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Abstract

This PhD thesis explores the fabrication, characterization, and application of advanced exchange
spring (ES)/exchange coupled (EC) nanoheterostructures and their magnetic properties. Current
challenges in the field of magnetics include the development of materials that demonstrate tunable
magnetic properties, particularly in terms of controlling anisotropy and spin dynamics at the
nanoscale. This thesis addresses these challenges by utilizing an electrodeposition technique, we
have been able to develop for the first time in sifu amorphous/nanocrystalline cobalt-phosphorus
(CoP) thin films at room temperature. These films exhibit a unique transverse exchange spring
structure due to the interplay between in-plane (IP) and out-of-plane (OOP) anisotropies. The
inherent IP anisotropy of the amorphous phase competes with the OOP anisotropy of the nanocrys-
talline structure, producing characteristic stripe domain structures that evolve into novel corru-
gated stripe domain shapes.

Systematic investigations reveal the evolution of hysteresis loops in these thin films, showing
a transition from low coercivity non-ES loops to staircase-ES loops with multiple coercivities in
thicker films. The First Order Reversal Curve (FORC) distributions demonstrate various reversal
mechanisms within the samples, confirming the transition between non-ES and ES states based
on the prevalent interfacial exchange coupling. Additionally, the field-dependent Brillouin Light
Scattering (BLS) spectra unveil distinct spin wave modes, with ES films showing well-resolved
bulk and Damon-Eshbach surface spin wave modes, while non-ES films exhibit mode doublets
below a certain applied field threshold. These findings indicate a linear dependence of mode

frequencies on magnetic field intensity and enhanced exchange coupling in thicker ES films.

On the other hand, ultrafast magnetization dynamics studies highlight the in-plane magnetic
orientation (¢) dependent ultrafast demagnetization and precessional dynamics of electrodeposited

non-exchange spring nanostructured CoP alloys. The precession frequency shows dominant two-
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fold anisotropy superposed with moderate four-fold anisotropy, while the Gilbert damping coef-
ficient exhibits four-fold anisotropy. The ultrafast demagnetization remains nearly isotropic with
@, suggesting a significant role of spin-orbit coupling (SOC) in anisotropic precessional dynamics
and isotropic spin-flip scattering processes. These detailed studies of ultrafast spin dynamics re-
veal crucial dynamical properties for potential applications in high-frequency integrated magnetic
passives for future monolithic on-chip power supplies.

Furthermore, this thesis introduces novel “Magnon Microwave Antennas” (MMAs) for gener-
ating tunable microwave frequencies without external bias magnetic fields. The MMAs, compris-
ing patterned arrays of magnetostrictive nanomagnets embedded in piezoelectric heterostructures,
generate multimode microwave frequencies through the phonon—magnon coupling. Static mag-
netic studies elucidate various magnetization reversal processes within the nanowire and nanodot
arrays, unveiling the critical role of demagnetization energy distribution in tuning the domain
configuration and power-phase distributions of these MMAs. Functional tuneability has been
proposed to be achieved through amplitude-dependent training using different combinations of
nanowire and nanodot dimensions, topologies, material properties, and array configurations. The
non-volatile nature of the spin textures generated in MMAs under bias-free conditions holds
promise for energy-efficient logic and low-power computing applications.

Thus, the comprehensive research presented in this thesis paves the way for the development
and exploitation of next-generation nano-heterostructures for various cutting-edge magnetic vis-a-
vis magnonic applications, including on-chip reservoir computing, leveraging the unique magnetic

vis-a-vis magnonic properties and their tuneability in these advanced materials/devices.
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Introduction

This chapter provides a basic overview relevant to this dissertation work, starting with the funda-
mental aspects of ferromagnetism and the significance of nanostructured ferromagnetic materials
in the integrated devices, including their static and dynamic characterizations. It then introduces
a novel integrated magnonic device called the “Magnon Microwave Antenna” (MMA) [4] and
briefly explains its advantages over conventional antenna devices, particularly for on-chip reser-
voir computing. Finally, the chapter concludes with the motivation behind this thesis and an

outline of its structure.

1.1 Background

Historically, the study of magnetism can be traced back to ancient civilizations, where naturally
occurring magnets, such as lodestones, were first discovered. The scientific exploration of nanos-
tructured magnetic materials accelerated during the 19" and 20" centuries, leading to significant
discoveries and the development of various magnetic devices. Therefore, magnetism [6—8], more
particularly nanomagnetism [7, 8], a quantum phenomenon deeply rooted in the behaviour of
atomic and molecular entities, has captivated the scientific community for centuries. A partic-
ularly intriguing element of nanomagnetism research is the close alignment between theoretical
predictions and practical implementations, where nanostructured magnetic materials have been
the cornerstone of the technological advancements for centuries [6—8]. These materials exhibit
magnetic properties due to the alignment of magnetic moments, which can be manipulated by
external magnetic fields. Understanding the behaviour of these materials is crucial for developing
new technologies and improving existing ones. The exploration of the magnetic properties in
nanostructured materials is not only a fundamental pursuit but also underpins the development of

the cutting-edge technologies. The rapid advancement in nanotechnology has enabled significant
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progress in the development and application of nanostructured magnetic materials [6—8].

Nanostructured magnetic materials can be classified based on their behaviour in magnetic
fields, including categories such as diamagnetism, paramagnetism, ferromagnetism, ferrimag-
netism, antiferromagnetism, and altermagnetism [9, 10]. This thesis entitled “Nanostructured
Magnetic Materials for Integrated Magnonic Devices” will primarily focus on ferromagnetism,
as the material under study is ferromagnetic thin films or confined nano-heterostructures. These
materials, with their unique magnetic properties at the nanoscale, hold immense potential for
a variety of applications, particularly in the field of integrated devices [11, 12] and integrated

magnonic devices [13, 14].

Magnonics, a subfield of spintronics [15, 16], focuses on the manipulation of spin waves [6]
(magnons, a quanta of magnetic excitations) for information processing and transmission. It is
noted that the traditional conventional electronic devices mostly utilize the charge of an electron,
while spintronics is the field built with a fusion of spin of the electron and electronics, which
has emerged as a cutting-edge field with transformative implications for information processing
and storage [6—8]. Incorporating spin degrees of freedom into traditional charge-based electronic
devices, or relying solely on spin, offers several advantages over conventional semiconductor
devices. These include nonvolatility, higher data processing speeds, reduced electrical power
consumption, and increased integration densities. However, to integrate spins into current semi-
conductor technology, it is crucial to address several technical challenges. These include efficient
spin injection, transport, control, manipulation, and detection of both spin polarization and spin-
polarized currents. Integrated magnonic devices leverage the generated spin waves at relatively
higher frequencies to achieve functionalities that are complementary to or surpass conventional
electronic devices [17]. This PhD thesis attempts to explore the rich landscape of development,
characterization, and application of nanostructured ferromagnetic materials in the context of inte-
grated devices, integrated magnonic devices, addressing the fundamental science including both

the static and dynamic studies, and the potential technological advancements.

Of late, Surface Acoustic Waves (SAWs) [18] have emerged as a revolutionary and versatile
tool that promises to reshape the landscape of spintronics, information processing, and sustain-
able technology [19]. Within this realm of scientific exploration, SAWs offer a dynamic and
highly controllable means of manipulating physical phenomena at the nanoscale [20]. Since the
SAWs propagate along the material surface, inducing mechanical vibrations with a wide range
of frequencies ranging from megahertz [4] to gigahertz [20] interact with electron spins within
magnetic/magnetostrictive materials, the role of SAWs becomes pivotal in spintronics, which
opens up a plethora of opportunities for manipulating spin configurations with precision and

efficiency.
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In order to understand spintronics, one needs to understand the dynamics of either the ac-
cumulation or phase of spins in a system or in short spin dynamics or commonly known as
magnetization dynamics in ferromagnetic thin films and/or confined structures in detail, as spin
dynamics play cruicial role in developing fundamental building block of spintronics [7, 8]. Most
fascinating characteristics of spins are characterized by the spin degree of freedom. In spintronics
devices, spin current, i.e., the flow of spins analogous to the movement of charge carrier, act as the
required information carrier, which could be manipulated/tuned by applying a tiny external field.
Furthermore, spins retain its curated state due to its long relaxation time while charge carriers
could easily be perturbed by external impurities [7, 8]. Such spin dynamics or the magnetization

dynamics is governed by Landau—Lifshitz—®Gilbert equations 1.1 and 1.2 [4, 5].

oM . o[- oM
Hor — 1 {a_E} (1.2)
T T lom '

Therefore, elaborating the significance of spin dynamics or magnetization dynamics, in the
context of emerging technologies becomes imperative for establishing a solid foundation in the

field of nanomagnetism and magnonics in particular.

1.2 Ferromagnetism

Ferromagnetism is a fundamental magnetic property observed in certain materials where magnetic
moments of atoms align parallel to each other within a region called a domain. This alignment
results in a strong, permanent magnetization even in the absence of an external magnetic field.
Ferromagnetic materials in nanostructured form are crucial for various technological applications
due to their high magnetic permeability' (1) and retention of magnetization. It is the strongest
type of magnetism, marked by the spontaneous alignment of magnetic moments, i.e., net magne-
tization, M # 0. Understanding ferromagnetism at the nanoscale is vital for the development of
advanced magnetic materials and devices, as it allows for the manipulation of magnetic properties
through precise control of size, shape, and structure. Nanostructured ferromagnetic materials
are of paramount importance for many industrial applications and modern technologies. They

form the foundation for electrical and electromechanical devices such as electromagnets, electric

IThe magnetic Permeability (1) of a magnetic material is defined as the ratio of the magnetic flux density (B) in

the material to the magnetic field strength (H) applied to it, given by the formula, u = g—g.
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motors, generators, transformers, magnetic storage devices, and hard disk drives. These materials
are typically metals like iron, cobalt, and nickel, or their alloys and compounds. However, only a

few materials exhibit ferromagnetism, and they usually

need to be in pure forms or specific alloys. However, Axt
the modern derivatives of many of the nanostructured 1 trttttetete
. . : : . = tettteetet] .
ferromagnetic materials are pivotal in cutting-edge ‘J ol
. .. . . . = AR
technological applications like heat assisted magnetic 2 /’%Qe\
s
recording (HAMR) [21], magnetic data storage, mag- § 6 =T, /;(10@
(%2} ,/
netic random access memory (MRAM), and spintronics < . $
_— . o +ve N -7 Temperature (T)
applications [22, 23]. So, understanding the intricacies 0 < >

of ferromagnetic behaviour is essential for advance- Figure 1.1: The variation of the inverse

ments in device miniaturization and magnetic memory ferromagnetic susceptibility as a function
of temperature, where 1¢ is the Curie

technologies. The variation of inverse of the magnetic _
Temperature of the material.

susceptibility? (3 ') as a function of temperature (T)
for ferromagnetic materials is depicted in Figure 1.1.
The inset of Figure 1.1 illustrates the organized spin configuration of a ferromagnetic material,

showing any spontaneous magnetization.

1.3 Hysteresis Loop

Hysteresis loop is a fundamental concept in materials science, in particular studying the nanos-
tructured magnetic materials. The hysteresis loop characterizes the magnetic behaviour of ferro-
magnetic materials by depicting the relationship between the applied magnetic field (H or Hext)
and the resulting magnetization (M). Key parameters such as coercivity, remanence, and saturation
magnetization are derived from the hysteresis loop, providing insights into the material’s magnetic
properties. In general, magnetism is a quantum and nonlinear phenomena. Due to such inherent
nonlinearity present in the ferromagnetic material, we obtain such hysteresis loop from them.
In nanostructured magnetic materials, the hysteresis behaviour can be significantly altered due to
surface effects, quantum confinement, and interfacial interactions. Analysing the hysteresis loop is
essential for optimizing the performance of magnetic materials in various applications, including
data storage, magnetic sensors, and magnonic devices. An example of a simulated hysteresis loop
of a ferromagnetic material utilizing a GPU accelerated micromagnetic simulation platform such

as MUMAX? [24] is schematically shown in Figure 1.2, which is obtained by following the three

2The magnetic Susceptibility (y) of a magnetic material is defined as the ratio of the magnetization (M) of the

material to the magnetic field strength (H) applied to it, given by the formula, y = 3—%.
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steps: (i) First, the external magnetic field is applied (say along +x direction) from O (zero) to a
certain positive value, the virgin curve is obtained. Accordingly, the applied magnetic field starts
eliminating the magnetic domains oriented in different directions. However, after a certain value
of the magnetic field, the magnetic moment (and hence the magnetization) remain constant, even
after increasing the value of the magnetic field, which is called as the saturation magnetic field
(+Hs,) and the magnetization is known as the saturation magnetization (Ms). After Hgy, all the
domains are aligned along the direction of the magnetic field, i.e., +x direction as illustrated in
Figure 1.2. (ii) Second, the magnetic field is reversed, i.e., applied along the opposite direction
(i.e., —x direction) and reduced from +Hgy to —Hsy. Similarly, at —Hg, the magnetization
along the opposite direction remain unchanged, i.e., the negative magnetization saturation (—Mg)
achieved and now the domains are aligned along the —x direction. In this process, it is observed
that when the Hey; is restored at O (zero) field, the material shows a finite value of moment, which
is denoted by Mg, known as Remanent magnetization of the material. On the other hand, at some
finite negative value of Hey the moment vanishes, i.e., the magnetization is reduced to zero, the
field is called as coercive field of the Coercivity (Hc) of the material. (iii) Finally, the field is
applied in reverse direction, i.e., from negative x to the positive x direction and all the negative
domains further align along +x direction with the direction of the magnetic field after reaching

the +Hgy again. In this way, we obtain a full hysteresis loop of a material.

A more practical example is further discussed in this paragraph. The following Figure 1.3
reveals the different domain configurations of different positions for a magnetostrictive FeGa
nanowire (NW) array. The simulation parameters, saturation magnetization Mg, = 1.32 MA/m,

exchange stiffness constant Aex = 16 pJ/m, initial exchange anisotropy constant K,; = 0 J/m? [4],
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Figure 1.3: (a) Simulated hys-
teresis loop of a magnetostric-
tive FeGa nanowire (NW) array.
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(b)-(g), respectively.

are utilized to obtain the hysteresis loop as shown in Figure 1.3(a). The Figure 1.3(b) shows the
initial domain configuration of random magnetization (Position-‘I"), while Figure 1.3(c) exhibits
the domain configuration at the positive saturation magnetization state (Position-‘II") with field
+Hgo. The domain configuration of an intermediate state between +Hg, and —Hg,, named
Position-‘III” is shown in Figure 1.3(d) while the domains of the negative saturated state at
—Hgy, 1.e., Position-‘IV’ is shown in Figure 1.3(e). The domain configurations of the reverse
intermediate state between —Hsy, and +Hs,, named Position-‘V’ is shown in Figure 1.3(f) and
(g), respectively.

One can note that no domains are oriented in the Position-‘I" as external field is zero while
all of the domains in the Position-‘II" is aligned with the direction of the applied magnetic field
(4+Hsap). Similarly, domains of Position-‘TV’ are aligned with the reverse direction of the applied
magnetic field (—Hgy). However, the domains in the intermediate states, i.e., Position-‘III",
Position-‘V’ and Position-‘VI’ are oriented in a particular orientation such that the system stays
in the overall minimized magnetic energy condition. A detailed explanation of such scenario is

presented in Chapter 8.

1.4 First-order reversal curve (FORC) Measurement

While the hysteresis loop provides valuable insights into the macroscopic magnetic properties
of a material, it often lacks the resolution to distinguish between different microscopic magnetic
interactions and domain states. For instance, measurements like coercivity (Hc), saturation mag-

netization (Mg), and remanence magnetization (MR) are certainly helpful, they only give us an
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average view of the whole sample. They do not tell us much about the variety of magnetic
strengths and interaction fields present at the tiny, nanometre scale. That’s where First-order
reversal curve (FORC) diagrams come in.

The FORC measurement technique is an advanced method for characterizing the magnetic
properties of materials, providing a more detailed and nuanced understanding than the traditional
hysteresis loop. The FORC method involves measuring a series of minor/partial hysteresis loops,
each starting from a different point on the major hysteresis loop and reversing to a saturation
point, as shown in Figure 1.4. These diagrams offer a comprehensive view of the magnetic
interactions and domain behaviour within the material. They gather data from the entire area

within a major loop of a standard hysteresis loop, making them one of the best ways to measure

(a) 2000F P (emuz/ Oez) : o Figure 1.5: A typical example of an un-
! ,~"Hy| rotated FORC distributions of a 0.68 pm
2 =T E L cobalt based thin film alloy in (Hr, Hr)
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8 L angle with the applied magnetic field
= OF------------- - ---------- (H). Here, p is the required FORC
mm ///&\‘ parameter defined as a double derivative
N function of (Hg, Hg), which determines
N the reversibility or irreversibility of the
N magnetic phenomena. The terms, Hc
“H c and Hy represent the local coercivity and
s | the present bias magnetic field of the
sample.

N

1
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S
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tiny-scale variations. The FORC technique addresses the limitation of normal hysteresis loop
by capturing a richer dataset that reflects the complexity of magnetic behaviour such as domain
wall dynamics, reversible and irreversible magnetization processes, and the spatial distribution
of coercive fields within the material. This enhanced resolution is particularly important for
nanostructured materials, where subtle interactions and variations in magnetic properties can
significantly impact performance. FORC diagram can be presented in several ways, e.g., the
raw minor curves, unrotated FORC diagram in (Hgr, Hp), processed FORC diagram in (Hc, Hy)
plane. A typical example of an unrotated FORC diagram is shown in Figure 1.5. The standard
experimental procedure and the further explanations about the FORC measurements are described
in Chapter 3.

1.5 Nanostructured Magnetic Materials

In the realm of advanced technology, researchers are constantly exploring new materials and
methods to enhance the performance of the spintronics devices that involves high performance
nanomagnetic systems, which hold great promise for revolutionizing the way we transmit and
process information. However, the effective implementation of such high-performance nano-
magnetic systems poses a significant challenge. These systems rely on intricate interactions
between magnetic fields, microwaves in nanometre (one-billionth of a meter) level, making their
design and optimization a complex task. To fully realize their potential, it is crucial to develop
novel techniques and subsequently novel nanostructured magnetic material that can overcome the
existing limitations and maximize the performance of these systems.

Since this PhD thesis explains some intriguing nanomagnetic phenomena generating out from
a nanoheterostructured ferromagnetic material and paves the way to utilize such novel nano-
heterostructures for novel potential applications, such as magnon microwave antenna etc. we con-
sider now the ferromagnetic material only. Depending upon the energy dissipation as a function
of heat within a system, nanostructured ferromagnetic materials are classified into two categories
as discussed below. In a nanostructured ferromagnetic material, it is observed that the dissipated

energy across a circuit of the hysteresis loop is proportional to the area of the loop.

1.5.1 Nanostructured Soft Magnetic Materials

Nanostructured ferromagnetic materials that are characterized by their low coercivity and high
permeability are referred to as nanostructured soft magnetic materials, making them ideal for

applications where easy magnetization and demagnetization are required, and energy loss per
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cycle needs to be minimized, such as in transformers, inductors, and electromagnetic shielding.
At the nanoscale, soft magnetic materials can exhibit enhanced magnetic softness and improved
saturation magnetization due to reduced magnetic anisotropy and domain wall pinning effects. A
low magnetostriction is often preferred to prevent the induction of a local anisotropy energy due

to internal strains [6].

1.5.2 Nanostructured Hard Magnetic Materials

Nanostructured hard magnetic materials, on the other hand, possess high coercivity and rema-
nence, enabling them to maintain strong magnetization in the presence of external magnetic
fields. They are challenging to magnetize and demagnetize. These properties are essential for
permanent magnets used in electric motors, generators, and microwave and heat-assisted magnetic
recording media. Nanoscale engineering of hard magnetic materials can lead to superior magnetic
performance, with applications in high-density data storage and advanced magnetic devices. In
these applications, it is crucial to maintain the magnetization for an extended period. The energy
dissipated in a hysteresis loop cycle is maximized to prevent spontaneous magnetization. Apart
from large hysteresis, nanostructured hard magnets are characterized by narrow domain walls
(large K), and ease of domain wall pinning. Large ion moments and substantial crystal fields

contribute to hard magnetic properties, and suitable materials often include rare earths [6].

1.5.3 Exchange Spring System

Since the conventional nanostructured hard magnetic materials contain rare-earth material, re-
searchers are looking for an alternative rare-earth free nanomagnet which has the potential to
replace such conventional nanostructured hard magnetic materials for cutting edge applications.
The exchange spring system [25] combines both the soft and hard magnetic materials in a het-
erostructure at the nanoscale to exploit their complementary properties. In comparison to the
conventional single nanostructured ferromagnetic (FM) thin films, i.e., either nanostructured soft

FM having high saturation magnetization (Ms), low coercivity (Hc), or nanostructured hard FM
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having high Hc, low Mg, in the exchange spring systems, the sandwiched (bi/tri)-layered nano-
hetero-structures (NHS) at the nanometre level aim to achieve simultaneously high Mg from
the soft phase and high Hc from the hard phase, resulting in materials with superior magnetic
performance. During the process of fabrication, the critical conditions [26] as highlighted in
the insets of Figure 1.7(c)/(d) play an important role in defining the heterostructured system and
subsequently the nature of the hysteresis loops. For instance, Lg > 2d}, defines the system as
Exchange Spring (ES) [Figure 1.7(c)] system while Lg < 2d}, makes the system Exchange Coupled
(EC) [Figure 1.7(d)] resulting into a staircase-like hysteresis loop and a rectangular hysteresis loop
in the prior and later cases, respectively. Here, L is the thickness of nanostructured soft magnetic
layer and d, is the domain wall width of the nanostructured hard magnetic layer, which arises
from the interplay between exchange interactions and magnetocrystalline anisotropy. This d, is
often defined as & % Here, Acx h 1s the exchange stiffness constant and Ky , is the anisotropy
constant of the nanostructured hard magnetic layer.

In hard magnetic materials (such as SmCo or NdFeB), the anisotropy constant K;;; is large,
which leads to a smaller domain wall width. The high anisotropy ensures that once a domain wall
forms, it is energetically expensive to move or widen it, resulting in a very stable, narrow domain
wall. The magnetostatic energy favors the formation of magnetic domains that minimize stray
magnetic fields by favouring configurations with minimal external magnetic flux. When the soft
magnetic layer thickness L exceeds 2dy, the soft layer can smoothly rotate its magnetization in
response to the domain structure of the hard layer, which ensures the exchange spring effect. It
is noted that the exchange energy ensures that the soft and hard layers remain coupled, but the

soft layer can “unwind” more like a spring, gradually transitioning from the magnetization of the

() (c)
2 2 .
< ms < Ls > 2dy, High Mg
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Figure 1.7: Schematic of hys- 2 =
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. Soft FM spring
soft and hard magnets are in (a) 0 0 N
and (b) respectively Forma- >Applied Magnetic Field (H) —>Applied Magnetic Field (H)
, :
tion of magnetic nano-hetero-
structures, namely (c) exchange + E——
spring and (d) exchange cou- (b) (d)
led nanomagnets dependin s = LowMs | S
p m g . .P g = p / =L, <24,
upon the critical conditions. = { S
@ | High HC! | 5
5 ] | B
- I 5
i - Hard FM i coupled
- Applied Magnetic Field (H) ->Applied Magnetic Field (H)

10 Chapter 1. Introduction



Nanostructured Magnetic Materials for Integrated Magnonic Devices A. Samanta

soft layer to that of the hard layer. This is key to achieving the exchange spring effect, where
the overall system exhibits high magnetization and high coercivity simultaneously. Therefore, the
domain wall width dj, of the hard magnetic layer plays a crucial role in the exchange spring system
by defining the scale over which the magnetization transition occurs. At that condition, the system
can efficiently balance exchange, anisotropy, and magnetostatic energies. This allows the soft
layer to rotate smoothly in response to an external field while maintaining strong coupling with
the hard layer, resulting in the desired exchange spring behaviour with both high magnetization
and coercivity.

The Energy Product, often denoted as BHpx, 1s a key figure of merit for magnetic materials,
especially in the context of permanent magnets. The Energy Product is defined as the maximum
value of the product of the magnetic flux density B and the magnetic field strength H within the
second quadrant of the B — H hysteresis loop of the material. This value represents the maximum
magnetic energy density that the material can store in its magnetic field, which is a critical
parameter for applications requiring strong and efficient permanent magnets. Mathematically,

it is defined by the following equation 1.3:

BHp,x = max(B-H) (1.3)

Here, B is the magnetic flux density (measured in Teslas, T) and H is the magnetic field strength
(measured in amperes per meter, A/m). Therefore, in order to determine the BHp,,x, one examines
the (B — H) hysteresis loop, which plots the relationship between B and H. The maximum
energy product is found in the second quadrant of this loop, where the product (B - H) reaches
its peak negative value. This is often referred to as the “demagnetization curve.” The energy
product BHp,x is typically expressed in megaGauss-Oersteds (MGOe) in the CGS system or
in kilojoules per cubic meter (kJ/m?) in the SI system. 1 MGOe is equivalent to 7.958 kJ/m®.
Higher BH.x values signify materials that can produce stronger magnetic fields. Thus materials
with high BHp,.« values are sought after for high-performance applications, e.g., application like
electric motors, generators, magnetic storage devices, and other technologies requiring strong
permanent magnets. Examples of materials with high energy products include neodymium-iron-

boron (NdFeB) magnets and samarium-cobalt (SmCo) magnets.

