(STT) models to extract the interfacial spin transparency and obtained a giant value of 87%.
We have demonstrated that the impact of other physical processes which might be responsible
for reducing the interface transparency such as spin memory loss (SML) and two-magnon
scattering (TMS) are insignificant in comparison to the spin pumping process for the present
heterostructure which explains the large modulation of intrinsic Gilbert damping and giant

interfacial spin transparency.

114



In the next study, we have investigated the laser-induced ultrafast demagnetization in CFMS/Pt
heterostructure. The demagnetization time is found to be highly tunable with the variation of
thickness of the FM layer. However, it shows a weak dependency on Pt layer thickness. The
system has been attempted to model with the microscopic three-temperature model based on
spin-flip scattering. The variation of the scattering probability parameter extracted from the
model is in commensuration with the experimental results. Additionally, an inverse correlation
between the ultrafast demagnetization time and effective damping has been obtained for the
system. Additionally, we have found an enhancement in the speed of the ultrafast
demagnetization in presence of Pt with CFMS. This has been attributed to the spin current
transport across the interface due to the strong SOC of Pt. In such a heterostructure, it is shown
that spin current transport under strong spin chemical potential can provide an additional
channel for the transfer of spin angular momentum that leads to faster demagnetization. Thus
a controllable evolution of ultrafast demagnetization can be achieved by manipulating spin
current transport across the interface of a suitable heterostructure which can be extremely

favourable in future high-speed energy-efficient storage architectures.

7.2  Future Perspectives

Even after its advent of more than two decades ago, modern spintronics is growing at a fast
pace. To cater for the need of the technology, it has spread its wings with multiple physical
processes taking place at the ultrafast timescale. Thus the investigation of magnetization
dynamics at this timescale holds a lot of potential in terms of both fundamental and industrial
advantages. Attention must be given to various nanoscale magnetic structures and novel
heterostructures interfaces depending upon their future application potential. In this thesis, we
attempted to explore the effect of the complex geometry of the overall configurational
anisotropy of the antidot lattice to gain considerable control over the resulting precessional
dynamics. Similar antidot lattice systems can be designed with more complex geometry
following Bravais and non-Bravais arrangement for achieving a comprehensive understanding
of the tunability of spin-wave spectra by modulating the dynamic configurational anisotropy.
An additional control over the spin dynamics may be achieved it will be allowed to interact
with the surface acoustic wave by incorporating a suitable magnetostrictive substrate.
Additionally, modulation of spin dynamics in the family of complex nanostructures in contact

with a heavy metal layer would be one of the crucial directions for further studies. Considering
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so many attractive properties of Heusler alloys and superior spin transport properties across the
interface that we explored in this thesis, it will also be interesting to study the spin dynamics

of the complex magnonic crystals patterned on the CFMS/Pt heterostructure.

We have already discussed that the FM/NM family of heterostructures give us a vast
playground for harnessing the pure spin current and manipulation of ultrafast magnetization
dynamics via spin transport. However, a wide variety of fundamental issues needs to be
addressed to gain a solid foundation over the phenomena at this timescale to realize their

commercial implementation.

We have explored large modulation of intrinsic Gilbert damping by spin current transport
because of the spin angular momentum pumped out from the FM layer. It will be interesting to
investigate the process at low temperatures as various electronic noises may reduce at the low
temperature thereby spin transport at the interface. For ultrafast demagnetization, we explored
the possibility that both spin-flip scattering and spin transport can co-exist and significantly
contribute to controlling the overall dynamics. Nevertheless, complete isolation of both of the
phenomena seems to be challenging and would definitely be a way to look forward. In addition,
the heterostructures can be designed in such a way that a comparative study between the laser-
induced ultrafast demagnetization and demagnetization caused by the non-equilibrium hot
electron transport from the NM layer can be carried out in order to understand the role of spin
transport better. Another interesting observation would be the investigation of speed of ultrafast
demagnetization with the variation of the wavelength of the pump photon. As the penetration
depth of the pump changes significantly with its wavelength, it will alter the distribution of
non-equilibrium electrons in the NM medium which are responsible to initiate demagnetization
of the adjacent FM medium. Therefore, a significant tunability in the efficiency of ultrafast
demagnetization might be observed. Recently, optical inter-site spin transfer (OISTR) has been
demonstrated to be effective to reduce the ultrafast demagnetization time in the order of 10-20
fs. This phenomenon needs to be studied extensively in various multi-sub-lattice systems to
gain further understanding. Additionally, with the rise of magnetism in two-dimensional
layered Vander Waal systems such as Crls, FesGeTe; etc. in presence of a strong SOC medium
they can also serve as novel yet challenging systems to study ultrafast magnetization dynamics

and may provide a novel perspective to the field in near future.
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8. Appendix A: Chapter 4