1.5.4 Transverse Exchange Spring

The transverse exchange spring system [27] involves a history-dependent procedure and the lat-
eral and orthogonal arrangement of soft and hard magnetic phases, offering unique magnetic

behaviours and properties. This configuration can result in anisotropic magnetic properties and
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enhanced magnetic performance, with potential applications in magnonic devices and advanced
magnetic sensors. A transverse exchange spring is a magnetic system characterized by its response
to external magnetic fields. In the context of a multilayer transverse ES system, one can conclude
that a transverse ES shows the following key features: (i) Zero Field: In the absence of an external
magnetic field, both the hard and soft magnetic moments exhibit no magnetic response in the
measurement, indicating a neutral state. (ii) Small Fields: When a small magnetic field is applied,
the hard moments show a reversible magnetic response due to their strong crystal-field anisotropy,
which resists movement. Meanwhile, the softmoments in the soft layers can more freely align
with the applied field, resulting in a larger reversible magnetic response. (iii) Large Fields: As
the magnetic field strength increases, the hard moments are forced out of their initial plane to
align with one of the easy axes, lie in-plane either [010] or [100]. This realignment leads to the
loss of the transverse exchange spring property, and the magnetic response becomes irreversible.
In essence, the transverse exchange spring behaviour is dependent on the strength of the applied

magnetic field and the inherent properties of the materials involved.

1.6 Energy Distribution in Ferromagnetic Material

Ferromagnetism is rooted in the energetics of the system, which includes various contributions
such as exchange energy (Eex), anisotropy energy (Eunis), demagnetising energy (or stray field
energy) (Egemag), Z€eman energy (Ezeeman), and magnetoelastic energy (Emg). In ferromagnetic
materials, the total energy (Eioa)) 1S @ combination of these various energy contributions as ex-
pressed by Equation 1.4. The interplay between these energies determines the magnetic behaviour
of the nanostructured materials, such as domain formation, magnetic hysteresis, and response to
external magnetic fields. Understanding and controlling these energy components is essential for
analysing the behaviour of the nanostructured ferromagnetic materials and subsequently develop-

ing magnetic devices and applications.

Eiotal = Eex + Eanis + Edemag + Ezeeman + EME (1.4)

1.6.1 Exchange Energy

Exchange energy arises from the quantum mechanical interactions between the spins of electrons
in a ferromagnetic material. According to quantum mechanics, the Pauli exclusion principle and
the Heisenberg exchange interaction lead to a lower energy state when neighboring electron spins

are aligned parallel to each other. This energy can be expressed as given in equation 1.5:
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where, J;; is the exchange integral between spins S; and S; as illustrated in Figure 1.8(a). A

positive J;; favours parallel alignment, leading to ferromagnetism.

1.6.2 Anisotropy Energy

Anisotropy energy is the energy associated with directional dependence of material’s magnetic
properties, which arises because certain crystallographic directions in a ferromagnetic material
are energetically more favourable for the alignment of magnetic moments. The simplest form of

anisotropy energy, uniaxial anisotropy, can be written as in equation 1.6:

Eanis = Ky [Sinz(e)] + K [sin4(9)] (1.6)

where Ky and Ky are the anisotropy constants, being Ky; >> Ky, and 0 is the angle between
the magnetization (M) and the easy axis (£, the direction of preferred magnetic alignment) as

shown in Figure 1.8(b).

1.6.3 Demagnetizing energy

Demagnetizing energy, also known as stray field energy or magnetostatic energy, is the energy
associated with the magnetic field produced by the magnetization of the material. This field,
called the stray field, extends outside the material and interacts with the material itself. The

magnetostatic energy can be expressed as given in equation 1.7:

1
Edemag = E.UO/(Hdemag 'M)dV (1.7)

(@) (b) (©) (d) (€)

Figure 1.8: Illustration of ferromagnetic (FM) energetics to graphically explain different energies,
namely (a) exchange energy, (b) anisotropy energy, (c) magnetostatic energy (d) Zeeman energy, and (e)
magnetoelastatic energy, respectively.
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where, Hyemag 18 the demagnetizing field, M is the magnetization as illustrated in Figure 1.8(c),
and Ly is the permeability of free space. Minimizing this energy often leads to the formation of

magnetic domains. It usually depends on the shape of the material/sample.

1.6.4 Zeeman Energy

Zeeman energy is the energy due to the interaction between the magnetic moments in the material
and an external magnetic field. This scenario is depicted schematically in Figure 1.8(d). This

energy is given by [equation 1.8]:

EZeeman - _HO/(M'HeXt)dV (1-8)

where, Hex; 1s the external magnetic field. The system lowers its energy by aligning the magneti-

zation with the external field.

1.6.5 Magnetoelastic Energy

Magnetoelastic energy (as expressed by equation 1.9) arises from the coupling between the mag-
netic and elastic properties of a material. When a ferromagnetic material is magnetized, it under-

goes a strain, leading to a change in its shape or dimensions (magnetostriction).

Evg = %AS -ocos*(0) (1.9)

where, Ag is the saturation magnetostriction constant, ¢ is the mechanical stress, and 6 is the
angle between the magnetization and the direction of applied stress. The closure domains try to
extend horizontally, whereas the primary closure domain attempts to extend vertically. In this
context, the elastic strain energy is directly proportional to the volume of the closure domains.
This scenario is depicted schematically in Figure 1.8(e). While reducing the size of the domains
can lower the magnetostrictive energy, it also increases the domain wall area, leading to a rise in

exchange and magnetocrystalline energies.

1.7 Fundamentals of Magnonics

1.7.1 Spin Waves and Magnon

At absolute temperature (T = 0 K), a system lies in a perfectly ordered condition while a finite

temperature weakens the ordered orientation by exciting the order parameter. This thermal ex-

14 Chapter 1. Introduction



Nanostructured Magnetic Materials for Integrated Magnonic Devices A. Samanta

citation disrupts the order parameter, e.g., the alignment of spins within the material, leading to
various excitation phenomena within the system such as spin waves. Spin waves are one of the
consequences of breaking the appearance of the spontaneous order or symmetry in the case of
ferromagnetic material, analogous to the excitations in crystals known as lattice waves, quantized
into phonons. [6]. The quanta of spin waves are collective excitations of the magnetic moments
in a material. These spin waves, also known as magnons when quantised [6], play a crucial
role in transferring and processing information, akin to the function of electromagnetic waves in
electronic devices. The perspective view and the view from above is depicted in top and bottom

rows of the Figure 1.9, respectively.

Amplitude

l Wavelength g

Figure 1.9: Top row illustrates the perspective view or the precessional dynamic behaviour of
magnetization M vector denoted by violet arrow around the effective magnetic field vector, H denoted
by red arrow, where the spins form an one dimensional (1D) chain with discrete translational symmetry.
The bottom row displays the top view of the precessional dynamics, illustrated by an imaginary orange
wave — like curve traced by one of the components of M.

Spin waves exhibit a unique variety of dispersion characteristics, more so than electromagnetic
or acoustic waves. These properties can be tuned through different parameters such as the type
of magnetic material, sample shape, and the orientation and magnitude of the applied magnetic
field. The combination of diverse linear spin-wave properties and pronounced nonlinear effects
makes spin-wave systems a compelling subject for studying wave dynamics [28]. The power of
a spin wave is determined by the number of spins involved in the excitation and their collective
behaviour, while the phase refers to the relative timing or position of the spins within the wave.
Since magnons obey the Bose—Einstein (BE) statistics [29], they are bosons with a spin of 1 and

their energy states can be calculated by the following BE distribution 1.10:

1
Ni,BE = =T (1.10)

e KBT

Chapter 1. Introduction 15



A. Samanta Nanostructured Magnetic Materials for Integrated Magnonic Devices

where, n; gg of the particles with energy & with temperature 7 and the chemical potential u. It
is noted that the n; gg can be smaller than 1. The concept of spin waves was first introduced by
Bloch and is described by Bloch’s T3/2 law (equation 1.11). This law is observed when an array
of spins is locally disturbed by an external perturbation, causing the disturbance to propagate as a
wave. In a nanostructured ferromagnetic medium, this wave is generated by the collective phase

coherent precession of magnetization or spins.

Nmagnon < T3/2 (L.11)

At low temperatures, spins are quantized, and small q (a wave vector) and small w (angular
frequency) become important, similar to lattice waves, which are termed as phonons. When the
wave vector (K) is large, implying a short wavelength (A) of a spin wave, the wave is dominated
by exchange interaction. These spin waves can be generated at room temperature without the
need for external excitation like current or microwave and are measured by inelastic Brillouin
Light scattering spectroscopy. In inelastic scattering, the magnitude of the incident wave vector K
differs from the magnitude of the scattered wave vector k', leading to a change in energy from E

(ﬁ2 K2

L) wE (%’;’2), as represented by equation 1.12.

E=E+ho (1.12)

Understanding the power-phase relation of spin waves, often expressed as magnon power-phase
distribution, which denotes the connection between intensity and phase, is integral to deciphering
the intricate dynamic behaviour of spin waves. Generally, the magnon power-phase distribution is
studied by post-processing the magnetization vector data [M —f(¥,7)] that obtained through mi-
cromagnetic simulation [4]. This understanding is pivotal for guiding the design and optimization

of their application in cutting-edge technologies.

1.7.2 Brillouin Light Spectroscopy (BLS)

Brillouin Light Spectroscopy (BLS) is a powerful and important technique for studying spin waves
in nanostructured magnetic materials. BLS study provides detailed information on the dispersion
and the dynamics of spin waves, enabling the investigation of magnonic properties and interactions
in nanostructured magnetic materials. BLS study offers the advantage in measuring the frequency
of the thermally excited spin waves in the absence of any external stimuli such as microwave
driving magnetic field, electric field, electrical current, or optical pumping compared to available

techniques for dynamic measurements, e.g., vector-network analyzer Ferromagnetic Resonance
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(VNA-FMR) measurement, time-resolved magneto-optic Kerr (TRMOKE) effect. Momentum
and energy conservation causes the annihilation of magnons (anti-Stokes process) and the creation
of magnons (Stokes process) [2]. The linewidth of the inelastic peaks (i.e., the BLS spectra) relates
to the magnetic inhomogeneity, while that of the elastic peak reveals the instrumental linewidth
broadening. Typically, the BLS measurements are performed by saturating the sample by applying
sufficient magnetic field, following the descending branch of the hysteresis loop of the sample [2],
such that in that field range, the magnetization is always saturated and parallel to the applied
magnetic field. In typical BLS measurements, usually, the outermost layer (~ 15 —20 nm) of
the samples can be probed while the quasi-static magnetic measurements probe the entire sample
volume, thus providing information on the overall sample magnetic parameters [30]. Therefore,
BLS study may carry little misfits in the derived parameters, e.g., saturation magnetization (Mg)
for a comparatively thicker samples, which are measured with bulk measurements [2]. Experi-
mental methods involving spin waves were used to determine fundamental parameters of magnetic
materials, such as saturation magnetization (Mgy), exchange constant (Acx), anisotropy constants

(Ky1), parameters of magnetic dissipation, etc.

1.7.3 Time-resolved Magneto-Optical Kerr Effect (TRMOKE)

Time-Resolved Magneto-Optical Kerr Effect (TRMOKE) spectroscopy is an important technique
used to study the ultrafast demagnetization processes in nanostructured magnetic materials. The
TRMOKE spectroscopy offers insights into the fundamental mechanisms of spin dynamics and
energy transfer at femtosecond timescales, crucial for understanding and optimizing magnonic
devices. By understanding the ultrafast dynamics of magnetic materials, one can gain insights
into the underlying mechanisms that affect their behaviour in high-frequency regimes, which can
be leveraged to optimize the design and performance of state-of-the-art emerging technologies
[3]. For example, studying the spin dynamics and relaxation processes at ultrafast timescales can
provide information on the behaviour of nanostructured magnetic materials under rapid switching
or dynamic conditions, which are prevalent in high-frequency operation. Such understanding can
guide the selection of nanostructured magnetic materials with properties such as high saturation
magnetization, low coercive field, and moderate anisotropy field and steer the engineering design
for follow on highly miniaturized device topologies, which are desirable for minimizing losses at
and achieving efficient performances at relatively higher operational frequencies.

It is noted that both BLS and TRMOKE spectroscopy are non-destructive characterization
technique. However, the fundamental difference between them is the TRMOKE spectroscopy

offers the magnetization precession in time domain which needs to be undergone through Fast
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Fourier Transformation (FFT) to observe the response in the frequency domain while the BLS

Spectroscopy provides the experimental dynamics data directly in frequency domain.

1.8 Spin Dynamics

In order to study the dynamic behaviour of magnetic materials/devices, one needs to understand
the basic fundamentals of spin dynamics, which is a complex field encompassing a wide range of
time scales. These time scales, determined by the interaction energies via the Heisenberg relation,
categorize spin dynamics into different types. The fastest known process is the fundamental
exchange interaction, occurring within 10 femtoseconds (fs). Spin—orbit coupling (SOC) and
spin-transfer torque (SOT) occur over 10 fs to 1 picosecond (ps). Ultrafast spin dynamics can
be studied by exciting ferromagnetic materials with ultrashort laser pulses [31]. Laser-induced
demagnetization occurs in a few hundred fs, while remagnetization follows in 1—10 ps. These
rapid processes are crucial for magnetic data storage, where writing via spin reversal occurs within
nanoseconds (ns).

Optically induced ultrafast spin dynamics, first observed by Beaurepaire et al. in 1996 [32],
showed nickel thin films demagnetizing in sub-ps times after sub-100 fs laser excitation. Subse-
quent studies confirmed these findings across various metals and alloys, sparking theoretical in-
vestigations into the rapid quenching of magnetic moments while conserving angular momentum.
Despite progress, the full understanding of these mechanisms remains elusive. After demagneti-
zation, electronic charges and spins relax within a few ps to ns, following a bi-exponential decay.
The faster decay reveals the relaxation times of hot electrons and spins, mediated by electron-
phonon interactions, occurring from a few to tens of ps. This relaxation leads to equilibrium
temperatures for spins, charges, and the lattice, altering lattice temperature and magnetocrys-
talline anisotropy. This ultrafast change triggers magnetization precession. The longer relaxation
time (sub-ns to a few ns) involves heat diffusion, damping magnetization precession and ending
dynamic processes.

Energy dissipation in ferromagnets, though complex, can be approximated by a single damp-
ing parameter. Gilbert introduced a phenomenological term to describe the damping of magneti-
zation precession, modelling it as ‘viscous’ damping through a dissipation term dependent on the
time derivative of the magnetization [33]. This damping parameter includes contributions from
various processes, leading to the coupling of uniform and non-uniform precession modes and
other thermal baths in the magnetically ordered substance. Consequently, energy dissipates into
non-magnetic degrees of freedom, typically transferring to the lattice and creating phonons, thus

heating it.
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To understand the different mechanisms contributing to damping, extensive experimental and
theoretical research has been conducted on metallic and insulator ferromagnetic materials. Here,
we focus on the mechanisms related to magnetic damping in metallic thin film ferromagnets.
Instead of delving into the magnetization dynamics equation, we discuss the origin and mech-
anisms (e.g., local and non-local, intrinsic and extrinsic) of Gilbert damping [34]. Theoretical
models such as the breathing Fermi surface model, s-d exchange model, and spin-flip scattering

are covered, along with their limitations in explaining recent findings.

1.9 Magnon Based Devices

Magnon-based devices, which leverage spin waves for information processing, offer several sig-
nificant advantages, including reduced power consumption, high-speed operation, and potential
for miniaturization. These devices provide a promising alternative to traditional electronic devices,
with potential applications spanning logic circuits, memory storage, and communication systems.
The use of spin waves, or magnons, enables the propagation of information with minimal energy
loss compared to electronic currents, making magnonics an energy-efficient technology. Addi-
tionally, the high-frequency operation of spin waves allows for faster data processing, which is
crucial for advanced computing and communication technologies [35]. The inherent properties
of magnons also facilitate the scaling down of device dimensions, paving the way for the devel-
opment of highly compact and efficient components suitable for next-generation nanoelectronic
systems.

Magnonic crystals [36] are periodic magnetic structures that can manipulate spin waves sim-
ilarly to how photonic crystals control light. These materials exhibit bandgaps where spin wave
propagation is forbidden, allowing for the creation of magnonic devices with tailored properties.
The design and fabrication of magnonic crystals are fundamental to advancing the magnon based
technology. The interactions between magnons play a pivotal role in the functionality of magnonic
devices. These interactions include magnon scattering, magnon-phonon coupling [4], and nonlin-
ear magnon dynamics [5]. Understanding these interactions enables the development of devices

with enhanced performance and new functionalities.

1.9.1 Miniaturized Conventional Antenna

Antennas play a pivotal role in modern communication systems, serving as essential components
that enable the transmission and reception of electromagnetic waves. Their design and function-

ality significantly impact the efficiency, range, and reliability of wireless communication. Various
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types of antennas are employed in different applications, each with unique characteristics and
advantages, e.g., Dipole Antennas, Monopole Antennas, Patch Antennas, Yagi-Uda Antennas,
Parabolic Reflector Antennas, Phased Array Antennas. Among the various types of antennas
listed, the Patch Antennas and the Phased Array Antennas can be considered as miniaturized
(i.e., at the micro or nanometre level) conventional antennas. For instance, patch antennas, also
known as microstrip antennas, hold the promise of miniaturization potential. Patch antennas are
typically flat, low-profile antennas., can be fabricated using photolithographic processes, making
them highly suitable for miniaturization. They are typically printed on a substrate with micro
or nanoscale precision. They are commonly used in applications requiring compact and low-
profile antennas, such as in mobile devices, wearable electronics, and medical implants. On
the other hand, phased array antennas comprising multiple individual antenna elements similarly
have miniaturization potential. Phased array antennas can electronically steer their beam with-
out moving the physical structure. Generally, phased array antennas consist of multiple small
radiating elements, which can be micro-fabricated and integrated on a single chip. The ability to
electronically steer the beam without moving the antenna physically adds to their suitability for
miniaturization. These antennas are used in advanced communication systems, radar, and satellite

applications, where precise beam steering and high performance in a compact form are required.

The limitations imposed by the other types of the antennas, as described below, restricts
themselves to miniaturize. For instances, dipole and monopole Antennas, Yagi-Uda antennas
or parabolic reflector antennas belong to these categories. Among the simplest and most widely
used types, dipole and monopole antennas consist of two conductive elements that transmit and
receive electromagnetic waves. They are often used in television and radio broadcasting due to
their simplicity and effective radiation pattern, providing omnidirectional coverage. While basic
dipole and monopole antennas can be miniaturized to some extent, their performance typically
degrades significantly at micro or nanoscale dimensions due to fundamental limitations related
to wavelength and efficiency. Featuring multiple parallel elements, the Yagi-Uda antenna is
directional and highly efficient. It is often employed in applications requiring targeted signal
transmission, such as in radar and amateur radio. Since these antennas rely on multiple elements
arranged in a specific configuration, face challenges in miniaturization due to the spacing and
size requirements of each element. Known for their high gain and directivity, parabolic reflector
antennas use a parabolic dish to focus signals onto a central feed. They are widely used in satellite
communications, radio telescopes, and wireless networking. As they use a large reflective surface
to focus signals, they are inherently challenging to miniaturize due to the necessity of a large

aperture to achieve high gain.

Therefore, it can be summarized that the patch antennas and phased array antennas are the
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most suitable candidates for miniaturization to the micro or nanometre level, maintaining func-
tionality and performance in compact, integrated designs. The following section introduces a
novel and ultracompact antenna, called as the “Magnon Microwave Antenna” (MMA) [4], which
utilizes both the fundamental advantages of the patch antennas and the phase array antennas while
working on different principle. Instead of the utilizing the conventional electrical/electromagnetic
power-phase concepts, the MMA rely on the magnons (SW) and subsequently magnon based

power-phase distribution, as described below.

1.9.2 Magnon Microwave Antenna

Miniaturization is a key trend in modern technology, driven by the demand for smaller, more
efficient, and higher-performing devices. In this context, the concept of integrating magnonic
devices with antennas offers exciting new possibilities. Magnonics, the study of spin waves in
magnetic materials and nanoheterostructures, presents unique advantages such as miniaturization,
high efficiency, and frequency tuneability. By leveraging these properties, the development of
“Magnon Microwave Antennas” (MMAS) [4] represents a significant step forward in the quest
for next-generation communication devices. This thesis focuses on the innovative integration of
nanostructured magnetic materials into antenna design, specifically exploring the potential and
applications of MMAs in integrated magnonic devices.

The Magnon Microwave Antenna (MMA) [4] represents a novel advancement in the field of
integrated magnonic devices. Unlike conventional antennas that usually rely on the propagation
of electromagnetic waves through free space, MMAs utilize spin waves or magnons—quanta
of spin excitations—in nanostructured magnetic/magnetostrictive materials. Geometrically, the
MMAs are comprised with nanostructured magnetostrictive materials on top of the piezoelectric
(PE) substrates, where the PE substrate generates surface acoustic waves (SAW) upon launch-
ing an electrical potential and the SAW accordingly excites the magnetization within the pat-
terned/nanostructured magnetostrictive materials. This approach offers several unique advantages:
(i) Miniaturization: MMAs leverage the short wavelengths of spin waves, which are orders of
magnitude smaller than those of electromagnetic waves at the same frequency. This property
enables the design of highly compact antennas, making them ideal for integration into nanoscale
devices and circuits. (ii) Efficiency: By harnessing the inherent properties of magnetic materials,
MMASs can achieve high efficiency in converting electrical signals to spin waves and vice versa.
This efficiency is crucial for applications where power consumption and signal loss need to be
minimized. (iii) Frequency Tuneability: The frequency of magnons/spin waves in MMAs can

be tuned by patterning the magnetostrictive materials into different shapes/geometry, allowing for
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the dynamic frequency control and reconfigurability. This tuneability is a significant advantage for
adaptive communication systems and frequency-agile applications. (iv) Integration: MMAs can
be seamlessly integrated with other magnonic and electronic components, facilitating the develop-
ment of complex, multifunctional devices. This integration capability is vital for advancing next-
generation communication technologies, where compact and efficient system design is paramount.
(v) Low Interference: Operating in the magnonic regime, MMASs can mitigate issues related
to electromagnetic interference, enhancing the performance and reliability of communication

systems in dense electromagnetic environments.

1.10 Motivation

Since its discovery in the ancient world, magnetism has profoundly impacted various applications,
e.g., extending from loudspeakers and electromotors to microphones and windscreen wipers.
Permanent magnets have been integral to these applications. Despite the longstanding nature
of magnetism as a research field, nanomagnetism has emerged in recent decades as a vibrant area
of scientific inquiry. This renewed interest is driven not only by fundamental scientific curiosity
but also by the immense potential of nanomagnets in modern and future nanotechnologies.

In today’s technology-driven world, devices like smartphones, laptops, and high-spec com-
puters have become indispensable, highlighting the critical role of advanced technology in our
daily lives. Researchers have made significant strides in developing and understanding high-
performance magnetic systems and high-frequency antennas. Current research is focused on
optimizing design parameters and materials to achieve higher data transfer rates and lower energy
consumption. Both computational models and experimental approaches are employed to explore
the high-performance behaviour and underlying physical phenomena of these systems.

What distinguishes our work from existing research is the integration of high-performance
magnetic systems with high-frequency antennas, specifically “in-situ” electrodeposited nanos-
tructured exchange spring systems and the Magnon Microwave Antennas (MMAs). By combining
these cutting-edge technologies, we can leverage their strengths to create a novel platform for
information processing, communication, and performing task. This integration offers new pos-
sibilities for high-speed data transfer, efficient energy utilization improved device performance,
and, reservoir computing.

To validate our proposed solution, we utilize a combination of analytical formulations, exper-
imental measurements, and micromagnetic simulations. This comprehensive approach aims to
provide deeper insights into the underlying physics and develop design guidelines for practical

implementation in telecommunications, data storage, and reservoir computing. The outcomes
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of this work will contribute to the development of next-generation electronic devices that are
faster, more reliable, and environmentally friendly, paving the way for a future driven by ad-
vanced technologies. In summary, the results of this thesis resulted into significant delineation
of fundamental understanding of linear and non-linear magnon (quantized spin wave) dynamics
and subsequent magnon power-phase distributions of a “Magnon Microwave Antenna” (MMA)
working from MHz level to the GHz level, which could potentially be utilized as next generation

reservoir computing/neuromorphic computing.

1.11 Thesis OQutline

This thesis has presented a unique approach to address the challenges associated with such high-
performance magnetic systems and high frequency antennas. The proposed solution involves the
development of advanced fabrication techniques that enable precise control over the properties
of the magnetic materials used in these systems. By tailoring the composition, structure, and
interfacial properties of these materials, the aim is to achieve enhanced magnetic performance and

transmission with lower energy consumption. The remainder of this thesis is organized as follows:

= Chapter 2 provides the detailed overview of the state-of-the-art of the nano-hetero-structured
systems, namely, exchange spring systems, relevant nanostructured magnetic materials, i.e.,
cobalt phosphorous in this case, and the miniaturized transmission devices, i.e., antenna

comprises with suitably tailored nanostructures.

= Chapter 3 elucidates the research methodologies, i.e., the experimental methods for fabri-
cation of the “in situ” heterostructured thin films, the characterization techniques that have
been utilized to characterize the developed samples and the micromagnetic modelling and
simulation techniques employed for designing a novel transmission devices, featuring the

magnon microwave antenna (MMA) and beyond.

= Chapter 4 describes the electrochemical mechanism in detail, i.e., the required electrochem-
istry involving oxidation and reduction processes, behind the fabrication of the stress free,
shiny, smooth, “in situ” nano-hetero-structured exchange spring amorphous and nanocrys-
talline thin films of Co-rich cobalt phosphorous (CoP) with conventional DC electrodepo-
sition technique and its structural, compositional, quasi-static magnetic, and the micromag-

netic studies.

= Chapter 5 focuses on both the static and dynamic (Brillouin Light Scattering (BLS) spec-

troscopy study) magnetic studies. It explains the evolution from the low coercivity non-
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ES loop to the staircase-ES loop, while the first-order reversal curve (FORC) distributions
demonstrate the different reversal mechanisms. Finally, it calculates and compares the
interfacial exchange of the “in sifu” nano-hetero-structured exchange spring amorphous

and nanocrystalline thin films.

Chapter 6 reports the investigation of the ultrafast magnetization dynamics of a non-exchange
spring CoP film with partial demagnetization within few hundreds of femtoseconds (fs)
followed by fast and slow relaxation in relatively longer timescale, and eventually elucidates
that how such important dynamical properties will underpin the potential applications in

high-frequency integrated magnetic passives for future monolithic power supply on-chip.

Chapter 7 introduces a novel transmission device called “Magnon Microwave Antennas”
(MMAs), comprised of patterned arrays of magnetostrictive nanomagnets embedded in
piezoelectric heterostructures, for the generation of microwaves with tuneable frequen-
cies and explains its working principle, i.e., how the phonon-magnon coupling within the
patterned array of nanowires and nanodots generates a multimode microwave frequencies
with nonvolatile spin textures in both configurations, and finally paves the way to tune the

frequency from the MHz level to the GHz level.

Chapter 8 presents the magnonic power-phase distributions and their tuneability of the sur-
face acoustic wave (SAW) driven nano-patterned “Magnon Microwave Antennas” (MMASs)
and additional functional tuneability through amplitude-dependent training using various
combinations of nanowire and nanodot dimensions, topologies, material properties, and
array configurations and finally introduces a novel alternative approach, paving the way
to utilize these MMAs for on-chip reservoir computing, where amplitude varies at the

operating frequency.
Chapter 9 finally concludes the novel research works presented in this doctoral thesis.

Chapter 10 briefly describes the way to carry forward the present research while summaris-

ing the future plan.
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Literature Review

2.1 Introduction

Nanostructured magnetic materials [7, 8] have garnered significant attention due to their potential
applications in integrated devices, particularly in integrated magnonic devices (IMD). The field of
magnonics, which explores the manipulation and control of spin waves (SW) or magnons, offers
promising pathways for developing next-generation communication technologies. This chapter
focuses on the literature review, comprehensively examining the key concepts, material properties,
fabrication techniques, and device applications pertinent to nanostructured ferromagnetic materi-
als and their role in MMAs. The review synthesizes current research, highlighting advancements,
challenges, and future directions.

The review begins by exploring nanostructured magnetic materials suitable for conventional
integrated devices. These include micro-inductors [11, 12] and fluxgate sensors [37], which are
critical for various applications in electronics and sensing technologies. Such nanostructured
magnetic materials, which are suitable for integrated passives, mostly belong to nanostructured
soft magnetic materials that means they have comparatively low coercivity (Hc) and high sat-
uration magnetization (Ms,). Following this, the focus shifts to IMDs (integrated magnonic
devices) via high energy product (BHpax) nanostructured materials, which are essential for ad-
vanced communication systems and permanent magnetic applications, respectively. IMDs include
possible devices for instance, Magnon Transistors, Magnonic Waveguides, and Magnonic Logic
Gates [13, 14]. This thesis has introduced a key magnon based transmission device called as
“Magnon Microwave Antenna” (MMA) while highlighting the importance of it. Additionally,
the fundamentals of exchange spring (ES) nanostructured materials are examined in detail. This
chapter also provides an overview of the miniaturization of integrated passives, ensuring an on-

chip power supply [12] to achieve the ultimate level of device miniaturization. Such advancements
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aim to enable the utilization of these devices for on-chip reservoir computing [38], thereby pushing

the boundaries of current technology.

2.2 Ferromagnetic Nanoheterostructured Materials for Inte-

grated Devices

High-frequency nanostructured magnetic films are essential for a range of advanced applica-
tions. These applications include enhancing the performance of high-frequency integrated micro-
inductors, coupled inductors, and micro-transformers, all of which feature multi-nanomagnetic-
layered cores. Such components are crucial for the development of on-chip power supplies,
particularly for DC-DC switch mode power conversion, which is necessary for the efficient power
delivery in next-generation microprocessors [11, 12]. Additionally, these materials are instrumen-
tal in enabling energy-efficient switching in magneto-resistive random access memory (MRAM)
bits [39], as well as supporting the operation of future high-speed spin-based devices.

However, many high-frequency integrated magnetic devices face challenges related to eddy
current losses. Eddy current losses are a prevalent dissipation mechanism in magnetic materials,
resulting in the conversion of electromagnetic energy into heat. To address these losses, especially
in thicker magnetic materials where reasonable power density is sought, materials with higher
resistivity are needed. In addition, these materials must exhibit high saturation magnetisation, low
coercivity, and a moderate anisotropy field (Hk) to minimise hysteresis losses and ferromagnetic
resonance (FMR) losses in integrated inductors operating within the MHz-GHz range [40, 41].

Ferromagnetic resonance losses occur due to spin motion, which can be induced by a com-
bination of direct relaxation to the lattice and indirect relaxation through the excitation of non-
uniform magnetisation modes, such as spin waves [42]. Therefore, designing and modelling
GHz-level integrated magnetic devices that operate efficiently near the FMR frequency regime
requires a comprehensive study of spin dynamics and relaxation phenomena within this frequency
range. Understanding these dynamics is crucial for optimising the performance of these devices
and ensuring their efficiency [40—42]. Their ability to enhance component performance while
mitigating energy losses through careful material selection and design underscores their potential
in advancing microprocessor power supplies, memory technologies, and spintronic devices.

Integrated passive devices, such as inductors and transformers, span a broad range of ap-
plications and technologies. They are essential components in modern electronic circuits that
often need to be miniaturized while maintaining high performance, which presents several chal-

lenges [12]. While most of the integrated circuits and systems focus on electrical and elec-
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tronic integration, specific applications like magnetic sensors, MRAM [22], and certain MEMS
devices rely on the nanostructured ferromagnetic materials for their functionality [23]. In or-
der to maintain the performance and efficiency of the magnetic and spintronics devices, these
nanostructured materials are crucial, more particularly nanostructured ferromagnetic materials,
which hold specific magnetic properties that are essential [7, 8]. Therefore, we focus here on
certain integrated devices that specifically require nanostructured magnetic materials for their
operation. For instance, (i) magnetic sensors and magnetometers that often use materials like
ferrites and rare-earth magnets which are used to detect magnetic fields and measure their strength
and direction [43]; (i1)) magnetic tunnel junctions (MTJs) [44] requiring layers of ferromagnetic
materials separated by a thin insulating layer, which is a key component of spintronic devices and
magnetic memory devices including magnetoresistive random access memory (MRAM) devices
[23], that utilize magnetic storage elements and requires magnetic materials like ferromagnetic
layers and spintronic components, hard disk drives (HDDs), that use magnetic disks to store
data, requiring materials with strong magnetic properties for data recording; (iii) Inductors and
Transformers which are used in power management ICs and RF circuits may require magnetic
cores made from materials like ferrites; (iv) magnetic microelectromechanical systems (magnetic

MEMS) which require nanostructured ferromagnetic materials for their operation.

Nanostructured soft ferromagnetic materials are particularly advantageous in various applica-
tions due to several inherent properties. They exhibit high permeability and inductance density,
low magnetic losses, reduced eddy currents, and improved frequency response, while also offering
thermal and mechanical stability. Conversely, nanostructured hard ferromagnetic materials are
primarily utilised as sources of magnetic fields for position sensors, torque sensors, and for the
biasing of magnetoresistors. These nanostructured magnetic materials often demonstrate higher

magnetic permeability compared to their bulk counterparts [45].

Materials with high permeability can achieve higher inductance values within a smaller vol-
ume, which is critical for miniaturisation. The ability to achieve high inductance in a compact
form factor is essential for integrated circuits where space is at a premium. Nanostructured
materials facilitate the fabrication of components with higher inductance density. The small grain
size in these materials restricts the path for eddy currents, thereby reducing eddy current losses.
This reduction in eddy current losses is crucial for enhancing the efficiency of inductors and
transformers, particularly at high frequencies [41].

Nanostructured ferromagnetic materials can operate efficiently at higher frequencies due to
their reduced magnetic losses, making them suitable for RF and microwave applications. The
ferromagnetic properties of nanostructured materials can be engineered by controlling the size,

shape, and distribution of the nanoparticles. Such level of control enables for the optimization
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of material properties to meet specific requirements of integrated passives. Some nanostructured
materials exhibit higher saturation magnetization, which allows for higher energy storage capacity
in magnetic components. Nanostructured materials often show better mechanical and thermal
stability [46]. This is important for integrated passives that must operate reliably under varying
environmental conditions. Nanostructured magnetic materials can be integrated with standard
semiconductor fabrication processes, making it easier to incorporate passive components directly
onto silicon chips. This compatibility is essential for producing highly integrated systems-on-chip
(SoCs) [47].

Examples of nanostructured magnetic materials include ferrites: nanoscale ferrite materials
are widely used in integrated inductors due to their high permeability and low losses at high fre-
quencies [48]; metallic nanocomposites: these materials combine the high magnetic properties of
metals with the reduced eddy current losses of nanostructured systems, providing a good balance
of performance characteristics [49, 50]; magnetic nanoparticles: Embedded in a non-magnetic
matrix, these particles can form materials with tailored magnetic properties suitable for specific
applications [51, 52]. However, electrodeposited nanostructured ferromagnetic materials [46]
offer several important advantages over ferrites, including higher magnetic saturation, superior
mechanical properties, precise control of nanostructure, better integration with microelectronics,
higher permeability at low frequencies, fabrication flexibility, higher electrical conductivity, and
cost-effectiveness for thin films [53]. These advantages make electrodeposited ferromagnetic
materials particularly valuable for a wide range of advanced technological applications, from mag-
netic storage and sensors to flexible electronics and high-performance inductive devices, which
subsequently enable the creation of high-performance, compact passive components essential for
modern electronic devices [41]. Nanostructured magnetic materials are vital for the development
of integrated passives due to their superior magnetic properties, reduced losses, and compatibility

with miniaturization and integration requirements.

Electroplated inductors with multi-nano-layered structures in CoP thin films have previously
been developed, where phosphorus (P) is added to enhance resistivity and achieve amorphousness,
making them suitable for integrated circuits [54]. Thicker nanostructured high-frequency mag-
netic materials, crucial for achieving high power densities, are essential for advanced technolog-
ical applications. The electrodeposition technique is particularly advantageous for creating these
films due to its cost-effectiveness, high yield, and adaptability to complex nanostructures [53].
While thin films of Cobalt Phosphorus alloys (CoP) have been extensively prepared and studied
via electrodeposition by several research groups [46, 55-57], and their dynamic properties have
been investigated [2, 46], the ultrafast dynamic properties of CoP thin films remain unexplored.

To address these challenges and enhance the performance of high-frequency integrated inductors,
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power delivery systems, energy-efficient MRAM bit switching, and future high-speed spin-based
devices, it is essential to study the ultrafast dynamics of magnetic materials. This includes their
response to external stimuli and the magnetization relaxation processes, providing significant

insights into their high-frequency performance [3].

2.3 Integratable Magnonic Devices

From the discussion in Chapter 1, we already know that magnonic devices, on the other hand, are
a class of spintronic devices [17] that utilize magnons [6] — the quasiparticles associated with
the collective excitation of electron spins in a magnetic material [35]. Here, we shall discuss
such magnonic devices, which have the potential to be utilized as IMDs (integrated magnonic
devices). Those IMDs harness the properties of magnons for various applications, including
data processing, communication, and sensing, where the distribution in magnon amplitudes and
phases could be leveraged for information readout [58]. Spin waves, which typically occur in
the microwave frequency range, can have their wavelengths reduced to the nanoscale [59]. This
makes them a promising candidate for developing advanced microwave information processing
devices [28]. Furthermore, introducing magnons into the integrated devices/circuits just not only
enable the possibility to perform operations on-chip [38] at high frequency but also takes care
about the Joule heating [60]. Note that, Joule heating is a fundamental issue in conventional data
processors, limiting clock frequencies to just a few GHz. This thermal problem arises due to the
resistive heating in electronic components as electric current passes through them, causing energy
dissipation and temperature rise, which restricts the performance and efficiency of the proces-
sors. Moreover, such magnon based devices are potentially able to perform comparatively faster
operations—thanks to the high spin density of the nanostructured magnetic materials compared
with individual spins. Such faster operations in the sub-gigahertz to gigahertz regime can be easily
achieved developing hybrid coupling between magnons and microwave photons [61].

Here are some of the integrated devices that could be utilized as integrated magnonic devices.
For example, Magnetoresistive Random Access Memory (MRAM) utilizes magnetic tunnel junc-
tions (MTlJs), which can potentially be integrated with magnonic devices. Magnonic devices
could be used for read/write operations, leveraging spin waves for data transfer and manipulation
[39]. Spintronic sensors, such as those based on giant magnetoresistance (GMR) or tunnelling
magnetoresistance (TMR), can be integrated with magnonic circuits [62]. Magnonic devices
can enhance sensitivity and functionality by processing magnetic information via spin waves.
Magnetic Logic Devices that use magnetic states to represent logical bits can be integrated with

magnonic circuits. Magnonic logic gates and circuits can process information using spin waves,

Chapter 2. Literature Review 29



A. Samanta Nanostructured Magnetic Materials for Integrated Magnonic Devices

offering low power consumption and high-speed operation [15]. While traditionally not associ-
ated with magnonic devices, inductors and transformers with magnetic cores can potentially be
integrated with magnonic devices for energy-efficient signal processing and filtering using spin
waves [3, 41]. Magnonic devices can be integrated with microwave and RF circuits to create
tunable filters, oscillators, and signal processors. Spin waves can interact with microwave signals,
providing new functionalities in communication systems [4, 20]. Yttrium iron garnet (Y1G) and
its derivatives took a crucial part in leading the “magnonics” field [28], due to its uniquely low
magnetic damping. A flurry of research articles based on YIG and doped-YIG have been published
in the few last decades [28, 63]. However, in this thesis we explore the possibility utilize phonon-
magnon interaction for IMDs, where magnon will be excited in a top magnetostrictive material
through the phonon, i.e., surface acoustic wave (SAW) generated on the bottom piezoelectric layer
(Chapter 7 and Chapter 8). Therefore, we have chosen other magnetostrictive material (FeGa)
which shows high magnetostriction property [64], which will ensure sufficient coupling between
magnon and phonon [4, 5, 20]. In short, integrated magnonic devices represent a promising area
of research and development, leveraging the properties of spin waves for advanced electronic
and spintronic applications. Various integrated devices, particularly those involving magnetic
materials and spintronics, can be adapted to utilize magnonic effects, opening new possibilities

for data processing, communication, and sensing technologies [60].

2.4 Nanostructured Ferromagnetic Materials

Nanostructured ferromagnetic materials can be broadly classified into nanoparticles, nanowires,
thin films, and nanocomposites. Each of these forms has distinct advantages and is synthesized
using specific techniques. For example, typically nanoparticles are synthesized using chemi-
cal methods such as coprecipitation [65], sol-gel processes [66], chemical synthesis [67] and
hydrothermal synthesis [68]. These methods allow precise control over particle size and dis-
tribution, which is crucial for achieving uniform magnetic properties [69]. Nanowires often
are produced through template-assisted methods like electrodeposition [70] and chemical vapor
deposition (CVD) [71]. Nanowires exhibit high aspect ratios, leading to anisotropic magnetic
behaviour that can be exploited in various applications [71, 72]. On the other hand, thin Films
are fabricated using techniques such as electrodeposition [2], sputtering [73, 74], molecular beam
epitaxy (MBE) [75], and pulsed laser deposition (PLD) [76]. Thin films are essential for devel-
oping planar devices and offer a platform for studying two-dimensional magnetic phenomena.
Nanocomposites are created by embedding magnetic nanoparticles in a non-magnetic or another

magnetic matrix [77]. These composites can combine the desirable properties of different phases,
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such as high saturation magnetization and low coercivity.

The following sections are organized as follows: first, we review nanostructured ferromagnetic
materials featuring high saturation magnetization (Ms) and low coercivity (Hc) developed by
conventional electrodeposition technique suitable for passive inductor applications. Next, we
examine nanostructured ferromagnetic materials developed by sputerring, molecular beam epitaxy
necessary for exchange spring structures with comparatively higher saturation magnetization (Ms)
and higher coercivity (Hc). In this context, we review papers that include dynamic studies, par-
ticularly those using Brillouin Light Scattering (BLS) spectroscopy and Time-Resolved Magneto-
Optic Kerr Effect (TRMOKE) spectroscopy, which align with the scope of this thesis.

2.4.1 A Detailed Review of Electrodeposited Cobalt Phosphorous Alloys

This section introduces the experimentally studied nanostructured soft ferromagnetic material in
this thesis, i.e., cobalt phosphorus (CoP) alloy. It further covers its historical context and early
research, advances in understanding and applications, technological innovations and magnetic
properties, surface magnetic anisotropy and sensor applications, the effects of electrolyte pH
and heat treatment, thermal stability and nanocrystalline alloys, optimal conditions and magnetic
controllability, and addresses challenges with future directions.

The deposition of cobalt phosphorous (CoP) alloys began in 1946 when Brenner and Riddell
produced cobalt deposits through a chemical reduction process [78]. This process involved the
reduction of cobalt metal salts using hypophosphite at elevated temperatures, which resulted in
deposits containing several percent of phosphorus. Although innovative, this electroless process
was found to be uneconomical due to its slow deposition rate and the lack of control over the
composition of the deposits. Consequently, research interest shifted towards the study of elec-
trodeposition techniques for depositing metals with phosphorus.

In 1950, Brenner et al. [79] reported that alloys of cobalt containing up to 15% phosphorus
could be obtained through electrodeposition from acid solutions containing phosphites. They
achieved this composition at a temperature of approximately 75°C, marking a significant advance-
ment in the control of phosphorus content in cobalt alloys through electrodeposition.

Further investigations into the properties of CoP alloys were carried out by Riveiro and Sanchez-
Trujillo [80], who studied the anisotropy behaviour of DC electrodeposited amorphous CoP thin
films. Their research revealed that films with a thickness below 400 nm exhibited in-plane
anisotropy, while films with a thickness around 500 nm displayed out-of-plane anisotropy. This
discovery highlighted the influence of film thickness on the magnetic anisotropy of CoP thin films.

In 1981, Riveiro and Rivero [81] reported the fabrication of multilayers consisting of alternate
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phosphorus-deficient magnetic (M) and phosphorus-rich nonmagnetic (NM) layers of amorphous
cobalt phosphorous. The magnetic layers, which were 30 nm thick, had a composition of Co7¢P24,
while the nonmagnetic layers, which were 2-5 nm thick, had a composition of Cog;P33. They
proposed a method for producing electrolytically amorphous CoP samples with planar magnetic
anisotropy using a rectangular alternating density current that was variable in amplitude and width.
The samples consisted of alternate layers of two different CoP concentrations, and compositional
analysis was carried out using Auger spectroscopy. Structural analysis was performed using X-ray
diffraction, and saturation magnetization was measured using the extraction method. They found
that the behaviour of Hc varied with the thickness of the layers with the highest Co concentration,
and different types of domain walls were observed using the Bitter technique.

In another study, Riveiro et al. [82] described a method for obtaining electrodeposited amor-
phous CoP alloys with differing anisotropies by employing an alternating current density of very
low frequency. This method allowed for the production of samples with high permeability. For
samples without perpendicular anisotropy, a distribution of the magnetization in the plane with
180° domains was observed.

Riveiro et al. [83] conducted an extensive study of the magnetic structure of electrodeposited
multilayered amorphous CoP alloys using an unconventional electrolytic process with a rect-
angular alternating current. Their findings suggested the presence of “exchange interaction”
between the layers. They also observed that the period and amplitude of the zig-zag pattern
of the ‘charged walls’ were strongly affected by small energy variations. The origin of the in-
plane magnetic anisotropy in the samples was investigated, and it was found to be susceptible to
magnetic annealing, with results indicating anisotropy induced by directional order.

In 1982, Riveiro [84] explored the changes in perpendicular magnetic anisotropy in electrode-
posited amorphous CoP alloys during heat treatment in the presence or absence of a magnetic
field. Their results showed that, apart from columnar shape anisotropy, other mechanisms of
anisotropy were present in the samples. These included stress anisotropy, which could reach
values comparable to shape anisotropy, and directional-order anisotropy, which occurred only
when the sample was heated to over 140°C.

In early 2000s, Sinnecker et al. [85] made significant advancements by electrodepositing
CogpP19 amorphous microtubes onto Cu wire substrates. These samples exhibited radial mag-
netic anisotropy, as deduced from hysteresis loops and magnetic force microscopy imaging. The
microtubes also showed a notable giant magnetoimpedance (GMI) effect, with the amplitude
depending on the layer thickness and frequency. The small hysteresis observed in the GMI curves

was attributed to the radial anisotropy, which is important for technological applications.

Further research by Garcia et al. [86] involved the electrodeposition of magnetic microtubes of
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amorphous CoggP ;g over cylindrical Cu substrates. These samples also exhibited radial anisotropy,
and the evolution of the domain structure and GMI behaviour in the MHz frequency range was
analysed. Perez et al. [55] reported obtaining multilayer films of CoxP;_ ¢ with different compo-
sitions by modulating the current densities during the deposition process. These films exhibited
planar anisotropy, high permeability, and very low coercive force.

In 2001, Garcia et al. [87] presented the magnetic properties, magnetoimpedance, and mag-
netic force microscopy analysis of electrodeposited CoP magnetic microtubes. They found that
the electrodeposited CoP was a heterogeneous material consisting of non-magnetic wires coated
with magnetic layers of amorphous CoP. These microtubes exhibited a GMI effect up to high
magnetic fields, with only small hysteresis at low fields. They enhanced the GMI sensitivity of
the microtubes through proper annealing, achieving a 270% increase in GMI after annealing at
473K for 1 hour. This improvement was explained by the change in anisotropy of the magnetic
layer after annealing.

Garcia et al. [88] studied the domain structure of electrodeposited Cogg Py microtubes, which
exhibited radial magnetic anisotropy and GMI effect. They characterized the domain structure
using magnetic force microscopy and impedance measurements, finding that the size of the closure
domains increased with the CoP layer thickness. They also determined the depth of the closure
domains from the high-frequency behaviour.

In 2002, Favieres et al. [89] obtained amorphous soft magnetic CoP multilayers with con-
trolled surface magnetic anisotropy. They demonstrated that the surface magnetization easy di-
rection could be continuously altered from an initial perpendicular position to a final arrangement
within the longitudinal plane during sample production. This continuous change in magnetization
direction eliminated the need for subsequent treatments such as thermal, stress, or magnetic field
annealing. The magnetic domain configurations, observed using the Bitter technique, revealed a
continuous variation from an initial stripe domain structure to a final configuration with planar
longitudinal magnetization and visible domain walls. The control of magneto-optic behaviour in
these multilayers was highlighted as being of interest for technical applications.

Perez et al. [37] combined printed circuit board (PCB) technology with electrodeposition to
produce a new 2D fluxgate sensor using amorphous ferromagnetic CoP alloys. This fabrication
procedure avoided the use of glue to integrate the core into the device, improving performance
and making the production process more reproducible. By properly choosing the frequency and
amplitude of the driving current, they achieved high sensitivity (160 V/T) or a large linear range
(0-250 uT). The use of electrodeposited amorphous CoP opened new perspectives for improving
the performance of inductive microdevices such as fluxgates, inductors, and transformers.

Lucas et al. [56] studied the effects of different pH values in the electrolytes used for electrode-
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positing CoP alloys at room temperature. They found that high internal stresses due to hydrogen
evolution during the electrodeposition process caused cracks and fractures in samples using stiff
substrates. However, samples electrodeposited onto flexible substrates did not show surface
cracks. They also reported an increase in coercivity when the pH of the electrolyte decreased,
corresponding to increased hydrogen evolution and internal stresses.

In their 2007 study, Ciudad et al. [90] reported a method to optimize coercivity while main-
taining a constant magnetostriction value in electrodeposited CoP multilayers for use in mag-
netoelastic magnetic sensors. They deposited multilayers of two different compositions of CoP
(Co0.74Po .26 and Cog g3Pg.17) and studied the influence of layer thickness while keeping the total
thickness constant. Their results showed that saturation magnetostriction was independent of layer
thickness, but reducing layer thickness led to a significant reduction in the coercive field to values
as low as 0.5 Oe and a large increase in permeability. They also found that hydrogen flow during
deposition influenced the direction of anisotropy, allowing for customization of the material for
magnetic sensor applications.

Lucas et al. [91] investigated the pinning field and coercivity of electrodeposited soft magnetic
(Co76P24/CogsPys)y multilayered films. They observed a linear dependence of the pinning field
on the number of layers (N) for frequencies below 1 kHz, attributed to the pinning of domain
walls at the interfaces between the layers. For frequencies above 1 kHz, the magnetic behaviour
was controlled by eddy currents, with the coercivity’s frequency dependence being independent
of N.

McCloskey et al. [57] prepared cobalt phosphorous thin films on silicon wafers, using a top
conducting seed layer of 20 nm titanium (Ti) and 200 nm copper (Cu). They used the same
bath chemistry as Riveiro and Rivero [81] and Perez et al. [55], employing a square-like current
waveform with optimized forward and reverse current densities and intermediate off times. They
showed the effect of pH on the composition and magnetic properties, achieving a saturation
magnetization of around 1.6 T, and discussed the reasons behind material removal during the
reverse duty cycle.