8.1 Static Magneto-Optical Kerr Effect Measurement of Permalloy film

In Fig. 8.1 (a) magnetic hysteresis loop of a Py(20 nm)/Al>O3(3 nm) film deposited under same
conditions to that of DADL sample is measured using a static magneto-optical Kerr effect

(MOKE) magnetometer. The normalized magnetization (Kerr rotation) vs. applied magnetic
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Figure 8.1: (a2) Normalized magnetization-Magnetic field plot showing hysteresis behaviour of
Permalloy film (b) Coercive field as a function of azimuthal angle of applied magnetic field for
Permalloy film.

field in Fig. 8.1(a) shows that the Py film has a low coercive field (9.5 Oe) and no significant
shift along the magnetic field axis. The latter confirms that the Py film contains no exchange
bias effect due to possible surface oxidation. We have further measured the static MOKE loops
at different azimuthal angles (¢) of the in-plane magnetic field. The plot of extracted coercive
field vs. ¢ is shown in fig. 8.1 (b), which confirms negligible in-plane magneto-crystalline

anisotropy in the Py(20 nm)/Al2O3(3 nm) film.
8.2 Micromagnetic Simulations by Introducing Edge Roughness

In order to understand the effects of edge roughness and deformations we have performed test
simulations on the square and the hexagonal lattice introducing the precise edge profiles of the
basis antidots as obtained from the scanning electron micrographs while keeping all other
simulation parameters unchanged. However, the simulated spectra reveal that introduction of
real edge profiles does not cause any significant modification in the spin-wave dynamics.

Typical such simulated spin-wave spectra at ¢ = 0° and 45° for square and hexagonal DADLs
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are shown in fig. 8.2(a). The corresponding power and phase profiles of the spin-wave modes
are shown in fig. 8.2(b). In both these DADLSs, we have obtained three prominent spin-wave

modes at ¢ = 0° and two modes at ¢ = 45°.
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Figure 8.2: (a) Simulated spin-wave spectra of the DADLs arranged in square and hexagonal
lattices after introducing edge roughness mimicked from the SEM images at ¢ = 0° and 45°. (b)
Corresponding power-phase profiles of the spin-wave modes. The colour maps for power and phase
profiles are shown at the right side of the figure.
For the square lattice, at ¢ = 0°, M2 shows an extended nature through the Py channel in the y-
direction. However, it converts into a pseudo-extended mode at ¢ = 45°. M3 is a quantized
mode at both the angles ¢ = 0° and 45° with n =5. M4 only shows its existence at ¢ = 0° with
higher quantization number (n =7). On the other hand, M2 in the hexagonal lattice is an edge-
mediated extended mode in the vertical channel but showing a BV-like quantization in the x-
direction with n =3 at ¢ = 0°, which also displays pseudo-extended behaviour at ¢ =45°. At ¢
=(0°, M3 is a quantized mode with » = 3 and. M4 is also a quantized mode with n =5 for both
¢ = 0° and 45°.
8.3 Simulated Internal Magnetostatic Field Profiles for 3 x 3 Arrays
In Fig. 4.6(c) of the thesis, we have shown the simulated internal magnetostatic field profiles
around a single diamond antidot extracted from a larger array for the sake of visual clarity.
Here, we present the contour plots of the same for the 3 % 3 arrays of square and hexagonal

DADLs in fig. 8.3. For the square lattice at ¢ = 0°, the field lines are only concentrated around

the sharp corners of the antidots. However, a strong nearest neighbour interaction with dense
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Figure 8.3: Variation of strength of internal magnetostatic field for (a) square & (b) hexagonal
DADL. (c) Internal magnetostatic field distribution at different azimuthal orientation of bias field.
The colour map for internal field is shown at the right side of the figure.

internal field lines is observed for this lattice along the x-direction for both ¢ = 45° and 60°.
On the other hand, for the hexagonal lattice, a weak nearest neighbour interaction is observed
along the diagonal direction at ¢ = 0°, which enhances at ¢ = 45° and 60°, confirming the

presence of the diagonal channel for the hexagonal lattice.
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9. Appendix B: Chapter 5

9.1 Extraction of fractional change in Pt lattice constant from X-ray

diffraction

To gain insight about the degree of strain relaxation for different samples, we have calculated
the lattice constant of the platinum from the position of Pt (100) peak using Bragg’s law. The
fractional changes of the lattice parameter from its natural value (0.392 nm) which can be

regarded as a qualitative metric to understand the lattice microstrain, is plotted as a function of

both the CFMS and Pt layer thicknesses.
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Figure 9.1: Fractional change in the lattice constant of Pt which is related to the lattice
microstrain plotted as a function of (a) CFMS layer thickness and (b) Platinum layer thickness.
With enhancement of CFMS layer thickness from 10 nm to 20 nm, no significant change is
observed in the fractional misfit. However, this value decreases from 5.62% to 0.57% with Pt
layer thickness increasing from 2 nm to 12 nm showing a (1/t) dependence of strain. Therefore,
a mild strain relaxation effect is expected in samples with higher Pt thickness. However, as we
have obtained very sharp streak lines in the RHEED images, the dislocation density at the

interfaces will not be significant to introduce high degree of strain relaxation.