The interest in electrodeposited CoP thin films has grown due to their high-frequency per-
formance, large magnetic susceptibility, relatively high resistivity, and growth rate. Yanqiu Li
et al. [92] synthesized both amorphous and nanocrystalline CoP films on copper foil using multi-
pulse electrodeposition. They investigated the effects of negative average current density on
the film composition, crystalline structure, and surface morphology. Their results showed that
the phosphorus content could be greatly varied by changing the negative pulse current density,
providing a flexible tuning knob for CoP films. The surface morphology varied with phosphorus

content, and the film growth pattern was nodular. Additionally, applying an external magnetic
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field during electroplating resulted in CoP films on copper-coated silicon wafers with good soft
magnetic properties (Hc of 1 ~ 2 Oe) and high permeability (~ 700).

In 2010, McCloskey et al. [46] discussed the thermal stability of cobalt phosphorus alloys.
Due to its high resistivity and good magnetic properties, electrodeposited amorphous CoP (a-
CoP) is an attractive material for integrating on-chip inductors into silicon process technology.
However, the properties of a-CoP change dramatically upon crystallization. They reported a
novel electrodeposited magnetic alloy, a-CoPRe, with significantly improved thermal performance
compared to a-CoP, retaining a coercivity (Hc) of less than 92 A/m after thermal annealing
at 571 K. These results were obtained for alloys with compositions of Cojgox.yPxRey, where
9.7 <x< 17.5and 0.4 < y < 7.6. Other important properties, such as saturation magnetization
(M) and resistivity (p), were largely unaffected by the addition of Re.

Kosta et al. [93] prepared magnetic nanocrystalline CoP alloys using a Watts-type cobalt bath
containing additives. They obtained coatings several microns thick using galvanostatic pulse
plating (PP) and direct current (DC) electrodeposition. Both methods produced compact de-
posits with slightly different grain sizes. The CoP deposits were magnetically softer than both
amorphous P-richer CoP electrodeposits and crystalline Co and Co-alloys prepared by previous

electrodeposition methods.

Tung et al. [94] conducted a systematic study on the influences of phosphorus content and
CoP layer thickness on the magnetic properties and giant magneto-impedance (GMI) effect in
electrodeposited CoP/Cu composite wires. Their results showed a correlation between the struc-
ture, soft magnetic properties, and GMI effect. Among the compositions investigated, the opti-
mized magnetic properties (i.e., the lowest coercivity) and the largest GMI ratio were achieved in
CogsP15/Cu wires derived from an electrolyte containing 30 g/L. of H3PO3 with a plating duration

of 3 minutes and a current density of 750 mA/cm?.

Recently, Lucas et al. [95] discussed the magnetic properties of CoP electrodeposited alloys,
which can be easily controlled by layering the alloys and modulating the phosphorus content of the
different layers using pulse plating in the electrodeposition process. However, the study of inter-
face quality, crucial for optimizing the soft magnetic properties of these alloys, is complex due to
the amorphous nature of the material. Using Rutherford backscattering spectroscopy (RBS), they
determined that electrodeposited Cog 74P 26/C00.83P0o.17 amorphous multilayers with layers down
to 20 nm-thick had well-defined layers with interfacial roughness below 3 nm. Magnetostriction
measurements indicated that 4 nm was the lower limit for layer thickness, below which the layers
mixed, resulting in magnetic behaviour similar to single layers, transitioning from in-plane to out-
of-plane magnetic anisotropy. These findings established the range within which the magnetic

properties of these alloys could be controlled by layering.
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There are limited studies on the X-ray diffraction (XRD) analysis of nanocrystalline cobalt
phosphorous prepared by pulse plating or direct current plating, or Dicobalt Phosphide Het-
erostructure. Sharp XRD peaks, such as (020), (040), (060), and (080), indicate the crystallinity in
Dicobalt Phosphide Heterostructure [96]. These findings underscore the need for further optimiza-
tion of the electrodeposition process to enhance the stability and properties of CoP films. Despite
these advances, all the studies discussed required comparatively high temperatures (~ 75°C to
85°C) for the reported forms of CoP, leading to wastage of raw materials due to vaporisation.
In some cases, an external magnetic field was also used during electroplating. Issues with bath

chemistry stability were also noted, necessitating optimization to achieve smooth, shiny deposits.

2.4.2 Exchange Spring Nanomagnets: Fundamentals and Applications

Exchange spring magnets hold significant promise for advanced applications due to their unique
properties of high energy products, coercivity, and magnetic anisotropy. Ongoing research and
development in nanostructuring, fabrication techniques, and material design continue to push the
boundaries of what is possible with these magnets. Future directions include further optimization
of material interfaces, exploration of new magnetic coupling mechanisms, and integration into
practical devices for various technological applications. The subsequent section reveals the jour-
ney of exchange spring through their development and theoretical studies, experimental studies
and fabrication techniques and advanced applications and future directions.

In 1991, the concept of the Exchange Spring (ES) magnet was first introduced by Kneller and
Hawig [25]. This idea postulates that the permanent magnets could be created from composite
materials composed of two mutually exchange-coupled ferromagnetic phases. One of these ma-
terials is the nanostructured soft ferromagnetic, providing a high saturation (Mg), while the other
one is the nanostructured hard ferromagnetic, offering a high coercive field (Hc). The soft phase
should surround the hard phase regions in order to prevent their corrosion. Theoretically, such
systems can achieve a high energy product (BHn,x) compared to conventional nanostructured hard
ferromagnetic material, featuring a reversible demagnetization curve (exchange spring). Along
with these, in certain cases, an unusually high isotropic remanence ratio (or squareness ration,
Mg /Ms). To be coherently magnetically exchange coupled and consequently crystallographic,
all phases involved in such exchange spring magnetic materials must emerge from a common
metastable matrix phase in order.

Skomski and Coey further investigated exchange hardening of nanostructured two-phase sys-
tems composed of an aligned hard phase and a soft phase with high saturation magnetization.

Analytic nucleation fields were derived from the micromagnetic vector equation, accounting for
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interactions between the nanostructured soft regions [97]. In suitable structures, the nucleation
field is proportional to the volume-averaged anisotropy constant. For instance, a multilayer com-
posed of alternating 2.4 nm hard-magnetic SmyFe7N3 layers and 9 nm Feg5Co35 layers can have
an energy product as high as 1 MJ/m?® (120 MGOQe), with a rare-carth content of only 5 wt%.

Giant energy products may also be achieved in suitable cellular and disordered structures.

Numerical calculations by Schrefl et al. explored the coercive field of a magnetically soft pris-
matic grain of irregular cross-section embedded in a hard magnetic matrix [98]. A finite element
technique was utilized in solving the corresponding two-dimensional micromagnetic problem.
Despite significant deviation of the spontaneous magnetic polarization in the soft magnetic phase
at low external fields, the calculations reveal remarkably high values of the coercive field when
the size of the soft magnetic grains is sufficiently small.

The concept of “megajoule” magnets was posed by Skomski [99]. Micromagnetic calcula-
tions investigated coercivity and energy products of these magnets. Compared to the theoretical
limit of 516 kJ/m?> for single-phase Nd>Fe 4B, the energy product in suitable nanostructured
SmyFe(7N3 /Feg5Co3s5 composites was predicted to be as high as 1090 kJ/m>. The study explored
the influence of the texture and shape, and comparison between the aligned nanocrystalline two-
phase magnets and remanence-enhanced isotropic magnets. Notably, the nucleation-based analyt-
ical approach breaks down in the isotropic limit. Finally, study outlined conceivable processing

methods and discussed the potential applications of “megajoule” magnets.

In their work, Fullerton et al. investigated magnetic reversal process in magnetron sputtered
epitaxial SmCo(1100)/ TM (TM = Fe,Co) bilayer films [73]. The SmCo films have an uniaxial
anisotropy of 20T and coercivities >3T at room temperature. Interestingly, the coercivities double
upon cooling. For an exchange spring system, it is expected that, the TM layers are exchange
coupled to the Sm-Co layer, resulting in reversible demagnetization curves. They further pre-
sented numerical solutions from one-dimensional model, revealing the spin configuration for each
atomic layer. By comparing the experimental results with the model simulations, they gained
insights into the exchange spring behaviour based on the intrinsic parameters of the hard and
soft layers. Furthermore, they extended their simulations to estimate the potential energy product
enhancement achievable through the exchange hardening principle [100].

In another study, Fullerton et al. provided an overview of exchange spring coupled magnetic
films and multilayers. These structured, created through the magnetron sputtering deposition
process fabrication methods, allow precise control of thicknesses and magnetic anisotropy at the
nanometre scale [26]. Similar to their previous work [73], they investigated epitaxial SmCo/Fe
and SmCo/Co bilayers and superlattices, exhibiting characteristic features of exchange spring

magnets. They predicted that the formation of the ES systems is generally favoured by the critical
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conditions, i.e., the thickness (Lg) of the soft ferromagnetic phase being larger than twice the
domain wall width (8y) of the hard phase Ls > 28y, [26], where the soft and hard phases reverse at

the distinguishable field at the same time and act like different units in the same system. Here, oy

Aex,h
Kul,h >

constant of the nanostructured hard ferromagnetic layer. On the other hand, if Ly < 268, soft

is defined as where, Agx 18 the exchange stiffness constant and Ky j, is the anisotropy
and hard phase both reverse at indistinguishable fields, resulting in a rigidly coupled soft-hard
exchange-coupled structure. Ultimately, this approach allows us to maximize the energy product
of the system [25].

Figure 2.1 schematically illustrates the behaviour of spins in soft and hard layers within an
exchange spring system. For simplicity, in Figures 2.1(a)-(e), the top blue layer represents the
soft ferromagnetic layer, and the bottom yellow layer represents the hard ferromagnetic layer.
The thicknesses of these layers are denoted by Lg and Ly, respectively. Soft ferromagnetic spins
are depicted by violet arrows, while hard layer spins are shown in blue. Initially, both layers are
saturated by applied magnetic field, as shown in Figure 2.1(a) with a rightward red arrow (=).

When the magnetic field reverses (<), weaker soft ferromagnetic spins begin to align with the
field, while strong hard spins remain unchanged as seen in Figure 2.1(b). This behaviour persists
as the field strength increases, as illustrated in Figure 2.1(c). Near the interface, soft spins remain
in an intermediate state due to strong coupling with hard spins. As the field further increases
(Figure 2.1(d)), most soft spins align with the field, and hard spins also adjust their orientation.
Finally, when sufficient reverse field is applied (Figure 2.1(e)), both soft and hard spins align with
the field.
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Figure 2.1: (a) Enough magnetic field applied to saturate the magnet (b) Demagnetization process
starts when the magnetic field is applied in the reverse direction. (c)-(d) Demagnetization steps (e)
Demagnetization complete. Here, the violet arrows denotes the magnetic moment for soft phase while
that in the blue colour highlights the magnetic moments for hard phase. The rightward red arrow on top
of the figure signifies that the magnetic field applied in the forward direction while that in the leftward
direction indicates that the field is applied in the reverse direction.

Recalling the exchange interaction equation 1.5, where, Eex = —X; jJjj (S;- Sj), and Jj; is the
exchange integral between spins S; and §;. As illustrated in Figure 2.1, we note that S; corresponds

to the hard ferromagnetic spins, while Si/Sj41/Sj43 belong to the soft ferromagnetic spins. The
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interaction between S; and Sj is much stronger than that between S; and Sj;1, Sj42, and so on, i.e.,
Jij > Jij+1 > Jijs2 and therefore, Eey jj > Eex jj+1 > Eex jj+2- This means that the exchange interaction
varies with the applied external magnetic field and depends on the relative positions of the spins
in the respective layers. In such nano-heterostructured systems, the interface acts as a magnetic
spring connecting the soft and hard layers through exchange interactions. Hence, these complex
nano-heterostructured systems are called Exchange Spring systems by analogy with the elastic

motion of a mechanical spring [26].

Zeng et al. explored exchange spring magnets in their work with nanocomposites fabricated
using nanoparticle self-assembly, composed of magnetically hard and soft phases, exhibiting
strong magnetic exchange coupling [77]. FePt-Fe3;O,4 (a magnetically hard phase) and FesPt
(a soft phase) served as nanometre-scale building blocks in binary assemblies. Subsequent an-
nealing transformed into FePt — FesPt nanocomposites. By precisely manipulating the size and
composition of the individual building blocks, they achieved an optimum exchange coupling,
resulting an energy product of 20.1 MGQOe, which exceeds the theoretical limit of 13 MGOe
for non-exchange-coupled isotropic FePt by over 50%. Therefore, such systems are promising
for advanced permanent magnetic applications. Low-dimensional magnetic heterostructures, fun-
damental in spintronics, were defined by the magnetic interactions between different materials,
which induced magnetic order through proximity effects [101]. This resulted in exchange spring
magnet behaviour and exchange bias, with long-range interactions playing a crucial role [102].
Direct exchange coupling via proximity-induced magnetization through non-magnetic layers had
often been overlooked due to the presumed short range of these effects. However, it was found
that magnetic order could be induced throughout a 40 nm thick amorphous paramagnetic layer
via proximity to ferromagnets, mediating both exchange spring magnet behaviour and exchange
bias. Long-range interactions were necessary to account for the induced magnetization. Monte
Carlo simulations demonstrated that nearest-neighbour magnetic interactions were inadequate to
explain the observed effects, emphasizing the significance of considering interaction range in low-
dimensional heterostructures and the potential new functionalities offered by magnetic proximity

effects.

Brillouin light scattering was used to observe the evolution of spin waves in exchange-coupled
[Co/Pd]-NiFe films exhibiting out-of-plane/in-plane magnetic anisotropy [103]. The ability to
tune the magnetization tilt had significant impacts on the spin wave frequency gap: a notable
increase occurred with a reduction in the soft NiFe layer thickness, whereas even minor tilting
angles resulted in a substantial reduction compared to films containing only the hard [Co/Pd]
component. The spin wave frequency was also replicated in samples with thicker upper Pd layers,

where the weakening of interlayer exchange caused a sudden change in tilting at the hard/soft
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interface.

Exchange spring magnets, composed of a [Co(0.5 nm)/Pd(1 nm)]5 multilayer with perpendic-
ular magnetic anisotropy and a CoygFegoB2g film with easy-plane anisotropy of varying thickness
tcrp, were investigated using Brillouin light scattering [104]. When ¢cpp was reduced in the range
of 0.8—2.3 nm, the spin-wave frequency gap significantly increased from nearly 448 GHz, reflect-
ing the rapid increase in the tilting angle of the magnetization relative to the film normal. These
results were explained using a one-dimensional model where each atomic layer was assumed to be
uniformly magnetized, subjected to an effective out-of-plane or easy-plane anisotropy based on its
position in the stack, and exchange-coupled to its two nearest neighbour atomic layers. Compared
to previously studied [Co/Pd]-NiFe hybrid magnets, a greater frequency tuneability was observed,
albeit restricted to a narrower range of soft layer thicknesses.

Spin waves in Permalloy (NiggFe,g)/Cobalt (Co) exchange spring bilayer thin films were
also studied using Brillouin light scattering (BLS) experiments [105]. Magnetic hysteresis loops
measured by the magneto-optical Kerr effect showed a monotonic decrease in coercivity with
increasing Py thickness. The BLS study revealed two distinct modes, modelled as Damon-
Eshbach and perpendicular standing wave modes. The linewidths of the frequency peaks increased
significantly with decreasing Py layer thickness. Interfacial roughness caused fluctuations in ex-
change coupling at the nanoscale, with a more pronounced effect in thinner Py films. Quantitative
analysis of the magnon linewidths indicated the presence of a strong local exchange coupling field,
much larger than the macroscopic exchange field.

In their study, McNulty et al. investigated twisted magnetization phases, which they identify as
exchange springs, in NdN/GdN superlattices and compared them to SmN/GdAN interfaces [106].
NdN exhibits complex magnetic behaviour due to orbital dominant ferromagnetism, resulting
in a large net magnetic moment. They further explored how temperatures and magnetic fields
affect the twisted magnetization those semiconductor structures. Notably, the findings suggest that
tunable twisted magnetization in ferromagnetic semiconductors could impact spintronics devices,

potentially advancing tunneling magnetoresistance and other applications.

To date, the ES system has not been reported in an in-situ single nano-heterostructured (NHS)
thin film prepared through the electrodeposition technique and characterized through dynamic
measurements. It is worth noting that ex situ refers to bi/tri-layer structures prepared with multiple
sources of materials (such as multiple targets in sputtering techniques), while in situ signifies that
a single source of materials (in an electroplating bath) is sufficient to prepare bi/tri-layer nano-
heterostructures. For instance, SmCo/Fe or NiFe/[Co/Pt] ES structures have been prepared using
two different sputtering targets. However, in this reported work, the NHSs were prepared from

a single bath, without requiring a second bath in the electrodeposition process to generate the
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bi-layer structures. The electroplating technique was chosen to fabricate ES NHS due to its low
cost and high yield, accommodating complex nano-topologies [11, 53]. Additionally, as discussed
in the previous section 2.4.1, although thin films of cobalt phosphorous alloys (CoP) have been
prepared by electrodeposition and extensively studied by several groups [46, 55-57, 80, 81, &4,
107, 108], the emergence of ES magnetic structures in in-situ amorphous and nanocrystalline
CoP films as a result of self-organized processes from a single bath electrochemical deposition

technique has not been identified, studied, or reported yet [2].

Furthermore, the exchange spring nano-heterostructures discussed here were mainly based
on in-plane magnetic anisotropy. Over the past three decades, exchange spring magnets have
been studied through static magnetic measurements, with very few attempts to study them dy-
namically [73, 105]. The out-of-plane exchange springs remain relatively unexplored [27, 109].
Microwave and heat-assisted magnetic recordings have greatly increased the capacity of hard disk
drives. By employing non-collinear spin structures, which combine perpendicular and in-plane
magnetic anisotropy, the efficiency of the magnetic recording process can be further improved.
Recently, in [Co/Pt]/NiFe out-of-plane exchange spring samples, Dabrowski et al. investigated
both microwave and optically excited magnetization dynamics [110]. For an extended magnetic
field and frequency range, the resulting canted magnetization within the nanoscale [Co/Pt]/NiFe
interfacial region allowed for optically stimulated magnetization precession to be observed. The
results can be explained by the formation of an imprinted domain structure, which locks the
magnetization orientation and makes the structures more robust against external perturbations.
Tuning the canted interfacial domain structure may provide greater control of optically excited
magnetization reversal and optically generated spin currents, which are crucial for future ultrafast

magnetic recording and spintronic applications.

Though the pulse reverse (PR) electroplating process is not new, in 2019, Mallick et al.
explored a new technique to develop permanent magnets for magnetic MEMS applications [111].
They used a combination of forward and reverse pulses with optimized duty cycles during deposi-
tion and suitable bath chemistry, significantly reducing film stress, resulting in smooth, crack-free
films up to 26 um thick. The ~ 3um thick deposited film showed a coercivity of 268 kA/m,
a remanence of 0.4 T, and a maximum energy product (BHy,x) of 35 kJ/m? in the out-of-plane
direction. They proposed that a block of permanent magnet could be replaced by a micro-patterned
array of magnets, maintaining the same total volume, which diminishes the demagnetizing field
and enhances the magnetic stray fields.

Previously, electroplated inductors have been developed with multi-nano-layered structures in

CoP thin film, where phosphorous (P) was added to increase the resistivity and simultaneously

achieve the amorphousness in the material for integrated circuits [54]. Relatively, thicker nano-
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structured high-frequency magnetic materials to achieve high power densities are of paramount
importance for use in cutting-edge applications. Additionally, utilizing the electrodeposition
technique to develop such films is of great importance as it is a low-cost, high-yield process
and lends itself to patterned complex nano-topologies [53]. Though thin films of Cobalt Phospho-
rus alloys (CoP) have been prepared by electrodeposition technique, and have been extensively
studied by several groups [2, 46, 55-57, 80, 81, 84, 107, 108], and their dynamic properties have
been reported [2, 46, 57, 107]; however, the ultrafast dynamic properties of CoP thin film have
never been reported so far. Addressing those aforementioned challenges and enhancing the perfor-
mance of high-frequency integrated inductors, power delivery systems, energy-efficient switching
of MRAM bits, and future high-speed spin-based devices, it is essential to study the ultrafast
dynamics of magnetic materials, including their response to external stimuli and the relaxation
processes of the magnetization, which provide significant insight about their performance at high

frequencies.

2.4.3 Ultrafast Spin Dynamics

In 1998, Hiibner and Zhang dived deeper into the fascinating world of ultrafast spin dynamics in
nickel following these steps spin relaxation, exchange interaction, spin-orbit coupling, and theo-
retical modelling [112]. When nickel absorbs light, its electrons get excited to higher energy states.
The subsequent relaxation involves the electrons releasing energy and returning to their original
states. In nickel, this process occurs at an astonishingly fast timescale—within femtoseconds
(10~ seconds). Understanding this rapid spin relaxation is crucial for applications like magneto-
optical recording. In ferromagnetic materials, neighbouring electrons interact through exchange
interactions [113]. These interactions influence the alignment of electron spins, affecting the
overall magnetic behaviour. In nickel, the exchange interaction plays a pivotal role in determining
how quickly the spins relax after excitation. Spin-orbit coupling couples the electron’s spin with
its orbital motion due to relativistic effects. In nickel, this coupling affects the spin dynamics,
leading to intricate interactions between the spin and the lattice. These interactions can be probed
experimentally using techniques like time-resolved magneto-optical spectroscopy. Researchers
used theoretical models to describe these processes. The exact diagonalization method, which
avoids perturbation theory, provides a more accurate representation of strong electron correlations.
By considering both intrinsic factors (like Coulomb interaction and band structure) and extrinsic
factors (such as laser pulse duration), scientists gain insights into the ultrafast spin behaviour.
In short, nickel’s ultrafast spin dynamics hold promise for next-generation information storage

technologies. By unravelling the mysteries of these rapid processes, they provided insights for
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innovative applications in magneto-optics and beyond [32]. The femtosecond laser pulse can
induce a transient temperature rise in the magnetic material. TRMOKE measurements can be
used to investigate the impact of these thermal effects on magnon behaviour. For instance, thermal
effects can lead to changes in magnon frequency and damping due to thermally excited spin
fluctuations. Understanding these thermal effects is crucial for developing MMAs that operate
reliably under varying temperature conditions, especially when considering potential integration

with other heat-generating electronic components.

Malinowski et al. explored the rapid reduction of magnetization in nickel thin films following
femtosecond-laser excitation [114], a phenomenon first discovered in 1996 [32]. This study has
significant implications for spintronics and the understanding of magnetization dynamics in non-
equilibrium states. The research elucidated how the direct transfer of spin angular momentum
influences the speed and efficiency of ultrafast demagnetization in ferromagnetic materials. By
employing specially engineered Co/Pt multilayers, the researchers aimed to facilitate this transfer
and accelerate the demagnetization process. Ultilizing the time-resolved magneto-optical Kerr
effect (TRMOKE), they observed the demagnetization dynamics and analyzed the TRMOKE
hysteresis loops to determine the contributions from different multilayers. Key findings from the
study include a reduction in demagnetization time by up to 25% due to interlayer transfer of spin
angular momentum in [Co/Pt] multilayers, effectively bypassing angular momentum conservation
constraints in single ferromagnetic layers. Additionally, the total demagnetization increased by
almost the same amount, indicating a more efficient process. These results suggest new pathways
for enhancing ultrafast demagnetization speed and efficiency, which could be leveraged in design-
ing advanced spintronic devices. Controlling these dynamics at sub-picosecond timescales holds

promise for significant advancements in data storage and magnetic switching technologies.

As in the relatively lower frequency (sub-MHz—MHz level), the operational frequency is not
only limited by the eddy current losses or losses due to the domain wall (DW) movement/rotation
but also by spin losses and a decrease of the permeability, as we reach higher frequencies, such
as GHz level. Additionally, any inhomogeneities of the magnetic ordering present in the material
can result in the coexistence of the different dynamical processes, such as DW assisted dynamical
responses and ferromagnetic resonance (FMR) assisted dynamical responses, independent of the
orientation of the driving field. Moreover, from practical device applications point of view, study
of the lifetime of the spin wave modes is also crucial because the presence of the eddy currents not
only restrict the lifetime of the wave but also significantly alter its effective dispersion relation.
Hence, to identify the exact nature of the dynamical processes for such highly miniaturized devices
operating at ultra-high frequencies, one needs to understand comprehensively the high-frequency

dynamics for accurate evaluation of the spin losses of the system as well.
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Therefore, by understanding the ultrafast dynamics of magnetic materials, one can gain in-
sights into the underlying mechanisms that affect their behaviour in high-frequency regimes,
which can be leveraged to optimize the design and performance of emerging technologies. For
example, studying the spin dynamics and relaxation processes at ultrafast timescales can provide
information on the behaviour of magnetic materials under rapid switching or dynamic conditions,
which are prevalent in high-frequency operation. Such understanding can guide the selection of
magnetic materials with properties such as high saturation magnetization, low coercive field, and
moderate anisotropy field and steer the engineering design for follow on highly miniaturized de-
vice topologies, which are desirable for minimizing losses at and achieving efficient performances

at relatively higher operational frequencies [3].

2.5 Magnon Microwave Antenna

The emergence of the Internet of Things (IoT) devices develops a great interest in microwave-
based technologies [115], particularly in applications such as autonomous driverless/autopilot
cars, efficient radars/antennae, and various other advanced communication systems. These ap-
plications rely heavily on the generation of microwave frequencies with relatively lower power
consumption, strong signal amplitude, and good frequency stability. These high-end features
become the prerequisites for these advanced systems to perform necessary operations smoothly
and reliably. However, conventional voltage-controlled oscillators (VCOs) typically consume a
large amount of power to perform the required operations [116].

Previously, spin torque oscillators (STOs) have been investigated as a source of microwaves.
STOs are, in general, highly tunable and offer a small chip size compared to existing VCOs [117].
Despite these advantages, STOs suffer from weak output signals, which significantly hinder their
practical application in IoT devices. To circumvent this issue, researchers have studied arrays
of synchronized phase-locking STOs, which aim to amplify the overall output signal strength.
Additionally, the synchronization time of such phase-locking STOs is extremely short, which
is beneficial for quick response times. However, in practical applications, the synchronization
of the STOs itself becomes one of the biggest challenges. Achieving and maintaining precise
synchronization among multiple STOs is complex and often unreliable, thereby limiting their
utilization for cutting-edge 10T applications. Moreover, the operation of STOs typically requires
some form of external bias, such as an electric or magnetic field, to control their functionality
[15]. This requirement adds another layer of complexity and potential power consumption, further
complicating their integration into low-power loT systems.

Conventionally, electromagnetic antennas typically operated by driving an alternating current

44 Chapter 2. Literature Review



Nanostructured Magnetic Materials for Integrated Magnonic Devices A. Samanta

or electromagnetic wave through a metallic or non-metallic element, causing it to emit electromag-
netic waves of the same frequency. However, a significant limitation arose when the antenna’s
physical dimensions were much smaller than the emitted wavelength, leading to poor radiation
efficiency and gain. When the antenna impedance did not surpass that of free space (377 ), the
radiation efficiency was approximately limited to ~ A/A? (with A being the antenna’s emitting
area and A the emitted wavelength), and the gain was similarly restricted. This challenge made
miniaturizing antennas without compromising performance quite difficult.

Recently, advancements were made with a novel magneto-elastic antenna, which transcended
these traditional efficiency limits. This antenna design comprised elliptical magnetostrictive nano-
magnets attached to a piezoelectric substrate. A low-frequency acoustic wave (144 MHz) in the
substrate periodically strained the nanomagnets, causing their magnetizations to oscillate due to
the inverse magnetostriction (Villari) effect. Consequently, these time-varying magnetizations
emitted electromagnetic waves at the excitation frequency of 144 MHz (A = 2 m) with efficiency
surpassing the A /A2 limit by more than five orders of magnitude. However, this high efficiency
was limited to low frequencies (below 1 GHz) as the Villari effect could not produce magnetization
oscillations with sub-nanosecond periods.

In their work, Fabiha et al. used tripartite coupling between phonon-magnon-photon to demon-
strate spin-wave an electromagnetic antenna based nano-antenna [20], capable of efficiently radi-
ating at higher frequencies (5—35 GHz). This antenna operated by using a surface acoustic wave
(SAW) in the GHz range to generate confined spin waves in nanomagnets via phonon-magnon
coupling. The induced spin waves then interacted with electromagnetic radiative modes through
magnon-photon coupling, resulting in the emission of electromagnetic waves. The study indicated
that those ultra-miniaturized antennas exhibited high radiation efficiency and gain, exceeding
traditional theoretical limits by more than two orders of magnitude at specific frequencies (5 and
14 GHz). This high performance was attributed to effective energy transfer from a microwave
source to the SAW, due to good impedance matching, and the efficient excitation of high amplitude
spin waves in the nanomagnets through phonon-magnon coupling. Micromagnetic simulations
corroborated that high amplitude spin waves were indeed generated by SAWs at these frequencies,

providing detailed power and phase profiles that revealed complex spatial variations.

2.6 Conclusion

This chapter has reviewed the existing literature on nanostructured magnetic materials, spin waves
(magnons), and their application in magnon-based microwave antennas (MMAs). The crucial

role of nanostructured materials in tailoring magnetic properties for efficient magnon generation
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and propagation has been highlighted. Characterization techniques like BLLS and TR-MOKE
have been discussed, emphasizing their importance in understanding magnon dynamics. Fi-
nally, the potential advantages and challenges associated with MMAs have been explored. As
research progresses in overcoming these challenges, MMAs hold great promise for miniaturized
and integrated spintronic devices, paving the way for advancements in information processing
and communication technologies. MMAs represent a promising avenue for future spintronics
research, with the potential to revolutionize miniaturized wireless communication and on-chip

signal transmission.
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3.1 Introduction

As already discussed, we fabricated the cobalt phosphorous (CoP) thin film [1, 2] alloys using
conventional electrodeposition techniques and studied its structural, static [1, 2] and dynamic
[2, 3] magnetic properties, while the magnonic device introduced in this PhD thesis is a magnon
microwave antenna (MMA) [4, 5] consisting with patterned magnetostrictive material on the
piezoelectric (PE) substrate and subsequently it proposed how such MMA could be utilized for
magnon based on-chip reservoir computing [5]. This chapter first provides an overview of the
required theoretical techniques and then of the experimental procedures and the involved charac-

terization methods regarding the associated works of the PhD thesis.

3.2 Structural Design using COMSOL Multiphysics

In this section, the technique associated with the surface acoustic wave (SAW) based simulations
of MMA using COMSOL Multiphysics [118] is discussed. COMSOL Multiphysics, a finite
element method (FEM) based tool, stands as a cornerstone in this doctoral thesis. It facilitates in
exploration the intricate physical phenomena governing various engineering systems by designing
and subsequently simulating the initial device structure, aiming to unravel fundamental insights.
A typical design of interdigitated transducer (IDT) electrodes on the piezoelectric substrate with
COMSOL to generate the required SAW is shown in Figure 3.1. There are several modules
available in COMSOL which helps to understand complex phenomena, e.g., electrical, magnetic,

radio frequency (RF), mechanical, thermal, acoustic and chemical properties etc. However, in this
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PhD thesis, we have utilized the AC/DC and MEMS modules. Therefore, the following sections

discuss their requirement and the importance of them.

3.2.1 Utilization of AC/DC Module

In this PhD thesis, the AC/DC module within COMSOL Multiphysics played a pivotal role in
analysing electromagnetic fields and their interactions with surrounding media. This module
delves into the intricate dynamics governing the magnon microwave antenna (MMA) design,
particularly focusing on the phonon-magnon coupling phenomenon. By employing the AC/DC
module, the electromagnetic behaviour of the MMA could be simulated and analysed, considering
factors such as electrode configurations and substrate materials. This enabled to predict and opti-
mize crucial parameters like the surface acoustic wave (SAW) resonance frequency, a fundamental
aspect of the functionality of the MMA. Additionally, the AC/DC module facilitated the estimation

of reflection coefficients, providing insights into the power coupled to the SAW and the subsequent
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Figure 3.1: IDTs made with Aluminium (Al) on Substrate in COMSOL Geometry design with Mesh for
generating SAW to operate MMA. (a) Required 10 um thick LiNbOj substrate with width 9 um having
IDT structure on it. (b) Magnified region of (a) illustrates the separation between two IDTs. Both the IDTs
have similar structure having width 1 m and thickness 5 nm as exhibited in (c) and (d), respectively.
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stress generated on the substrate. These analyses underscored the significance of electromagnetic
considerations in the design and operation of the device, highlighting the indispensable role of the
AC/DC module within COMSOL Multiphysics.

3.2.2 Integration of MEMS Module

In conjunction with the AC/DC module, the MEMS module within COMSOL Multiphysics of-
fered to explore the intricate dynamics of the MMA, focusing on its mechanical response to
surface acoustic waves (SAWs). By integrating the MEMS module, the stress profile induced
by the SAW on the substrate could be simulated, providing crucial insights into the mechanical
behaviour of the device. This analysis informed the design of the MMA, ensuring that nanowire
dimensions were optimized to effectively transfer strain from the SAW to the magnetostrictive
nanowires. Furthermore, the seamless integration of the MEMS module with other functionalities
of COMSOL Multiphysics facilitated a holistic approach to the dissertation, enabling us to explore
the interdisciplinary phenomena governing the operation of the MMA. This interdisciplinary
perspective underscored the importance of MEMS considerations in the design and optimiza-
tion of our device, highlighting the indispensable role of the MEMS module within COMSOL
Multiphysics. A typical COMSOL simulation shows that we can generate a frequency range of
~550 MHz with LiNbOj; substrate to ~625 MHz with AIN substrate, as shown in Figure 3.2(a)
and (b), respectively.
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Figure 3.2: The S;; and S,; parameters estimate the SAW (surface acoustic wave) frequency as (a) ~ 551
GHz (with LiNbOj3 substrate) and (b) ~ 625 GHz generated in the MMA designed (with AIN substrate).

Thus, the utilization of COMSOL Multiphysics, particularly the AC/DC and MEMS modules,
served as a cornerstone in modelling, simulating, and analysing the MMA. Apart from these,

COMSOL Multiphysics could be leveraged for a comprehensive platform for modelling and
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simulating the mechanical, thermal, and electrical behaviour of microelectromechanical systems
(MEMS). These computational tools not only facilitated a deeper understanding of underlying
physical phenomena but also paved the way for innovative solutions and methodologies. However,
COMSOL Multiphysics alone cannot perform the required dynamic magnonic response of the
MMA. Therefore, micromagnetic simulations are required to be performed, which generates the

necessary magnetization response and associated modulation of the magnetic domain structures.

3.3 Micromagnetic Simulation with MUMAX?

In this section, the micromagnetic simulations technique using MUMAX? [24] software has been
discussed. MUMAX? is an open-source GPU accelerated Finite difference Method (FDM) based
software and has been developed at Ghent University, Belgium. Considering the magnetiza-
tion as uniform throughout the sample, the micromagnetic simulations have been performed
to simulate/reproduce the experimental results such as the static curves (hysteresis loops, i.e.,
magnetization vs. applied magnetic field curve), the dynamic curves (magnetization oscillation
vs. simulation time curve) and the magnetic domain structures etc. The time range in the dynamic
simulations are generally in nanosecond (ns) order. In the process of obtaining the magnetization
dynamics, MUMAX?> solves the well known Landau-Lifshitz-Gilbert (LLG) equations as already
mentioned in equation 1.1 and 1.2 in Chapter 1. Let us recall the equations here again for the

continuation, as given in equation 3.1 and 3.2:

ai/I—| |1 X Hogp + — T (3.1)
a7 et My ot '
1 [JE
Hyf= —— | — 3.2
ff o [8M1 (3.2)

where, 7 is the unit vector of local magnetization, ¥ = Uo|Y|, ¥ - gyromagnetic ratio (GHz/T),
Hgr is the effective magnetic field originates from demagnetization energy, exchange energy,
magnetic and shape anisotropy, « is the Gilbert damping factor, U is the free space permeability,
Mg is the saturation magnetization (A/m).

To reproduce the experimental results by performing micromagnetic simulation, the following
typical material parameters for the ferromagnetic material: Saturation Magnetization (Mg) [in A/m
units], Exchange Stiftness constant (Acx) (in J/m unit), Anisotropy Constant (K1) (in J/m3 unit)
are assumed. Depending upon the nature of the anisotropy (in-plane or out-of-plane to the axis),

Ky is often illustrated as anisU in the simulation, e.g., antsU is defined as < 100 > direction for
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IP anisotropy or < 001 > direction for OOP anisotropy. In each of the micromagnetic simulations,

the cell size for the simulation is ¢x X ¢y X ¢, considered in such way that cx / Cy /¢, is smaller than
2Aex

HoMs*

magnetic exchange interaction properly. Here, cy, ¢y, ¢, represent the length, width and thickness

the exchange length <lex = ) of the material [119], which confirms the inclusion of all the
of the material, respectively. It is noted that the cell geometries are in rectangular/cubic in nature.

The magnetic behaviour of a double-layer/nanoheterostructured exchange spring structure
composed of two different magnetic materials could be simulated utilizing MUMAX?. In order
to obtain the staircase like hysteresis loop, the simulation typically performs static simulations
over a field range from +Bex; t0 —Bext (€.8., Bexe = £50000 Oe). In the script, we can define
two different regions within the shell: Region 1 for Material A and Region 2 for Material B along
the z-direction. Individual magnetic material parameters for each region are required to assign.
For instance, for Material A, these parameters include saturation magnetization (M_S4), uniaxial
anisotropy constant (X_U14 ), anisotropy direction (vec_4 ), and exchange stiffness (4_ex4). For
Material B, it sets similar parameters: M_SB, K_U1B, vec_B, and A_exB. The script specifies an
interlayer exchange interaction between the two regions using the ext_InterExchange function
and initializes the magnetization state randomly. It then relaxes the system to minimize high-
energy states. The external magnetic field (B_ext ) is varied from O to B_sat Oe in steps of Bstep
(e.g., 50 Oe), first increasing and then decreasing to -B_ezt and back to +B_ezt. Note that, in
MUMAX?, ‘+” symbol is not required to denote any positive number. In each step, the script sets
the external magnetic field vector, minimizes the system’s energy, and saves the resulting state to a
table. This looping process captures the hysteresis behaviour of the double-layer exchange spring

system under varying magnetic fields.

3.4 Electrodeposition

Electrochemistry involves the transfer of electrons in an electrochemical reduction, leading to
a chemical change such as the oxidation or reduction of a metal complex. In this context, the
anode [e.g., cobalt (Co)] usually undergoes oxidation to form ions (Co®T) through heterogeneous
electron transfer as shown in 4.1(a). This process is driven by applying a voltage to the counter
electrode (anode) using an external power source, specifically the CHI 660B potentiostat in this
case. The applied voltage creates an energy difference for the electrons. During oxidation, Co
loses electrons as the electrons in its lowest unoccupied molecular orbital (LUMO) are at a higher
energy level compared to the surrounding solution, referred to as the bath. Consequently, electrons
from Co are transferred to the bath, leading to oxidation in the bath, as illustrated in top row (i) of

Figure 4.1 (a). The driving force for this electrochemical reaction is the energy difference between
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the LUMO of Co®* and the bath. Conversely, a similar principle applies to the reduction process
of reduced phosphorus (P), where electrons are gained instead of lost, also depicted in bottom row
(i1) of the Figure 4.1(a). The detailed procedure for generating metallic phosphorus through this
electrochemical reaction is elaborated in the Chapter 4. Thermodynamics of an electrochemical
cell is determined by the following equations: AG = —nF Ece; and AG = —RT InK. Combining
these two equations and using the concentrations rather than activities for the reversible reaction,
O"" +ne” = R gives,

E,—E°+ %m (%{;) (3.3)

This equation 3.3 is known as Nernst Equation, which controls the thermodynamics of elec-
trochemical reactions. Cyclic voltammetry (CV) is an electrochemical technique that measures
the current developed in an electrochemical cell when the voltage is cycled and exceeds that
predicted by the Nernst equation. CV is performed by cycling the potential of a working elec-
trode and measuring the resultant current, as described in the following Section 3.4.1. To study
the electrochemistry, one needs a potentiostat. The following Figure 3.3 exhibits the detailed

software interface with different option available with the CHI 660B Potentiostat. For instance,
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Figure 3.3: The software interface of CHI 660B potentiostat displaying different options: The right panel
reveals all the possible available “Electrochemical Techniques” which could be performed with the CHI
660B potentiostat. Out of all those options, the “Chronopotentiometry” is highlighted as it was one of the
selected techniques to utilize during one of the thin film fabrications. The left inset describes different
“Chronopotentiometry Parameters” to perform the electrodeposition. The middle one is the confirmation
panel after completing the electrodeposition.
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the chosen “Electrochemical Technique” is “Chronopotentiometry” which helps in depositions
required alloys on the conducting surface, while we could perform CV by selecting the option
“Cyclic Voltammetry” (on the top).

The kinetics of electrochemical reactions can be controlled through several mechanisms. One
primary method is electron transfer control, which directly influences the rate at which electrons
are exchanged in the reaction. Another significant factor is mass transport control, which includes
several sub-mechanisms such as diffusion and convection. Diffusion is driven by concentra-
tion gradients, while convection involves external mechanical forces. Convection can further be
influenced by factors such as density gradients, gas bubbling, and temperature effects. These
convection-related challenges can be mitigated through methods like forced convection, cathode
movement (e.g., rotation), solution flow, and mechanical solution agitation. Additionally, the
migration of charged particles in a potential gradient also plays a role in controlling electrochem-
ical reaction kinetics. This migration issue can be mitigated by using a supporting electrolyte
with a high ionic concentration, which helps stabilize the system and maintain consistent reaction
kinetics. By understanding and manipulating these factors, one can effectively control the kinetics
of electrochemical reactions.

3.4.1 Cyclic Voltammetry (CV)

Cyclic Voltammetry (CV) [120] is a fundamental electrochemical technique with extensive appli-
cations and significant importance across various scientific and industrial fields. One of its primary
roles is in electrochemical characterization, where it is used to study the redox properties of com-
pounds, identifying redox potentials and elucidating electron transfer processes. This technique
provides critical insights into reaction mechanisms, including the number of electrons involved
and the sequence of electron transfer steps. In material science, CV is essential for characterizing
electrode materials, assessing their electrochemical stability, conductivity, and catalytic activity.
It is particularly crucial in evaluating the electrochemical properties of nanomaterials, which have
potential applications in sensors, batteries, and fuel cells. In sensor development, CV plays a key
role in designing and optimizing both biosensors, which detect biological molecules like glucose
and DNA, and chemical sensors, which detect environmental contaminants such as heavy metals
and pollutants. CV is also vital in the fields of energy storage and conversion. It is extensively
used to study the electrochemical performance of battery materials, understand charge-discharge
mechanisms, and improve battery efficiency.

In fuel cell research, CV helps evaluate catalysts and understand the kinetics of fuel oxidation

and oxygen reduction reactions. Additionally, CV is employed in corrosion studies to investigate
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the behaviour of metals and alloys, aiding in the development of corrosion-resistant materials
and coatings. In the pharmaceutical and biochemical industries, CV is used to analyse the elec-
trochemical behaviour of pharmaceuticals, assisting in drug design and quality control. It also
helps in understanding the electrochemical aspects of biochemical processes and the behaviour
of biomolecules. In synthetic chemistry, CV is utilized to develop new synthetic pathways for
organic and inorganic compounds and to study catalytic cycles, contributing to the development of
efficient catalysts. Analytical chemistry benefits from capabilities of CV in quantitative analysis,
providing sensitivity and specificity in detecting various substances. It is also effective in trace
analysis, detecting minute amounts of analytes in complex matrices. In environmental science,
CV is used for detecting and quantifying pollutants, contributing to environmental monitoring
and protection. It is particularly valuable in assessing water quality by detecting contaminants like
heavy metals and organic pollutants. In summary, Cyclic Voltammetry is a versatile and powerful
tool in electrochemistry, offering valuable insights into a wide range of chemical, biological, and
material systems. Its ability to elucidate fundamental electrochemical properties and mechanisms
makes it indispensable in research, development, and quality control across multiple disciplines.
Therefore, we have also performed the CV following the basic of the electrodeposition, as shown

in the following Figure 4.1(b).

The schematic of a CV excitation signal is shown in the Figure 3.4. In cyclic voltammetry
(CV), the potential is scanned in both negative and positive polarities between two extreme voltage
points, labelled as (a) and (g). At point (a), the voltage is typically set higher than at point
(g), which serves as the lower extreme. The transition point (d) between these two extremes is

crucial as it marks the switching potential where either oxidation or reduction processes can occur,

>

(d)

(b) ()

(a) (9)
>

Potential vs. Ref. Electrode [V]

Time (arb. units)

Figure 3.4: Schematic representation of the CV excitation signal.
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depending on whether the potential is sufficiently high or low. During the scan from (a) to (d),
reduction reactions generally occur, where substances gain electrons. Conversely, from (d) to (g),
oxidation processes dominate, involving the loss of electrons. The scan rate used in CV determines
the slope of the resulting voltammogram, influencing the speed at which potential changes occur
and thereby affecting the observed electrochemical behaviour. Understanding these principles
allows researchers to analyse and interpret the redox behaviour and kinetics of substances under
study using cyclic voltammetry techniques.

During the potential scan by measuring the current at the working electrode, a cyclic voltam-
mogram is obtained. The experimentally measured voltammogram in the electroplating laboratory

is shown in the Figure 4.1(c), and explained in detail in Chapter 4.

3.5 Structural characterization

The structural characterization of developed materials are performed with Scanning Electron
Microscopy (SEM), X-ray diffraction (XRD), Transmission Electron Microscopy (TEM), Atomic
Force Microscopy (AFM), respectively, and Stoichiometry Analysis by Energy dispersive X-ray
spectroscopy (EDS or EDX). The working principle of the instruments are described briefly below.

3.5.1 Scanning Electron Microscopy (SEM)

An image of three-dimensional objects can be interpreted by scanning a very narrow electron
beam across the sample surface using a scanning electron microscopy (SEM). Electron column,
vacuum system, scanning system, detector, and electronics controls are the main components of a
typical SEM. Typically, an SEM includes electron optical column, Specimen chamber, EDS/EDX
detector Gemini, Monitors, Personal computer (PC), etc.

The schematic of SEM in “analyser” is shown in the Figure 3.5. Most of the SEMs can
generate an electron beam with spot size less than 10 nm with probe diameter in the range of 1
nm to 1 um and probe current pA to tA. In order to obtain high resolution images, the probe
diameter needs to be adjusted to the imaging scale of interest, in contrast to situations where only
probe current and scan rate settings are modified. Being operated the SEM under high vacuum, the
specimens should be compatible with high vacuum (~ 10~> mbar). The SEM instrument cannot
deal with the materials containing any liquids and other volatile components directly. Also for the
powder samples, they need to be converted to hard pallet form. It is always very difficult to image
those materials which are non-conductive in nature, do not allow electrons to flow freely, so when

the electron beam hits the surface, the excess electrons cannot dissipate. This leads to a buildup
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Figure 3.5: Schematic of SEM on analyser mode
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of negative charge on the surface, causing image distortions, blurring, and bright spots.. Those
non-conductive materials need to be attached to a conductive specimen holder (carbon substrate/
copper tape) or coated with a very thin conductive film by sputtering or evaporating metal (Au,
Pt, Pd, their alloys) or carbon.

3.5.2 Stoichiometry Analysis

Energy dispersive X-ray spectroscopy (EDS or EDX) is commonly employed to determine the
stoichiometry or elemental composition of materials. This method involves stimulating the sample
to emit characteristic X-rays by directing an electron beam at it. The emitted X-rays indicate the
elements present and their respective weight percentages. When a high-energy electron beam
strikes the sample, it ejects inner shell electrons, creating vacancies. Outer shell electrons then
transition to these lower energy levels, emitting X-rays with energy corresponding to the differ-

ence between the energy levels, denoted by principal quantum numbers (n=1, 2, 3, 4) as K, L,
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Figure 3.6: (a) Schematic showing electron transitions to lower atomic levels, illustrating the generation
of K, L, and M lines. (b) A typical experimental EDX spectrum, displaying characteristic X-ray lines from
various elements in the sample. (¢) Schematic detailing the components of a scanning electron microscope
(SEM). (d) EDX system attached to the Zeiss FE-SEM utilized for sample characterization at Tyndall
National Institute.

M, and N, respectively. Figure 3.6(a) illustrates the generation of these characteristic X-rays. For
instance, a transition from the L to K shell produces a K, X-ray, while a transition from the M to
K shell produces a Kg X-ray. Similarly, transitions from the M and N shells to the L shell generate
Lq and Lg X-rays. Each element’s unique atomic structure allows for identification by detecting
these characteristic X-rays.

Figure 3.6(b) presents a typical EDS spectrum showing K, Kg, Ly and Lg peaks for el-
ements like Co and P. The intensity of each peak depends on the likelihood of the specific

electron transition, with L to K transitions being more probable than M to K transitions, resulting
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in higher intensity Ky peaks compared to Kg peaks. The relative peak intensities provide the
weight percentages of the elements, and atomic percentages are calculated based on the atomic
weights. The setup for EDS measurements, shown in Figure 3.6(d), includes a Field Emission
Scanning Electron Microscope (FESEM). This type of SEM uses a field emission gun, rather than
thermionic excitation, to generate a finely focused electron beam, achieving a resolution better
than 1.5 nm, suitable for observing surface morphology at the nanometre scale. Figure 3.6(c)
shows a schematic of an SEM, with EDS being one component. To collect an EDS spectrum, a 20-
25 kV electron beam is focused on the sample in a ~ 10~ mbar vacuum. A Silicon drift detector
then captures the emitted characteristic X-rays from the sample, allowing for the calculation of

the elemental composition based on the counts of each X-ray line.

3.5.3 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a crucial non-destructive technique for analysing the crystalline struc-
ture of various materials. The Debye-Scherrer method is fundamental to the XRD technique. In

this method, X-rays are directed at powdered or crystalline samples, which are positioned on the
K-A

B-cosO”

grain size, K is a numerical dimensionless factor frequently referred to as the crystallite-shape

where 7 is the mean

axis of a spectrometer. Scherrer equation is denoted as follows: 7=

factor with a value close to unity (k = 0.9 is a good approximation), A is the X-ray wavelength
(1.54 A), B is the line broadening at half the maximum intensity (FWHM) of the crystalline peak,
and 0 is the Bragg angle (in degrees). As the X-rays interact with the sample, they are diffracted
by the crystal lattice planes in all possible orientations. The intensity of the diffracted X-rays is
measured and recorded in three-dimensional reciprocal space. These intensities are then plotted
against the rotation angles of the sample to produce a one-dimensional X-ray diffraction pattern.
This pattern is characteristic of the material’s crystal structure and can be used to identify and
analyse the phases present within the sample.