9.2 Extraction of thickness and interfacial roughness values from X-ray
reflectivity measurement

In the heterostructure, along with the total surface roughness, roughness for each constituting

layer becomes important factor in altering the nature of spin transport across the layers. A large

interlayer roughness between the FM and HM layer might hinder the spin angular momentum

transfer and eventually lower the interfacial spin transparency. X-ray reflectivity (XRR) can be
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Figure 9.2: Normalized intensity vs q plot showing the Kiessig oscillations obtained from XRR

measurement for sample S1, S6, S8 and S12. Black hollow spheres represents the experimental

data points where red solid spheres denote the simulated points.
a very effective non-destructive tool to measure the thickness and roughness of the individual
layers. Here we have performed XRR measurement for the CFMS/Pt heterostructures and the
normalized intensity vs qz data is reproduced in simulation using MATLAB based program
“Reflex” [G. Vignaud, & A. Gibaud, J. Appl. Cryst. 52,201 (2019)] to extract the inter-layer
roughness information. In fig. 9.2, we show some representative Kiessig fringes from the
samples S1, S6, S8 and S12 and the extracted roughness parameters for the CFMS, Pt and the

capping layer have been listed in the table 9.1. We have observed that the thickness values

Table 9.1: Interfacial roughness values for individual layers extracted from XRR

Sample o (nm) for o (nm) for ¢ (nm) for o (nm) for
Cr buffer layer CFMS layer Pt layer Al layer
S1 0.60 0.21 0.39 0.30
S2 0.30 0.40 0.36 0.60
S3 0.50 0.28 0.44 0.60
S4 0.30 0.22 0.45 2.10
Ss 0.59 0.33 0.53 0.50
Sé6 0.30 0.21 0.45 0.60
S7 0.29 0.39 0.33 0.69
S8 0.33 0.27 0.47 0.68
S9 0.42 0.31 0.48 0.48
S10 0.22 0.21 0.35 0.38
S11 0.30 0.32 0.45 0.35
S12 0.20 0.29 0.45 0.26
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obtained from simulation are very close to the nominal thickness values for CFMS and Pt
layers. However, from the table 9.1 we see that CFMS layers have an average roughness
value~0.28 nm whereas average roughness values estimated for Pt layer is ~0.39 nm. The small
inter-layer roughness promotes the spin transport lowers the interfacial effects like two-magnon

scattering.

9.3 Extraction of different anisotropy contributions from field dependent

precessional dynamics

The Kittel formula is employed to extract the effective magnetization from the field
dependence of the precessional dynamics. Here 8y and 6,, are angles made by the effective
magnetic field and magnetization with the easy axis of magnetization which is in the direction
of CFMS [110] axis. In the epitaxial relationship we have discussed that the CFMS (110) and
MgO (100) crystallographic planes are parallel to each other which means CFMS unit cell
makes an azimuthal angle of 45° with MgO unit cell i.e. easy axis lies along the diagonal of
sample substrate. In the experiment, we applied the magnetic field along the plane of the sample
with slight tilt in order to induce precession. The change in the 6, due to this configuration has
been assumed negligible in the fitting. Additionally, following the easy axis of cubic anisotropy
(along CFMS [110] direction) and the applied field orientation, we have considered 8y to be
45+1°. The extracted values of the in-plane uniaxial (K2), bi-axial (K4) and the out of plane
anisotropy (Kz) constants are presented in the table-ST3. We observed a strong four-fold

anisotropy mixed with a comparatively weaker uniaxial and out-of-plane anisotropy signatures

Table 9.2: Extracted values of the in-plane uniaxial (K2), bi-axial (K4) and the out of
plane anisotropy (Kz) constants from the Kittel fit

Sample K2 (erg/cm?) K4 (erg/cm’) Kz (erg/cm?)
S1 1.62x10* -1.00x10° 3.65x10*
S2 1.86x10% -2.47x10° 5.69x10%
S3 3.50x10* -1.81x10° 4.84x10*
S4 4.59x10* -9.75x10* 1.61x10*
Ss 5.36x10% -2.35x10° 1.08x10*
S6 3.27x10* -5.15x10° 3.53x10*
S7 5.91x10* -6.51x10° 1.90x10*
S8 2.29x10* -4.44x10° 5.42x10*
S9 3.81x10* -7.32x10* 4.23x10*
S10 2.50x10% -1.77x10° 2.61x10*
S11 1.60x10* -2.30x10° 2.23x10%
S12 5.30x10* -9.56x10° 3.53x10*
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