The operation of an XRD instrument involves several key components and steps: 1. X-ray
Source: X-rays are generated, typically using a cathode ray tube, and directed towards the sample.
2. Sample Holder: The sample, either in powder or crystalline form, is placed on a holder that
can be rotated to various angles. 3. Goniometer: This device precisely controls the angle between
the incident X-rays and the sample, allowing for accurate measurement of diffraction angles. 4.
Detector: Positioned to detect the diffracted X-rays, the detector moves around the sample to
capture diffraction data at various angles. As X-rays penetrate the sample, they are scattered
by the electrons in the crystal lattice. Constructive interference occurs at specific angles, where

the path difference between the scattered waves corresponds to integer multiples of the X-ray
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Figure 3.7: (a) Experimental setup of a PANalytical X Pert Pro MPD X-ray diffractometer (XRD) in our
lab at Tyndall National Institute. (b) Bragg’s Law: Schematic illustration of the working principle of the
XRD method.

wavelength, according to Bragg’s Law [nA = 2d - sin 0]. This results in peaks of intensity at these
angles, which are recorded by the detector.

The data collected by the detector are processed to generate the X-ray diffraction pattern. This
pattern consists of a series of peaks corresponding to the different crystal planes in the sample.
Each peak’s position and intensity provide information about the crystal structure, including lattice
parameters, phase identification, crystallite size, and the presence of any defects or strains in the
material. The experimental setup of an XRD instrument is illustrated in Figure 3.7(a), showing the
arrangement of the X-ray source, sample holder, goniometer, and detector. Figure 3.7(b) provides
a schematic of the working principle, detailing how X-rays are diffracted by the crystal planes and
detected to form the diffraction pattern. In summary, XRD is a powerful technique for elucidating
the crystalline structure of materials, providing detailed information about their phase composition

and structural properties through the analysis of their diffraction patterns.

3.5.4 Atomic Force Microscopy (AFM)

Surface characterization was performed using an Atomic Force Microscope (AFM), specifically
the Bruker Dimension Icon model, as illustrated in Figure 3.8. The AFM provides detailed surface
topography information, including film thickness and surface roughness. The AFM operates by
scanning a probe over the sample surface to create a precise map of its topology. The AFM

probe (Model no: RTESPA-300) is typically made from n-type antimony (Sb) doped silicon. This
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specific probe features a cantilever with dimensions of 125 um in length, 40 um in width, and 3.4
um in thickness. It oscillates at a frequency of 300 kHz and has a spring constant of 40 N/m. The
RTESPA-300 probe is designed with a reflective aluminium coating on its backside to enhance the
laser signal used in detecting cantilever deflections, while the front side remains uncoated. This
precise construction allows for highly sensitive and accurate measurements of the sample surface

characteristics, contributing significantly to the reliability of AFM analyses.

Figure 3.8: Experimental setup of AFM (Bruker) in our laboratory at Tyndall National Institute.

3.5.5 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is a powerful technique used to observe the fine details
of the microstructure of a specimen at very high resolution. The operation of TEM involves several
critical steps and components to achieve detailed imaging and analysis. Before a sample can be
examined using TEM, it needs to be carefully prepared into a very thin lamella, typically less
than 100 nanometres thick. The preparation process described involves the use of a DualBeam
focused ion beam (FIB) system, specifically the FEI Helios NanolLab 600i [Figure 3.9(a)]. The
steps are as follows: (1) Deposition of Protective Layers: A 50 nm carbon (C) layer and a 300 nm
platinum (Pt) layer are deposited within the FIB chamber by electron beam induced deposition.
This is followed a thicker 2 um Pt layer is then deposited using ion beam induced deposition.
These layers protect the sample from damage during the milling process. (2) Milling Process:

The FIB system is used to precisely mill and shape the sample into a thin lamella suitable for
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Figure 3.9: An experimental setup of (a) Helios NanoLab 660i FIB SEM, (b) Jeol 2100 high resolution
transmission electron microscope (HR-TEM) in our laboratory in Tyndall National Institute. (b) Schematic
of the HR-TEM: The top row is the controller of the TEM while bottom two snippets are for high voltage
control and valve status of the TEM.

TEM analysis. Then, initial thinning is performed at 30 kV to achieve the desired thickness. Final
polishing at 5 kV (with a current of 47 pA) is conducted to minimize ion-beam induced damage,

reducing it to a layer less than 2 nm thick on both sides of the lamella.

Once the lamella is prepared, it is analysed using a High-Resolution Transmission Electron
Microscope (HR-TEM), such as the Jeol 2100 [Figure 3.9(b)] operating at 200 kV with a double
tilt sample holder. The TEM operation can be broken down into the following steps: Electrons are
generated by an electron gun, typically a tungsten filament or a field emission gun, and accelerated
to high energies. The high-energy electron beam is focused and directed towards the thin sample
using a series of electromagnetic lenses. As the electron beam passes through the sample, elec-
trons interact with the atoms in the material. Depending on the thickness and density of the sample,
some electrons are transmitted, while others are scattered or absorbed. Transmitted electrons are
collected and focused by additional electromagnetic lenses to form an image on a fluorescent
screen, a CCD camera (Gatan Inc.), or a similar detector. The resulting image represents the
electron density and provides detailed information about the sample’s internal structure at the
atomic or molecular scale. High-resolution images reveal the samples microstructure, including
defects, grain boundaries, dislocations, and other features. Techniques like electron diffraction
can be used to obtain crystallographic information, providing insight into the crystal structure and

orientation.

The schematic of the TEM, shown in Figure 3.9, illustrates the main components and the path
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of the electron beam through the microscope. This includes the electron gun, electromagnetic
lenses, sample holder, and the imaging system. TEM is an invaluable tool in materials science,
biology, and nanotechnology, which enables researchers to (a) visualize structures at the atomic
level, (b) analyse the composition and phases of materials, (¢) study the morphology and defects
within materials, (d) conduct in situ experiments to observe changes in the microstructure under
various conditions. In summary, TEM provides unparalleled insights into the microstructural
characteristics of materials, making it essential for advanced research and development across

multiple scientific disciplines.

3.6 Magnetic Property Characterization

Magnetic peroperties of the samples, for instance, the hysteresis loops of the materials are mea-
sured with ShB Hysteresis Loop Tracer and SQUID MPMS3 magnetometer (Quantum Design),
first order reversal curve (FORC) distribution are measured with SQUID MPMS3 magnetometer,

while the magnetic domains are characterized using magnetic force micrscopy (MFM) study.

3.6.1 ShB Hysteresis Loop Tracer

We have characterized the prepared samples in our magnetic characterization laboratory using
an ShB instruments (Mesa 200HF) Magnetic Measurement System real time B-H loop tracer
shown in the Figure 3.10(a) and schematic of ShB is shown in Figure 3.10(a). The mentioned
instrument is a B — H loop tracer (hence forth referred to simply as the ShB) which was initially
used to characterise thin film samples. This instrument has the advantage of being a real time
measurement at room temperature, allowing samples to be analysed quickly and inexpensively.
All thin film samples could be analysed using this instrument.

We have diced the thin films to sample for a 2 cm X 2 cm size prior to analysis, as the
SHB hysteresis loop tracer is calibrated for this size. This was done by dicing the substrate on
a wafer dicing machine (DISCO DAD 2H/6T Dicer) prior to film deposition. The diced samples
were then loaded onto the sample stage and inserted into the instrument. Various drive fields
were applied to the samples with intensities of up to 1000 Oersted (Oe)/(0.1T) and the resulting

magnetic induction (flux density) was measured.

3.6.2 SQUID Magnetometer for High-resolution Magnetic Measurement

The magnetic property characterization of the developed magnetic materials is performed in the

Quantum Design (QD) Superconducting Quantum Interference Device (SQUID) magnetometer
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Figure 3.10: (a) Experimental setup of Mesa 200HF hysteresis loop tracer (ShB Instruments Inc.) in our
laboratory (b) Schematic of hysteresis loop tracer (MESA 200 HF) by SHB Instruments Inc.

(field range: £7T and temperature range 1.8K—1000K using oven option) Magnetic Properties
Measurements System (MPMS) (Model Number/Serial Number: MPMS3-349).

Figure 3.12 shows some snippets of “MultiVu” software exhibiting the procedure to measure
magnetic moment of a sample at a specific temperature or magnetic field. The snippet shows that
the measurement will be performed using emu units. A measurement could be started by clicking
the “Measure” toolbar button or choosing the menu tiem from Measure>Measure, as highlighted
in the figure, which opens the MPMS3 Measurement window. Following this, by choosing the
required option, i.e., VSM/DC mode, the measurement could be done.

Figure 3.13(a) illustrates a simplified schematic of the SQUID MPMS3 detection hardware.
The superconducting detection coils are arranged as a second-order gradiometer with counter-
wound outer loops, making them largely unresponsive to uniform magnetic fields and linear
magnetic field gradients. Thus, the detection coils generate a current only when there are magnetic
field disturbances. Assuming the sample dimensions are much smaller than those of the detection
coils, the induced current depends on the sample position. The general shape of this function
is depicted in the figure, though it can vary slightly based on the sample’s size and shape. This
current is then inductively coupled to the SQUID, which acts as a highly sensitive current-to-
voltage converter. While many details of the SQUID circuit are omitted for simplicity, it is
important to note that the SQUID feedback nulls the current in the detection coils, meaning
no actual current flows through them, and the feedback current provides the SQUID voltage for

analysis.
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After the deposition of the magnetic materials, the prepared thin films are diced into a max-
imum size of 4 mm x 4 mm, which is a prerequisite for performing any measurements in the
SQUID MPMS3 system. This dicing can be done either by hand with a diamond cutter or using
a dicing machine. Following this, we mount the sample properly on the sample holder (inside a
straw for powder samples) and place it inside the SQUID chamber. The MPMS3 enables precise
centring of the sample by conducting a DC scan along the entire length of the sample chamber.
The system fits the scan data to an expected waveform to calculate the centre position. Significant
deviations in the scan data from the fit function may indicate that the sample’s size, shape, or
magnetic properties are causing it to deviate from ideal point-like dipole behaviour. According to
the design of the SQUID MPMS3, the ideal sample offset value for the system should be 66 +3

Figure 3.11: Experimental setup of MPMS3 SQUID magnetometer in our laboratory at Tyndall National
Institute.
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Figure 3.12: Snippets of Quantum Design MPMS3 SQUID magnetometer compatible “MultiVu” software.

mm. The sample offset value measures the distance from the bottom of the sample holder to the
centre of the sample. An offset value of 66 mm indicates that there is no offset and the sample
is in the exact centre position. Figure 3.13(b) illustrates a typical DC scan for the sample holder

coordinates for the centre position.

In general, To measure the magnetic properties using the SQUID MPMS3 system, a standard-
ized protocol is followed to ensure accurate and reliable results. Initially, thin films of magnetic
materials are meticulously prepared and diced into uniform sizes, typically not exceeding 4 mm (E
4 mm. Similarly, the substrate is prepared with equal care to match the dimensions of the samples.
Once prepared, both the substrate and sample are thoroughly cleaned to remove any potential
contaminants, ensuring the integrity of the measurements. The measurement procedure begins
with system calibration and setup. The SQUID MPMS3 is powered on and allowed to stabilize,
followed by necessary calibration steps as per the manufacturer’s guidelines. The substrate is then
placed into the sample holder within the system’s sample chamber. Using the system’s DC scan

function, the substrate is centered to optimize measurement accuracy.

Firstly, the substrate alone is subjected to magnetic measurement under the desired experimen-
tal conditions, which typically include temperature and magnetic field strength variations. The
resulting data provides a baseline for subsequent analysis. Next, the prepared sample, mounted on

the substrate, is placed into the sample holder. Again, the sample’s position is carefully centered
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Figure 3.13: (a) Schematic of SQUID detection. (b) Sample offset value in mm to keep the sample holder
in the center position.

using the system’s DC scan feature to ensure consistent measurement conditions. Subsequently,
the combined sample and substrate undergo magnetic measurement using the same parameters as
the substrate alone. The data obtained from this measurement includes contributions from both the
substrate and the magnetic sample. To isolate the magnetic properties of the ferromagnetic sample,
the substrate data is subtracted from the combined data set during post-measurement analysis.
This step reveals the specific magnetic contribution of the sample, crucial for accurate character-
ization. Following data analysis, results are documented in a comprehensive report that includes
all measurement parameters, raw data, analysis procedures, and final findings. Any deviations
or anomalies encountered during the measurements are also noted for thorough documentation.
By adhering to this protocol, researchers can ensure systematic and reproducible measurements
of magnetic properties using the SQUID MPMS3 system, facilitating reliable interpretation and
comparison of experimental results.

For example, the following Figure 3.14(a) shows aforementioned different types of hysteresis
loops! at room temperature for the sample grown on a diamagnetic substrate. The overall magnetic
response, i.e., the response coming out from the magnetic substance and substrate is shown with
blue line plots and the red line plots denote the substrate contribution while the actual magnetic
behaviour is illustrated in the grey highlighted region with the green line plots. Figure 3.14(b)
dictates the magnified version of the background subtracted actual magnetic behaviour (overall
response - substrate contribution) from the material as highlighted in the Figure 3.14(a), in this

case that is the mixture of ferrimagnetic and antiferromagnetic/altermagnetic [9, 10] contribution

"Measured with Quantum Design (QD) SQUID (Superconducting QUantum Interference Device) MPMS3 at
Tyndall National Institute, University College Cork, Cork, Ireland.
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Figure 3.14: (a) At room temperature, different hysteresis loops of a thin magnetic material grown on a
diamagnetic substrate. (b) Magnified version (obtained after subtracting the substrate contribution) shows
the real/actual magnetic behaviour of deposited magnetic material.

coming out from the single starting material. Inset of Figure 3.14(b) confirms the ferrimagnetic

nature presented in the sample.

3.6.3 First Order Reversal Curve

The FORC technique represents a significant advancement in understanding nanostructured mag-
netic materials, providing detailed insights into their magnetic interactions and domain behaviours
crucial for developing next-generation magnonic devices. This method enables precise analysis of
various magnetic interactions such as exchange coupling, dipolar interactions, and magnetostatic
effects. Additionally, FORC offers valuable observations into domain wall dynamics, reversible
and irreversible magnetization processes, and the spatial distribution of coercive fields within the
material. It is particularly effective in identifying magnetic variations across different regions of a
sample, essential for comprehending the performance of composite and heterogeneous materials.

The significance of FORC lies in its ability to offer comprehensive, multidimensional per-
spectives on magnetic behaviour, facilitating the optimization and design of magnetic materials
for advanced applications. In nanostructured materials and integrated magnonic devices, FORC
analysis provides critical advantages. By unraveling complex magnetic interactions and domain
behaviours, researchers can customize materials for specific applications like data storage, sen-
sors, and magnonic devices, enhancing overall design capabilities. Moreover, FORC aids in
identifying and mitigating sources of magnetic noise and loss, thereby improving material and
device efficiency, stability, and performance. Its insights into nanoscale magnetic phenomena

contribute significantly to advancing fields such as spintronics and magnonics. Furthermore,
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FORC serves as a vital diagnostic tool for assessing the quality and uniformity of magnetic
materials, crucial for industrial applications and large-scale production efforts.

In the relevant FORC related studies associated with this thesis, we have utilised the FORCinel
software [121] developed by Harrison and Feinberg to post-process the FORC diagrams and plot
them in (Hc, Hy) plane. The software utilises an improved algorithm for generating FORC dia-
grams using a technique called LOESS (Locally Weighted Regression Smoothing). This technique
is crucial in analyzing complex magnetic signals in rock and mineral samples, which are vital for
research in geomagnetism and paleomagnetism.

FORCinel offers an enhanced smoothing algorithm that improves upon existing methods
by allowing a constant smoothing factor across the entire range up to the Hc = 0 axis. This
improvement includes permitting noninteger values for the smoothing factor, providing greater
control over the degree of smoothing and assisting in the automatic selection of optimal smoothing
parameters. Additionally, the algorithm is designed to automate extrapolation across gaps or
undefined regions of FORC space. This capability helps eliminate artifacts caused by instrumen-
tal instabilities and allows specific regions to be masked for focused analysis. The FORCinel
algorithm is implemented in a user-friendly software package featuring a graphical user interface
built using Igor Pro software, which is accessible for download from multiple online sources.

The core of the improved algorithm is the Locally Weighted Regression Smoothing (LOESS),
which differs from conventional FORC smoothing by fitting a second-order polynomial to mag-
netization data over a user-defined region in FORC space rather than a fixed grid. This approach
offers greater flexibility in the smoothing process. FORC diagrams are produced by measuring the
magnetization of a sample through a series of reversal curves. These curves are used to compute
a mixed second derivative of the magnetization with respect to applied fields, and this derivative
is displayed in a rotated coordinate system (Hc, Hy).

FORC diagrams are crucial diagnostic tools for studying magnetic interactions and grain
distributions within rock samples, making this improved method valuable for researchers in rock
magnetism and related fields. By providing a comprehensive, easy-to-use tool, FORCinel broad-
ens access to advanced magnetic analysis techniques for the research community. The advance-
ment of the FORCinel software and its underlying algorithm significantly enhance the accuracy
and usability of FORC diagrams. The incorporation of LOESS smoothing and the ability to handle
data anomalies and gaps make it a powerful tool for magnetic characterization. This new approach
promises to facilitate more detailed and accurate magnetic analyses, benefiting a wide range of
geophysical and geological research applications.

I have developed a Python program along with its executable file (.exe) in-house to make the

program, platform independent but limited to Windows system only, and coined it as, “PyFORC”,
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is developed to generate the multiVu compatible FORC measurement sequence with QD SQUID
MPMS3 Magnetometer [1] and finally post-processing the measured FORC data for instance

streamlined data analysis, data sorting and generating the graph.

3.6.4 Magnetic Force Microscopy (MFM)

Magnetic Force Microscopy (MFM), a specialized technique within the area of AFM, is designed
to measure magnetic properties. As shown in Figure 3.15, MFM relies on several key components.
The piezoscanner, a critical part of the device, holds the sample and allows for spatial movement
in the X, y, and z directions, enabling accurate surface mapping. The MFM probe (Model no:
MESP-RC-V2) is typically made from n-type antimony (Sb) doped silicon having resistivity with
arange of 0.01 w-cm to 0.025 w-cm. This specific probe features a cantilever with dimensions of
125 um in length, 35 um in width, and 1.8 um in thickness. It oscillates at a frequency of 150 kHz
and has a spring constant of 5 N/m. The MESP-RC-V2 probe is designed with a reflective Co/Cr
coating on its backside to enhance the laser signal used in detecting cantilever deflections, while
the front side with magnetic co/Cr layer. This precise construction allows for highly sensitive
and accurate measurements of the magnetic domain structures (amplitude and phase) along with
simultaneous sample surface characteristics, contributing significantly to the reliability of MFM
analyses. The MFM probe is affixed to a cantilever that is not itself magnetized. To magnetize the
probe, the north pole of a strong magnet is brought very close (1-2 mm) to the tip and then slowly

moved away horizontally.

LiftMode Scan

Figure 3.15: Schematic of
working principle of MFM
(magnetic force microscopy).
Magnetic Forces cause the
phase shift denoted by ¢ over
different domains during the
‘LiftMode Scan’.

Lift %
s
®
®
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During the MEM operation, the sample, which possesses magnetic properties, is mounted on
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the piezoscanner. The cantilevers tip is positioned just above the sample surface. As the tip scans
the sample, magnetic interactions between the tip and the sample cause the cantilever to bend.
These deflections are due to the magnetic forces, which are stronger than the van der Waals forces
also present between the atoms of the tip and the sample surface. The van der Waals forces,
though weaker, still play a role in the interaction. As the tip moves vertically across the sample
surface, it induces oscillations in the cantilever. These oscillations lead to changes in the angular
deflection of a light beam that is reflected off the surface of the cantilever. An optical sensor,
also known as a small displacement transducer, detects these deflections. The sensors readings
are used to generate an image of the magnetic field distribution on the sample surface. MFM is
essentially an AFM equipped with a magnetized tip. It measures the magnetic forces acting on the
cantilever tip, allowing it to detect and image stray magnetic fields on the sample surface. This
technique provides insight into both the magnetic properties and the physical topography of the
sample, making it a versatile tool for comprehensive surface characterization. The combination of
AFM and MFM enables researchers to analyse a wide range of surface characteristics, including
both structural and magnetic properties, thereby enhancing the understanding of the material being
studied.

3.7 Dynamic Characterization

The developed shiny and smooth nanostructured magnetic materials by DC electrodeposition
technique are characterized using dynamic characterization techniques, namely, Brillouin Light
Scattering (BLS) Study and Time-resolved Magneto-Optical Kerr Effect (TRMOKE) Study, re-

spectively. The following sections describe a general trivia about both the techniques.

3.7.1 Brillouin Light Scattering (BLS) Study

The BLS spectra of thermally excited spin waves (SWs) were measured using a six-pass [(3+3)-
pass] tandem Fabry-Perot interferometer. Since these spin waves are thermally excited and ex-
ist at room temperature, no external excitation, such as microwave or current, was needed for
the measurements. Instead, the room temperature surface spin waves were detected as a BLS
signal using a 532 nm wavelength laser as the incident light source. The experimental setup
was configured to detect the backscattered light in the direction opposite to the incident light,
facilitating accurate measurement of the spin waves. For the measurement of surface spin waves,
specifically the Damon-Eshbach (DE) spin waves, the experiment was conducted in DE geometry.

This involved applying an in-plane magnetic field greater than tipMg along the x-direction during
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Figure 3.16: Experimental setup of the Brillouin Light Scattering (BLS) setup in the GHOST laboratory at
CNR-IOM, Perugia, Italy.

the measurement. The strength of the applied magnetic field was sufficient to saturate the in-
plane magnetization, ensuring the proper conditions for detecting DE spin waves. By utilizing
this setup, the BLS technique effectively captured the characteristics of the thermally excited spin

waves without the need for additional external excitation.

3.7.2 Time-resolved Magneto-Optical Kerr Effect (TRMOKE) Study

To investigate the ultrafast demagnetization and precessional magnetization dynamics of the sam-
ple, we employed the TR-MOKE technique in polar Kerr geometry using a two-color non-collinear
pump-probe setup. A portion of the fundamental laser beam (wavelength = 800 nm, pulse width
= 40 fs, repetition rate = 1 kHz) from a femtosecond regenerative amplifier (Libra, Coherent
Inc.) is directed through a second harmonic generator to produce the pump beam (wavelength
= 400 nm, pulse width > 40 fs, repetition rate = 1 kHz) for excitation. Another fraction of the
fundamental laser beam is utilized as the probe beam to monitor the magnetization dynamics. The
time delay between the pump and probe beams is controlled by passing the probe beam through
a motorized variable delay stage. During measurements, the pump beam fluence is significantly
higher (~ 10 mJ/cm?) than that of the probe beam (~ 1.5 mJ/cm?). An external magnetic field is
applied at an angle of ~ 30° [denoted as £ in Figure 6.3(a)] to the sample plane, which is optimal
for introducing a finite demagnetizing field in this sample. This tilt in magnetization is further
altered by the pump pulse, initiating precessional dynamics within the sample. The probe beam

strikes the sample perpendicularly with a spot diameter of approximately 100 ttm, while the pump
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beam is slightly defocused, with a spot diameter of about 250 um, and is incident obliquely at
around 45° to the sample plane, ensuring proper spatial overlap with the probe spot. An optical
chopper operating at 373 Hz chops the pump beam, and the dynamic signal in the probe beam is
detected via a Si detector using a lock-in amplifier in a phase-sensitive manner. Our experiment
utilizes 4 ps and 2 ns time windows (representing the total duration of measurement of the time-
resolved signal) to probe ultrafast demagnetization (temporal resolution = 25 fs) and damped
precessional motion (temporal resolution = 5 ps), respectively.

Time-Resolved Magneto-Optical Kerr Effect (TRMOKE) and Brillouin Light Scattering (BLS)
spectroscopy are crucial techniques for studying nanostructured magnetic materials. TRMOKE
provides high temporal resolution in the picosecond to femtosecond range, essential for capturing
ultrafast magnetic phenomena such as spin wave dynamics and rapid magnetization precession.
This sensitivity to ultrafast processes makes TRMOKE invaluable for developing high-speed
magnetic devices and exploring terahertz spintronics. Additionally, TRMOKE's integration with
scanning microscopy allows high spatial resolution studies of magnetic domains, aiding in the
development of nanoscale devices. Its non-destructive nature ensures sample integrity during
repeated measurements, making it ideal for studying delicate or thin film samples. BLS spec-
troscopy, while providing lower temporal resolution compared to TRMOKE, excels in measuring
spin wave frequencies and damping, offering critical insights into the magnetic material’s be-
haviour under steady-state conditions. BLS is adept at examining the collective behaviour of
magnons over larger areas, crucial for applications requiring an understanding of bulk properties,
such as in designing magnetic thin films and multilayers. Both TRMOKE and BLS are non-
destructive and contactless, preserving sample integrity. Together, these techniques provide a
comprehensive understanding of magnetic materials, essential for advancing both fundamental

research and technological applications in magnetism.
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Magnetic Exchange Springs

This chapter is based on the following published paper in APL Materials [1]" and the International

Conference presentations2,3.

4.1 Introduction

In contrast to traditional single ferromagnetic (FM) thin films, multilayered nano-heterostructures
(NHSs) with sandwich-like configurations exhibit enhanced properties, such as higher coercivity
(Hc) and greater saturation magnetization (Mg), resulting in an increased energy product (BHpax ).
These NHSs, termed as exchange-spring (ES) systems [25, 73, 77], are highly relevant for ad-
vanced applications in data storage, spintronics, and beyond. A crucial aspect of the formation of
ES NHSs is the relative thickness of the soft phase (Lg) compared to the domain wall width (&)
of the hard phase. Specifically, Ly > 26y fosters ES behaviour, while Lg < 29y results in a single
unit behaviour, marked by a flat rectangular hysteresis loop indicative of exchange-coupled (EC)
systems [26]. Significant research over the past three decades has been dedicated to exploring ES
systems [2, 27, 101, 105, 122—-132].

nvestigation of transverse exchange-springs in electrodeposited nano-heterostructured films through first-order
reversal curve analysis, A. Samanta, S. Roy, APL Materials, 12(9), 091118, (2024)

*Exchange Spring Co-Rich CoP Nanomagnetic Thin Films (Oral), A.Samanta, S. Roy, ‘Intermag 2021
Conference’, (Oral Presentation), April 26-30, 2021.

3Structural and Magnetic Study of Single Nano-Hetero-Structured Co-Rich CoP Magnetic Thin Films (Oral
Presentation), A. Samanta, S. Roy, ‘2022 Joint MMM-Intermag Conference’, New Orleans, January 10-14, 2022.
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Given that soft and hard magnets interact through magnetic exchange interactions at the
nanometre scale, the observation and analysis of domain structures are crucial for understand-
ing their behaviour. Interfaces in the ES structures significantly impact exchange coupling and
magnetic anisotropy. Analysing domain wall behaviour at these interfaces reveals the nature of
exchange interactions that define functionality of the ES systems. The competition between in-
plane (IP) anisotropy and out-of-plane (OOP) anisotropy within the material often results in stripe
domain structures [133, 134]. Despite their importance, magnetic domain analyses in ES NHSs
are underexplored, and it is expected that IP ES systems would lack periodic stripe domain patterns
due to the absence of OOP anisotropy. A recent study discusses the competition between in-plane
and out-of-plane anisotropy through the formation of helical anisotropy [135]. Helical anisotropy
refers to a material structure where the direction of magnetic anisotropy follows a helical pattern,
leading to unique and beneficial magnetic properties by balancing and enhancing the competition
between in-plane and out-of-plane anisotropies. This controlled interplay significantly reduces

magnetic losses and acoustic noise in rotating machines [135].

On the other hand, some OOP ES structures, featuring ferromagnetic and antiferromagnetic
interactions, exhibit spin flop transitions [75]. These structures show maze-like domain patterns
in strongly OOP systems such as [Co/Pd]-NiFe [136] and L1; CoPt-NiFe [137]. The domain
behaviour of OOP [Co/Pt]/NiFe ES systems, however, remains unexplored [110]. When contin-
uous thin films are nano-patterned to nano-meter or sub-micron dimensions, the resulting nano-
modulation can dominate the film’s uniaxial anisotropy, creating a competition between IP and
OOP magnetic dipoles, thereby preventing vortex formation [138], although without forming the
stripe domains. Notably, while the IP ES structures are well-studied, transverse ESs with OOP
anisotropy are comparatively less explored [27, 75, 110, 139].

Here, first, the preparation of stress-free, shiny, fine-grained dispersed “in situ” magnetic
nano-heterostructures (NHSs) of a single CoP film has been elucidated, still a less explored avenue
to the research community. This is achieved through a modified stable acidic bath chemistry
with controlled hydrogen evolution, a method not previously employed in the context of ES
systems. This innovative approach offers a low-cost and high-yield alternative to traditional ex situ
fabrication techniques, such as magnetron sputtering [110], annealing [140], ion-irradiation [125],
and molecular beam epitaxy [75]. The electroplating technique used here allows for the creation of
complex nano-topologies, which are crucial for the development of advanced magnetic materials
[2,46,53, 111]. A significant contribution of this study is the demonstration of the transition from
a non-ES state to a transverse-ES state within a single thin film driven by the non-collinearity
of spin textures at room temperature, which reveals new insights into the magnetic behaviour of

ES systems, particularly those influenced by out-of-plane (OOP) anisotropy. Additionally, first-
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order reversal curve (FORC) measurements and analysis confirm that the developed ES system is
driven by anisotropy induced by OOP anisotropy, leading to the formation of novel stripe domain
patterns. These findings are further corroborated by micromagnetic simulations using MUMAX>

[24], providing a robust theoretical framework to support the experimental results.

4.2 Experimental Methods

The smooth, shiny, amorphous-nanocrystalline cobalt phosphorus (CoP) films by DC electrode-
position technique have been developed. The following chemicals and reagents, phosphorus acid,
phosphoric acid, cobalt chloride hexahydrate, cobalt carbonate [2, 80], as mentioned in the Table
4.1, forms the required electrolytic plating bath. The developed thin films from the bath are
quite stressed and rough possibly due the instability of the bath and the high surface tension
between the working electrode (WE) and the electrolyte. Therefore, a surface tension reducing
agent, glycine, have been added in order to stabilize the bath along with stress-relieving additives,
naphthalene trisulfonic acid (NTA), saccharine [2] reduce the surface tension between the WE and
electrolyte to the solution. Consequently, the stress-free, smooth, glossy thin films are developed
(comparatively lower Ry values are mentioned in the Table 4.2). The modified and stable bath

compositions are mentioned in the following Table 4.1.

TABLE 4.1: Plating bath composition and conditions

Component Amount (g / 100 mL)

Old Bath [80] New Bath
Phosphorus acid (H3PO3) 3.00 3.30
Phosphoric acid (H3PO4) 5.00 5.90
Cobalt chloride hexahydrate 18.00 18.87
(CoCly -6H>0)
Cobalt carbonate (CoCO3) 1.50 1.55
Glycine — 1.15
Saccharine — 1.51
NTA — 1.52
Temperature 345K 293K
pH 0.75 0.72 —86

The electrodeposition has been carried out by varying the current density from 5 mA /cm?
to 40 mA/cm? and keeping the deposition time fixed for 120 minutes. The micro-structural and
elemental characterization of the electrodeposited films have been performed using Zeiss scanning

electron microscope (SEM)—energy dispersive X-ray spectroscopy (EDX) analysis (Oxford In-
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struments). The XRD (X-Ray diffraction) patterns have been characterized in Panalytical X Pert
Pro MRD with Cu Ko radiation (40 kV, 50 mA) at a wavelength of 1.54 nm. The HR-TEM (high-
resolution Transmission electron microscopy) characterization using JEOL TEM 2100. The HR-
TEM lamella Cross sections were prepared using a Dual Beam focused ion beam (FIB) FEI Helios
Nanolab 600i. A 50 nm C layer and 300 nm Pt layer were deposited within the DualBeam FIB
by electron beam induced deposition and 2 um thick Pt layer with ion beam induced deposition.
These three layers are for protection before the FIB milling process. The lamella was prepared and
thinned down for the HR-TEM analysis. The thinning at 30 kV was finished with a final polishing
at 5 kV (47 pA) to reduce the ion-beam induced damage to a less than 2 nm thin layer on both
sides. Micro-structural analysis was performed using HR-TEM (Jeol 2100 transmission electron
microscope; 200 kV using a double tilt sample holder. 3D Surface profiles (roughness) and
magnetic force microscopy imaging (MFM) of the films were studied using a Bruker Dimension

Icon AFM (atomic force microscopy).

The magnetic measurements were carried out using hysteresis loop tracer (MESA 200, ShB In-
struments, USA) for £1000 Oe for the hysteresis loops and Superconducting QUantum Interference
Device (SQUID) magnetometer [Quantum Design Magnetic Property Measurement System (MPMS),
Model: MPMS3] for the first-order reversal curve (FORC) measurements. A total of 200 FORCs
were measured for each sample using the SQUID MPMS3 system. The required FORC measure-
ment sequence and the subsequent data-processing were done by a code (Python) developed in-
house, called “PyFORC”, and subsequently its an executable file and the FORC diagrams in (Hc,
Hy) plane were constructed utilizing FORCinel software [121]. Each of the FORC measurements
involved saturating the sample and then measuring the moment from a reversal field Hr back
to positive saturation field (+Hy), yielding a family of FORCs for different values of Hr with
an increasing field of Hp spaced equally. Note that, Hp represents the applied magnetic field
during each minor loop within the FORC measurement, whereas the field spacing refers to the
incremental steps between successive applied fields in the FORC analysis. The following mixed

second-order derivative expression obtained the FORC distribution, p (Hgr, Hr):

P (HRvHF) =

1 <82M(HR,HF))
2Msg JdHRIHF

where Mg is the saturation magnetization. This eliminates the pure reversible components of

magnetization (p=0), and any non-zero p corresponds to irreversible switching processes in the

system [141-143]. The FORC distribution [p (HC,HU)} is presented in the (Hc, Hy) plane, where

Hc = %(HR —Hp) and Hy = %(HR -+ Hr) represent the local coercivity and the interaction or bias

field, respectively.
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4.3 “In situ” NHS formation by hydrogen evolution

The transfer of electrons in an electrochemical process, induces the chemical change, such as,
the oxidation or reduction of a metal complex. Here, the anode represented by Co, undergoes
oxidation process to form Co>T ions via heterogeneous electron transfer. The schematic of this
oxidation process is illustrated in Fig. 4.1(a). Conversely, the reduction process of reduced
phosphorus (P) follows a reverse phenomenon, as depicted in Fig. 4.1(a) and in the later section.

We perform the widely used electrochemical technique of three-electrode cyclic voltammetry
(CV) analysis, schematically illustrated in Fig. 4.1(b), in order to investigate the possible reac-
tion processes. Here, a piece of 2 x 2 ecm? Si wafer, featuring top-conducting sputtered Ti/Au
(207200 nm) seed layers, serves as the working electrode (WE), and a Co-piece functions as the
counter electrode (CE). The voltage of the working electrode is referenced to Ag/AgCl (reference
electrode (RE), Fig. 4.1(b)).

TABLE 4.2: Experimentally obtained values of different structural, stoichiometric and magnetic
parameters for various electrodeposited CoP thin films.

Current Density Thickness R, % x 100  Stoichiometric ~ Hc (kA/m) Bs (T) B (T) S(Mg/Ms)
(mA Jem?) (um) (nm) in % Ratio dir-X dir-Y dir-X dirrY dir-X @ dirrY dirX @ dir-Y
5.48 0.31 3.00 0.967 CogsgoPi320  2.697 2718 0472 0367 0.223 0.193 04724 0.5367
10.97 0.68 224 0329 Cog7.10Pi2oo  13.41 1573 0596 0.814 0.5134 0.701 0.8603 0.8601
16.46 5.06 10.03 0.198 CoggooPiigo 1531 15.74 1.801 1.587 1.487 1.343 0.8260 0.8464
21.95 11.38 11.54 0.101 CosezoPi370  12.88 12.96 0.881 0.677 0.780 0.616 0.8958 0.9094
27.44 12.44 12.24 0.098 C09234P1 76 13.60 13.60 0.987 0.803 0.888 0.728 0.8998 0.9072
32.92 13.36 12.30 0.092 Co91.99P.07 18.18 1828 1.000 0.936 0.900 0.840 0.8998 0.8982

The resulting CV curve obtained with 50 mV/s scan rate and shown in Fig. 4.1(c) unveils two
cathodic current peaks and two anodic current peaks during the reduction (cathodic/negative) and
oxidation (anodic/positive) scans, respectively, whereas, one of those two peaks in each cycle, is
narrower than the other. Concerning the standard reduction potentials, Eg, the salient feature of the
CV study is the decrease in the obtained reduction potentials, which happens because of adding
saccharine and naphthalene-1,3,6-trisulfonic acid (NTA) in the solution. During the negative scan,
in the cathode, (i) a sharp cathodic peak is obtained at —0.17V due to the reduction of Co** in
the bath, and (i1) a broad peak is obtained at —0.37V, which ranges from —0.31V to —0.42V.
The former cathodic peak at —0.17V generates possibly due to a faster reduction of Co** to Co,
and H3PO, to H3POj3, while the latter one generates due to a slow reduction of H3PO,. In this
region, the nascent generated H3PO3 and the raw H3PO3 present in the solution, reduce to H3PO;
and nonmetallic P, and then the H3PO; also reduces to nonmetallic P. It was previously believed
that the elemental Co and P together form the Co — P amorphous alloy, which provides the low
coercivity of the soft material [94].
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Figure 4.1: (a) Heterogeneous electron transfer: (i) oxidation of Co and (ii) reduction of P (b) The
schematic of the electrochemically controlled NHS formation by hydrogen evolution. (c) A three electrode
Cyclic Voltammogram curve recorded with standard Ag/AgCl electrode [1].

As the structural studies reveals two different phases present in a single nano-hetero-structured
material, it is worth assuming that there should be two different phases. So, there must be
a different electrochemical mechanism that favours forming a crystalline phase to serve as the
source of high coercivity, simultaneously with the amorphous Co — P alloy providing the low
coercivity. Hence, we propose the following electrochemical mechanism in forming the nano-
heterostructure from a single starting material.

During the cathodic scan, beyond those peaks, the potential sharply falls from —0.50 V to
—0.80 V region due to the reduction of nonmetallic P to phosphine (PH3) and splitting of water
(H,0) molecule. During the positive scan, in the anode, the peaks correspond to the liberation
of Oy, Hy, and oxidation of H3PO3 to H3PO,4. The small peak at —0.002 V corresponds to the
evolution of hydrogen. This hydrogen evolution may cause bubbles and internal stress near the
cathode. Although those stress-relieving additives were added to the bath, care was taken in such a
way that the precipitates just disappeared from the bath and simultaneously ensured the existence
of a little amount of stress. As literature study shows that internal stress causes the hydrogen
evolution, the amount of NTA was adjusted to the bath in such a way that it ensured the hydrogen
evolution. During the oxidation process, the anode (Co) dissolves in the solution and oxidizes
to Co>t, and forms an unstable metallic compound, Co(PH3)3. The nascent unstable metallic
compound [Co(PH3)3] then spontaneously forms the stable amorphous Co — P alloys [144, 145].

The electron configuration of the elemental Co would be the Co — hep having the [Ar]3d"4s?,
and that of the CoP alloy would be the electron configuration of Co’*, i.e., [Ar]3d°4s'. According
to Hunds rule, half/full—filled —d orbital is more stable than other filled —d orbital; hence,
the Co** having the configuration of 34> has the stable electronic configuration. These two
different phases, i.e., the Co — hcp crystalline phase and the amorphous CoP phases, are separated
(illustrated in FIG 4.1(a)) due to the hydrogen evolution developed by the stress. Since the Co’* is
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more stable than Co, the formation of Co — P alloys will be preferred than the Co — hcp structures,
and hence, minor fraction of nanocrystalline Co — hcp structures formed due to a faster reduction
process of Co®* to Co, as evidenced by the cathodic peak at —0.17 V, would co-exist within the
matrix of amorphous Co — P alloys and help build the nano-hetero-structured thin film.
Continuous monitoring of the pH reveals that the pH of the solution increases after the de-
position, as the concentration of [H%"] decreases due to hydrogen evolution and that of [OH ]
increases because of water splitting, generation of PH3 and elemental P. The electrochemical
equations [146] involved in the formation of the NHS structures within the amorphous matrix

influenced by the hydrogen evolution, as elucidated in the previous sections are summarized

below:
Co®T +2¢~ = Co (D
P+3H,0+3¢” = PH3+30H" 2)
H3PO4+2H" +2¢~ = H3PO3 + H,0O (3)
2H" +2¢” = H, “4)
H3;PO3+2H" +2¢” = H3PO> + H>0 (5)
2H,O = O, +4H" +4e” (6)
HPO3; +2H,0+3¢” = P+50H" (7)
Co(Anode) = Co>" (CoP) +3e~ (8)
H3PO>+H' +e~ = P+2H,0 9)
Co®>" +3PH3 — Co(PH3)3 — Co— P (10)
2H,O+2e™ = Hy+20H" (11)

4.4 Structural and Stoichiometry Analysis

Exploring the quantitative and qualitative analysis of phosphorus (P) in the electrodeposited thin
film is of paramount importance due to its significant impact in the crystallinity of CoP thin film
[2, 3]. Elemental analysis across various regions of the film confirms a consistent stoichiometry.
The atomic percentages of cobalt (Co) and phosphorus (P) range from approximately 86 to 90
and 10 to 14, respectively (see Table 4.2). An EDX spectrum (Fig. 4.2(a)) validates the presence
of Co and P, with the yellow line indicating the EDX linescan path on the film surface. The
EDX linescan [Fig. 4.2(b)] further illustrates the homogeneity in composition, depicting Co and

P distribution without any other impurity source. The red and green curves represent the linescan
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Figure 4.2: (a) Typical EDX spectrum showing the presence of Co and P in the films. (b) Top: EDX
linescan path on the surface (yellow line). Bottom: Red curve denotes linescan for Co, and green curve for
P. (c) A cross-sectional HR-TEM image of the film showing the striations in nm range formed due to stress
caused by H—evolution. (d) FFT of the TEM image (c) confirms crystalline phases (Co — hcp) present in
the amorphous CoP matrix [1].

for Co and P, respectively. Any non-identifiable topographic feature of the SEM figure [top image
of the Fig. 4.2(b)] unveils the smooth, shiny, and fine-grained surface of the material.

The thicknesses of the electrodeposited films range from 0.31 um to 14 pum are given in
the Table 4.2. The nano-heterostructures, developed via electrodeposition technique favoured by
hydrogen evolution, as explained earlier, have been experimentally observed by the cross-sectional
HR-TEM [see Fig. 4.2(c)]. Here, the 2 — 5 nm white lines in the HR-TEM image correspond to
the Co — hep phases, and the rest of the black regions correspond to amorphous CoP (a few of
the white lines are marked with orange lines) form the nano-hetero-structured system, where the
crystalline Co — hcp phases are embedded within the amorphous CoP matrix [2]. The crystallinity
of the Co — hcp phases are further confirmed by performing the Fast Fourier Transformation (FFT)
of the TEM image, as shown in the Fig. 4.2(d).

Figure 4.3(a) illustrates the XRD pattern of the prepared amorphous CoP thin films. No
additional peaks are detected beyond the three dominating substrate peaks: the peak near 260 =
69.22° corresponds to the Si-wafer, while the other two peaks near 26 = 38° and 83° originate
from the top conducting seed layer of gold (Au), confirming the overall amorphous nature of
the samples. However, the magnified XRD profiles in Fig. 4.3(b) and (c) reveal minor peaks at
26 = 44.3° and 77.5°, indicating the presence of nanocrystalline Co — hcp (002) and Co — hcp
(110) phases, respectively. Using the Scherrer equation, the mean grain size of the crystalline
phase in the nano-hetero-structured film, depicted in Fig. 4.3(d), is calculated to be approximately
(3.20+0.57) nm, consistent with the Co — hcp stripe thickness obtained from the HR-TEM.

We utilized atomic force microscopy (AFM) to determine the root mean square (RMS) rough-
ness (R,) of the topographic features, providing quantitative insights from the AFM images. The
R, values are listed in the third column of Table 4.2. The analysis of the results shows that the R,

value increases steadily with the current density during electrodeposition. When the deposition
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Figure 4.3: Structural characterization. (a) XRD spectra of the 0.31 um, 0.68 wum, 5.06 um thick films
having three dominant substrate peaks confirming the overall amorphousness of the samples. The magnified
XRD spectra of the highlighted region in (a) is shown in (b) for 0.31 um film and in (c) for 0.68 um film,
respectively. (d) Gaussian Fit to the 44° Co — hcp peak as marked in (c¢) [1].

time is 120 minutes with a current density of approximately 33 mA /cm?, the R, value is about four
times higher compared to around 5.5 mA /cm?. However, it decreases by one order of magnitude
in terms of the percentage of the overall thickness of the deposited film. This decrease indicates
the effectiveness of the bath chemistry, including the proportion of stress-relieving additives, in
the plating process. These minor changes are not visible in the SEM images. The significant
variation in R, ranging from 2.24 nm to 12.30 nm, accompanied by a corresponding decrease in
R,/d from 0.329 to 0.198, suggests that roughness may contribute to the distribution of nucleation
fields.

The spin orientations of the low current density sample (0.31 um thick) and comparatively
a higher current density sample are shown in Fig. 4.4(a) and (b), respectively. Both the figures
reveal almost parallel periodic stripes within a certain region. The white and black stripe pairs
in the figure reflect the regions with opposite magnetic orientation, i.e., upward, and downward
directions. Though the spin stripes shown in Fig. 4.4(a) are almost straight and regular, however,
a careful observation confirms that they are slightly bent locally. Generally, stripe domains
manifests the competition between in-plane and out-of-plane (OOP) anisotropy present in the
sample [133]. Coexistence of IP anisotropy simultaneously with the OOP anisotropy in an in situ

amorphous-nano-hetero-structured thin film is elucidated elsewhere [2].

In a magnetic thin film with an OOP anisotropy, stray field or magnetostatic energy generated
by the interaction between the dipoles favours IP anisotropy. So, in this “in situ” NHS system,
the competition between IP anisotropy and OOP anisotropy acts as the driving force for stripe
domains. As a result, periodic stripes formed where the magnetization rotates in the plane per-
pendicular to the thin film. This could be the characteristic signature of Transverse ES, which
have been confirmed later by first-order reversal curve (FORC) measurements and micromagnetic

simulations. However, it is worth mentioning here that the reverse might not be always true, i.e.,
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Figure 4.4: (a) Typical stripe domain structure in low current (~ 5.5 mA /cm?) sample (thickness 0.31 pm).
(b) Modified domains featuring corrugated stripes with domain branching in comparatively higher current
~ 137 mA/cm? sample (thickness ~ Sum). Both the scale bars are 4 pm and right side is the image colour
scale [1].

the systems which exhibit stripe domains may not necessarily have transverse ES state.

Let us define a dimensionless material parameter, Q = K/K,, where K is an appropriate
anisotropy (uniaxial or crystalline or shape) constant, and K is the stray field energy constant.
Usually, in a sample with stress-induced OOP anisotropy, the domain bifurcation is favoured with
a comparatively lower Q value (Q < 1, i.e., K, < K;) [133]. From the Maxwell’s equations, it
has been seen that the lateral flux is zero, which results into generating the stray field energy. So,

the magnetization flux which is entering the area at the base must be dissipated in the interior if
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practically no flux leaves the finely divided surface. Also, the nucleation/branching of the domains
is perhaps due to the tendency for the spin stripes to remain equidistant and stay in the minimized
energy state [133].

Although the surface was uniform, due to the internal size of the striations (cross-sectionally)
in the amorphous and nano-hetero-structure matrix, the two different phases just not only interact
with each other but also they both interact with the out-of-plane anisotropy. The Q parameter of
cobalt is too small for this effect, but surface anisotropy adds to the OOP anisotropy for very thin
films, so that the effective Q becomes larger than unity [133], and the typical stripe domain gets

modulated leading to the creation of novel corrugated stripe domains.

4.5 Static Magnetic Study

Fig. 4.5 shows the experimentally obtained normalized hysteresis loops along the direction X
(dir.X) and direction (dir.Y) of those as-prepared materials, where dir.X and dir.Y represent that
the measurements were done on the longitudinal and transverse directions, respectively. Hence,
the X and Y directions are two mutually perpendicular directions on the sample plane, i.e., dir.Y =
dir.X +90°. The interesting fact for all the normalized hysteresis loops is that both dir. X and
dir. Y are practically equivalent, i.e., all the samples are assumed to be magnetically isotropic in
the XY plane — a good agreement with the presence of a perpendicular anisotropy [147]. Fig.
4.5(a) unveils the coercivity of 0.31 pm thick is ~ 34 Oe (2.697kA /m). Three distinct regions are
prominent in Fig. 4.5(a), i.e., (i) at the applied field below ~ 35 Oe (2.785kA /m), the loop shows
hysteresis, (ii) a region at the applied field between 35 Oe to ~ 500 Oe (~ 40 kA/m), where
magnetization changes almost linear with the applied field, and finally (iii) beyond ~ 500 Oe,
an unchanged constant magnetization with the applied magnetic field, i.e., the magnetization has
been saturated.

Generally, this kind of three slope hysteresis loop, particularly the region (ii), is the signature
of thin films having a weak perpendicular anisotropy [148] that shows magnetic stripe domains,
which has already been demonstrated in Fig. 4.4(a) and (b), respectively. However in this
case, the in-plane (IP) anisotropy strongly dominates over the weak perpendicular anisotropy.
When the sample thickness becomes 0.68 um, the coercivity increased almost six times to reach
~ 200 Oe (15951 kA/m) shown in Fig. 4.5(b). The observed increments in the thickness
and coercivity are qualitatively consistent since nano-hetero-structures are formed in this case.
Consequently, the staircase-like hysteresis loop has been obtained, a signature of ES structure with
two distinguishable coercivities in a single amorphous/nano-hetero-structured material shown in

Fig. 4.5(b). Here, the two different phases (namely, Co — hcp and amorphous CoP) are non-
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Figure 4.5: (a) Non-exchange-spring (ES) of 0.31 um sample. (b) ES signature with 0.68 pm sample. (c)
A small kink near ~ 10 Oe observed when the thickness becomes 5.4 pm showing the OOP anisotropy
starts dominating over the IP anisotropy. The ES state becomes a flat EC state, while the thickness is
~ 11 pumin (d) due to the entire domination of the OOP anisotropy over the IP anisotropy. In (e), () the flat
loops continue with the thicknesses 11.23 um, 12.34 um obtained, respectively. Here, for all the figures,
dir. Y =dir. X + 90° [1].

rigidly coupled to each other through the magnetic exchange interaction and act as separate
units in the same material. Neither IP nor OOP anisotropy dominates each other. Hence, with
the application of an external magnetic field, both the phases reverse at the different magnetic
fields. The amorphous CoP phases correspond to the lower coercivity, while the Co — hcp phase
corresponds to the relatively higher coercivity. While the thickness becomes 5.4 um, the OOP
anisotropy starts dominating over the IP anisotropy. Consequently, a small kink near 10 Oe exists
along with the relatively higher coercivity of ~ 180 Oe. The ES structure starts converting to EC
structure giving rise to a flat hysteresis loop, while the thickness is ~ 11 um in Figure 4.5(d), as,
in this case, the OOP anisotropy entirely dominates over the IP anisotropy, and both the phases
act as a single unit. As a result, they reverse at the same field. In Fig. 4.5(e), (f), the flat nature of
the hysteresis loops remains unaltered with the thicknesses ~ 12 pum, ~ 13 um, respectively. As
a result, high S value (Mg /Ms) is obtained for Fig. 4.5(b)-(f) as given in Table 4.2.

4.6 First-Order Reversal Curve (FORC) Measurement

So far, the static magnetic study illustrated the complex relationship between magnetization and

the applied magnetic field resulting into the different hysteresis loops. However, they are not
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capable of revealing the presence of magnetic exchange interaction between the phases in the
system. For a deeper understanding of magnetic phase interactions at the nanoscale, the analysis
has been extended to include minor hysteresis loop analysis, specifically through First-Order
Reversal Curve (FORC) measurements presented on the (Hc, Hy) plane.

Figure 4.6(a) and (b) illustrate the FORC distributions of 0.31 gm and 0.68 um films, respec-
tively. Fig. 4.6(a) reveals only one peak at Hc =~ 35 Oe centred at Hy = 0 Oe which signifies
that there is no extra peak except the coercivity in the sample. On the contrary, the 4.6(b) unveils
three distinct peaks, two on Hc = 10 Oe (‘P1’) and Hc =~ 280 Oe (‘P2’) centred at Hy =~ —30
Oe axis while the third one is centred at Hy = —135 Oe on Hc = 160 Oe (‘P3’). The third peak,
‘P3’, arises in 0.68 um film due to the interaction between the two other peaks present in the
system while the peak, ‘P3’ is absent in the 0.31 um film. Therefore, the 0.31 pum film is the
non-exchange-spring (non-ES) sample while the 0.68 pm film becomes the (ES) sample. So, in
the thicker samples which exhibited such staircase-like hysteresis loop, it is justifiably assumed
that FORC distribution of the same would reveal similar pattern on (Hc, Hy) plane.

Though the FORC distribution revealed the magnetic exchange interaction between different
phases, it fails to reveal the competition between IP (in-plane) anisotropy and OOP (out-of-
plane) anisotropy. Since the signature of weak perpendicular anisotropy is observed with strong
IP anisotropy in the 0.31 pgm non-ES film, it is assumed that the OOP anisotropy of 0.68 um
ES film at some OOP angle might overcome the IP anisotropy and may exhibit transverse ES
[27, 110] nature. Therefore, the minor loop measurement of hysteresis loop was further studied,
i.e., FORC measurements of the 0.68 pm sample as a function of OOP angle exploring how such
magnetic exchange interaction influences pivoting towards the transverse exchange-spring due to

the influence of OOP anisotropy.
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Figure 4.7: OOP Angle dependent raw FORC curves of 0.68 um film. The inset shows the schematic of the
sample and applied magnetic field orientation reveals that the OOP angle is varying along the z-direction
while the applied magnetic field direction is fixed along the perpendicular direction [1].

The raw FORC data i.e., individual minor line of the full hysteresis loop for different angles
particularly (15°, 30°, 45°, 60°, and 90°) are shown in Fig. 4.7. Though it has been observed
initially (in the Fig. 4.5) that the ES film is magnetically isotropic on in-plane, the variation of the
moments (first decrease to a certain point and then again start increasing, as highlighted with the
arrow) in the OOP plane measurement suggests that the sample is magnetically anisotropic along
the OOP direction. The 60° data shows that it has an elongated loop, which is possibly due to the

dominance of strong OOP anisotropy over the IP one.

We have now presented the individual raw data, aiming to confirm the competition between
in-plane (IP) and out-of-plane (OOP) anisotropy. In Fig. 4.8, the raw minor hysteresis loops of
various angles are displayed, along with magnified versions near the +0.0005 emu region inset at
the bottom right of each figure, alongside their corresponding processed FORC distributions on
the (Hc, Hy) plane. Notably, a distinct jump in the minor hysteresis loop was observed at the 60°
angle, indicating the establishment of an anisotropy-driven metastable state. This phenomenon

is consistent with previous findings, where the competition between IP and OOP anisotropy
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Figure 4.8: OOP angle dependent raw minor loops and its corresponding FORC distribution of 0.68um

film indicating transverse ES nature [1].

leads to a sudden jump in the hysteresis loop and the establishment of a metastable state [138].

Consequently, it could be inferred that between angles 60° to 90°, another phase contributes to

the exchange-spring (transverse), which may be suppressed at other angles by a dominant phase.
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Thus, in the case of such amorphous and nanocrystalline films, the in-plane exchange-spring may
tend to convert to the transverse exchange-spring due to the effect of the emerging metastable

state.

4.7 Micomagnetic Simulations

In order to elucidate the experimentally obtained results of the nano-hetero-structured thin films,
micromagnetic simulation using MUMAX?> [24] was further performed. An external image as
shown in Fig. 4.9(a) (nearest approximation) was utilized in simulation to make the geometry
comparable to the experimentally obtained dispersed NHS. In the simulation, each of the dispersed
black lines of average thickness 3.50 nm is assumed as crystalline Co — Acp with OOP anisotropy
along (0,0,1) direction, while the remaining blank portion represents as amorphous CoP with
IP anisotropy along (1,1,0) direction. It is noted that —X,Y,Z signify the —x,y,z directions
of the geometry, respectively. We considered different values for the typical magnetic material
parameters like Saturation Magnetization (Ms), Exchange Stiffness Constant (A,y), Anisotropy
Constant (K,;1) as 815 x 10 A/m, 10 x 10712 J /m, 1.232 x 10* J /m? for CoP and 1400 x 103 A /m,
30x 107127 /m, 520 x 103 J / m3 for Co — hep, respectively. We considered the cell size in each
direction lower than the exchange length (lex = \/% = % =8.45 nm) [133] of the system
ensuring inclusion of all exchange interactions properly. The simulations have been performed
with cell size = 3 x 3 x 3 nm® and the simulation grid size = 512 x 512 x 128, which results the
final volume of the simulation = 1536 x 1536 x 384 nm>. We note that, here, —X .Y, Z signify the
—x,y,z directions of the geometry, respectively.

Figure 4.9(b) shows the typical three slope hysteresis loop as mentioned in the Fig. 4.5(a)

3

obtained from the simulation. “*’ marked positions in Fig. 4.9(b) and (d) are the nucleation state,
the signature of the formation of the weak perpendicular anisotropy. The cross-sectional view of
the macro-spin configuration of ‘*’ marked position in Fig. 4.9(b) is shown in Fig. 4.9(c), where
the red and green arrow represent moments along +x and —x directions, respectively. The cross-
sectional view reveals that the slight distorted stripes are formed with alternate upward (white)
and downward (black) moments throughout the cross-section, respectively.

To get more insight into the formation of the stripes in the simulation, the quality factor defined
as Q = K/K,; has been calculated, where K and K, are the appropriate anisotropy and the
stray field coefficient of the system, respectively. Since units of K and K; are the same, Q is
a dimensionless quantity. Theoretically, it has been proven that stripe formation is favoured by
low or moderate Q values (i.e., Q << 1 or Q ~ 1) of the system [133]. To validate the effect of

the thickness of the NHS in the formation of stripes and its orientation, another sets of simulation
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Figure 4.9: (a) An average of dispersed 3.50 nm thick NHS utilized as an input image in simulation at YZ
plane. (b) Simulated three slope hysteresis loop with the complex geometry. (c) Cross-sectional macro-spin
behaviour of ‘*” marked position in the hysteresis loop. (c) thick NHS. (d) = 6 times dense 21.41 nm thick
NHS utilized as an input image in YZ plane. (e) The simulated large hysteresis loop considering the NHS
in (¢). (f) the macro-spin behaviour as marked in (e) [1].

have been studied with different thickness of NHSs. By simulation, it has been identified that the
critical limit of average thickness of NHS lies between 9.78 nm and 12.66 nm when the stripes
change their orientation. Also, subsequently, enhancement in coercivity has been observed. Here,
comparatively more denser 21.41 nm thick NHS beyond the obtained critical limit is considered,

as shown in Fig. 4.9(d), while The rest of conditions during the simulations remains unchanged.

As discussed, the denser NHS results in the hysteresis loop with an enhanced coercivity,
as shown in Fig. 4.9(e), which would also help to increase the energy product (BH,,,,) of the
material. Interestingly, in comparison to the stripe domains in Fig. 4.9(c), a significant change in
the stripe domains is visible as shown in Fig. 4.9(f), though both the macro-spin behaviours in
Fig. 4.9(c) and (f) are taken at the same applied field value from the simulation. The upward and
downward moments not only change their positions but also, the stripes of Fig. 4.9(f) are more
aligned and straight than that of Fig. 4.9(c). The enhancement of the OOP anisotropy in the later
case associated to the broadening the NHS widths might be responsible in stabilizing the stripe

domains.

To quantify the variation of the stripe obtain from the simulations as shown in Fig. 4.9(c)
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and (f), the variation of energies was calculated, such as exchange energy, anisotropy energy,
demagnetization energy, total energy of those two NHSs as a function of applied magnetic field,
as shown in Fig. 4.10 (a), (b), (c), (d), respectively. Since the width of the NHS increases in Fig.
4.9(d) compared to Fig. 4.9(a), the strength of the exchange interaction between the (0,0, 1) spins
and the (1,1,0) spins are much stronger in the NHS of Fig. 4.9(d) than that of Fig. 4.9(a). As a
result, the exchange energy increases for the 21.41 nm width NHS compared to that of 3.50 nm
NHS, as shown in Fig. 4.10(a). The Q parameter of OOP Co — hcp is small (Q ~ 0.4), however,
surface anisotropy plays a key role to increase the OOP anisotropy for 3.50 nm NHS, and as
a result, the effective Q becomes larger than unity. However, the relative influence of surface
anisotropy decreases with the increasing widths of the NHSs, which results into decrease in the
anisotropy energy, as shown in the Fig. 4.10(b). Since the demagnetizing field/magnetostatic
energy depends on the shape and volume, the demagnetization energy increases because of the
increasing widths of the NHS, as shown in Fig. 4.10(c), which favours the formation of the stripe
domains. However, beyond a critical thickness of the nano-heterostructure (here, greater than
12.66 nm), the contribution of the shape in demagnetization energy as shown in Fig. 4.10(c)
becomes apparent with the change of the slope of the decrease and consequently the slope of the
variation of the demagnetization energy for denser sample crosses over the slopes of the others.
As shown in Fig. 4.10(d), the total energy for the denser NHS (Fig. 4.9(d)) is comparatively
lower than the thinly dispersed NHS (Fig. 4.9(a)), which might be responsible in stabilization of
the stripe domains.

The dimensionless parameter, Q plays an important role in determining the applicability of a
material and explaining the formation of domain structures. Usually, the soft magnetic materials
have QO << 1, while the condition, Q >> 1 favours a material to be a strong permanent hard
magnet. As both the values of Q;p and Qpop (0.003 and 0.422, respectively) satisty the theoretical
framework, here, stripe domains are formed in the simulation, as seen in Fig. 4.9(c) and (e). Since
the recording media should have to be both permanent and easy to switch, materials should consist
of neither high nor low anisotropy, i.e., moderate anisotropy value should be desirable. Though
magnetic hardness is not directly related to the properties of high and low relative anisotropy, i.e.,
the high and low coercivity. In conjunction with the magnetic microstructure, other additional
structural features such as lattice defects, grain boundaries, sample or particle size, and surface
irregularities take play to determine the coercivity of the material. The intrinsic Q parameter

determines the ease with which a desired magnetic hardness (or softness) can be achieved. Now,

Figure 4.10: Variation of simulated (a) exchange energy (b) anisotropy energy (c) demagnetization energy
and (d) total energy as a function of applied magnetic field for different widths of the NHS [1].
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if a system built with an intrinsic stripe domain structure, the Q value should satisfy the criteria,
e, O <1orQ=1l,ie., with this Q ~ 1 condition, the desired criteria of the recording media
have already been achieved. Moreover, the system does not require any external agitation such
as ac demagnetization or thermal perturbations for modulating the parameters and thereby can
serve as a building block for recording media [110, 133]. Additionally, the ES structures with
non-collinear anisotropies, i.e., the transverse ES springs with canted interfacial moments can
potentially be tuned to facilitate the absorbed spin current to exert even greater torque for optically
induced magnetization precession in spin transfer torque (STT) devices, thus providing a path for

improving the efficiency of such devices to a great extent[110, 133].

4.8 Conclusion

Utilizing the conventional DC electrodeposition technique, the nano-hetero-structured transverse
exchange-spring (ES) amorphous/nanocrystalline magnetic thin films have been fabricated in
situ from a single starting material through the electrochemical control of hydrogen evolution
within the system. Our study offers an approach to prepare the transverse exchange-spring and
exchange coupled (EC) structure in a cost-effective and scalable manner, opening the door to
modify the bulk magnetic properties even in a single ferromagnetic thin film, and further the
study of exchange-spring mechanism evolving to exchange coupled state via transverse exchange-
spring in single amorphous/nanocrystalline film. The quasi-static magnetic properties of nano-
hetero-structured CoP thin films characterized by magnetic stripe domains at remanence have been
investigated both experimentally and by performing micromagnetic simulations. The signature of
the stripe domains and its modification (the corrugated stripes) are prominently observed in the
MFM and hysteresis loop measurements and supplemented by micromagnetic simulations. The
existence of the OOP anisotropy in the system is confirmed by MFM, first-order reversal curve
(FORC) measurements and micromagnetic simulations. Micromagnetic study further confirms
that the thicknesses of the nano-hetero-structures influence the nature of the hysteresis in such
amorphous/nanocrystalline film. The increment in the coercivity and energy product in the ES
and EC structures, and the performed micromagnetic simulations demonstrated here, provide a
wonderful opportunity to use these materials and their derivatives for next generation spintronic

devices.
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Spin Waves in Exchange Spring

Nanomagnets

This chapter is based on the following paper published in Physical Review B [2]'* and the

International Conference presentation>™.

5.1 Introduction

Conventional nanomagnetic thin films offer either high saturation magnetization with low coer-
civity (soft magnetic materials) or moderate saturation magnetization with a high coercivity (hard
magnetic materials). However, such thin films can deliver the advantages of both the worlds
simultaneously if they are consisted of alternate (bi/tri)—layers and exchange coupled at the
manometer scale. Exchange Spring (ES) [25, 26, 73] nano-hetero-structured systems, in which
both the hard and soft magnetic materials are tuned (compositions, thicknesses, and morphologies)
at the nanometre scale to provide high energy product (BH,,,:) [26, 73, 149], has taken keen
attention because of its potential applications in recording media [110], spintronics [150, 151],

spin torque nano-oscillator (STNO) devices [152] etc. Formation of the ES systems is generally

ISpin waves in exchange nanoheterostructured amorphous/nanocrystalline films, A. Samanta, S. Roy, Physical
Review B 107, 214449 (2023); DOI: 10.1103/PhysRevB.107.214449

Brillouin Light Scattering Study of Spin Waves in CoP Exchange Spring Thin Films (Oral Presentation), A.
Samanta, G. Gubbiotti, S. Roy, ‘Intermag 2021 Conference’, (Virtual), April 26-30, 2021.

*#These works were done in collaboration with Dr. Gianluca Gubbiotti, Istituto Officina dei Materiali - Consiglio
Nazionale delle Ricerche (CNR-IOM), Perugia, Italy. Particularly, the corresponding BL.S measurement work was
performed at CNR-IOM, Perugia, Italy by Dr. Gianluca Gubbiotti. Arindam did the associated BL.S analysis and
wrote the paper.
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favored by the critical conditions, i.e., the thickness (Lg) of the soft phase being larger than twice
the domain wall width (8y) of the hard phase Lg > 28y [26], where the soft and hard phases

reverse at the distinguishable field at the same time and act like different units in the same system.

A flurry of research articles on these ES systems has been published in the last three decades
[25-27, 73, 77, 101, 110, 123, 139, 149-152], and consequently, with various combinations of
materials such as nanocomposite [77], bi-layer thin films [102, 122, 126, 131, 136, 153], magnetic
tri-layer structure [154] in multiple systems have been studied. Several techniques, such as
magnetron sputtering [74], molecular beam epitaxy (MBE) [75], and heat treatment, including
rapid annealing [140], have been utilised for developing ES NHSs. However, those ES structures
were constituted with the “ex sifu” process of deposition of multi-nano-layer/structures and were
studied mostly with static magnetic measurements [155]. Lately, ES systems have been studied
through dynamic measurements [73, 103—105, 156, 157]. However, the ES system has not been
reported to date in an in-situ single nano-hetero-structured (NHS) thin film prepared through
the electrodeposition technique and characterized through their dynamic measurements. Here,
it is worth mentioning that the term “ex-sifu” means the bi/tri-layer structures are prepared with
two/multiple different sources of materials (namely multiple targets in sputtering techniques),
while the “in-situ” term signifies that a single source of materials (in an electroplating bath) could
be sufficient to prepare bi/tri-layers nano-hetero-structures. For example, to prepare the SmCo/Fe
or NiFe/[Co/Pt] ES structures, two different sputtering targets have been used. However, in
this reported work, the NHSs have been prepared from a single bath itself, without requiring a
second bath in the electrodeposition process for generating the bi-layer structures. We have chosen
electroplating technique to fabricate ES NHS due to its low cost and high yield, which lends itself
around complex nano-topologies [11, 53]. Though thin films of cobalt phosphorous alloys (CoP)
have been prepared by electrodeposition technique, and have been extensively studied by several
groups [46, 55-57, 80, 81, 84, 107, 108], however, the emergence of ES magnetic structure in
an “in situ” amorphous and nanocrystalline CoP film as a result of self-organized process from a

single bath electrochemical deposition technique has not been identified/studied and reported yet.

In this work, the ES magnetic structure is demonstrated in a stress-free, optically smooth
nano-hetero-structure (NHS) of a single CoP thin film developed by a modified stable acidic bath
chemistry in an electrodeposition process. Consequently, by performing the measurements with
SEM and EDX (Zeiss-Oxford Instruments), XRD (Panalytical XPert Pro), and cross-sectional
TEM (JEOL TEM 2100), the surface morphology at the micron to the nanometre scale, com-
position, and the cross-sectional NHSs of the thin films have been determined. Crossover from
low coercivity non-ES system to the ES magnetic structures at room temperature has also been

demonstrated using quasi-static magnetic measurements by hysteresis loop tracer (ShB MESA,
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USA) and First Order Reversal Curve (FORC) measurements (Quantum Design PPMS Versalab,
USA). Subsequently, the non-ES and ES structured CoP samples have been further studied by
Brillouin light scattering (BLS) spectroscopy and investigated the effect of interfacial exchange
energy.

Contextually, it is imperative to mention that the exchange energy plays a crucial role in
realizing the exchange coupled nano-hetero-structured systems, irrespective of the ES or non-ES
structures. Since thus prepared in-situ systems have significantly increased the number/volume
of interfaces compared to the conventional multi-nano-layered systems, it is important to study
the effect of the interfacial exchange coupling in the system. Brillouin light scattering (BLS)
spectroscopy is a powerful technique to investigate the effect of such interfacial exchange coupling
(J1) in the NHS system.

5.2 Experimental Methods

The following chemicals and reagents [57] are used for preparing smooth, shiny, amorphous CoP
thin film utilizing the electrodeposition technique at room temperature (293K): Phosphorous acid
(3.30), Phosphoric acid (5.90), Cobalt chloride hexahydrate (18.87), Cobalt carbonate (1.55),
Glycine (1.15), Saccharine (1.51), NTA (1.52)- values in the parenthesis are amount of the chem-
icals in g/100 mL. The pH of the bath is maintained between ~ 0.72 — 0.86.

The electrodeposition of amorphous CoP thin film using direct current (dc) plating on 2 cm X
2 cm Si-wafer with top conducting seed layer of 10 nm Ti & 200 nm Au has been carried out
utilizing CHI 660B potentiostat. A constant dc of 40 mA has been applied for 15 and 60 minutes.
The microstructural analysis and elemental characterization of the electrodeposited films have
been performed using Zeiss Scanning Electron Microscope (SEM) and Energy Dispersive X-
ray Spectroscopy (EDX) analysis (Oxford Instruments). The TEM lamella cross-sections were
prepared using a Dual Beam focused ion beam (FIB) of FEI Helios NanoLab 600i. To protect
from the FIB milling process, three layers of C/Pt/Pt have been deposited on the sample within the
Dual Beam FIB (50nm/300 nm by electron beam induced deposition/ 2 ptm by ion beam induced
deposition). The lamella was prepared and thinned down for the TEM analysis. The thinning at 30
kV was finished with a final polishing at 5 kV (47 pA) to reduce the ion-beam induced damage to
less than 2 nm thin layers on both sides. Ultrafine microstructural analysis was performed through
TEM (Jeol 2100; 200 kV) using a double tilt sample holder. The X-Ray diffraction (XRD) patterns
were measured through Panalytical X’ Pert Pro setup with Cu K radiation (40 kV, 50 mA) at a
wavelength of 0.154 nm to characterize the crystalline/amorphous structures.

The magnetic measurements of the deposited films have been carried out in a hysteresis LLoop
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tracer (MESA 200, ShB Instruments, USA). The First order reversal curves (FORC) measure-
ments are done with Quantum Design Physical Property Measurement System (PPMS) Versalab
(USA) with VSM-FORC option. The PPMS system has been used to measure a large number
[229 for Sample 1 (here after as the non-ES sample) and 159 for Sample 2 (here after as the
ES sample)] of FORCs. Typical FORC measurements are done as follows: First, the sample
is saturated, and then the moment has been measured starting from a reversal field Hgr back to
positive saturation (+H,, ), that traces out a FORC. A family of FORCs has been yielded for
different values of Hg, with equal field spacing (Hr). Following that, the FORC distribution is
—ﬁ (%), where Mg is the
saturation magnetization. The FORC measurement ensures that the pure reversible components of

extracted by a mixed second-order derivative: p(Hg,HF) =

the magnetization are eliminated, and thus any non-zero p corresponds to irreversible switching
processes present in the system [141-143]. Here, the FORC distribution [p (HC,HU)} is presented
on (Hc,Hy) plane, defining, Hc = %(HR — HF) as the local coercivity, and Hy = %(HR + Hp) as
the interaction field or bias field obtained by post-processing the raw data with FORCinel Software
[121].

The Brillouin light scattering (BLS) spectroscopy [105, 156, 157] has been used to measure
the thermally excited SWs in the frequency range between 1 and 50 GHz. The BLS measurement
was operated using a single-mode diode-pumped solid state laser at wavelength, A = 532 nm
monochromatic laser light with an incidence angle of ~ 10 degrees with respect to the sample
normal, which results in a magnon wave number, k|| = 2k;.sin6 = 4.1 x 106 rad/m, (k; = 27/ A).
The backscattered light has been analysed utilizing a Six (3 4 3)— pass Sandercock-type tandem
Fabry-Perot interferometer. An external magnetic field (H) has been applied parallel to the film
surface and perpendicular to the plane of incidence of the light, i.e., the Damon-Eshbach configu-

ration.

5.3 Structural Characterization and Elemental Analysis

Initial instability of the electrolytic bath causes the development of quite stressed and rough thin
films (Rq = ~316 nm), even for the comparatively lower thicknesses (~ 0.50 pm) of the film, as
shown in Figure 5.1(a). The possibility of such high stress might be the presence of high surface
tension between the working electrode and the electrolyte, which causes the samples to be stressed
with microcracks, rough and thus incompatible for the BLS measurements. A surface tension
reducing agent - glycine, stress-relieving additives - a combination of naphthalene trisulfonic
acid (NTA) and Saccharine [111, 158] have been added to the solution to stabilize the bath

and to reduce the surface tension between the working electrode and electrolyte. Consequently,
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Figure 5.1: Typical SEM top surface morphology of (a) stressed thin film, (b) stress free thin film. (c¢) EDX
spectrum of one of the samples. (d) XRD-spectrum of the sample. (e) Cross-sectional TEM micrograph of
the electrodeposited CoP thin films showing the individual striations (white lines in the NHS) in (thickness
2-5 nm) nm range, typical and (f) FFT of the selected region of TEM as highlighted in (e) [2].

stress-free, smooth and glossy thin films have been developed even for the comparatively higher
thicknesses (~ 1.4 — 5.7 um) of the film. Figure 5.1(b) shows a typical stress free film of 1.4 um
thickness. The top surface quality of the film remains unaltered even for the 5.7 um thick film.

Since phosphorous content in CoP thin film plays a crucial role to determine the crystallinity
of CoP thin film, it is important to explore the qualitative and quantitative analysis of phosphorous
in the electrodeposited thin film [159]. A typical example of the EDX spectra of CoP thin film
(here, for 1.4 um film) is shown in Figure 5.1(c), confirming the different dominant Co and P
peaks. For example, the peaks at 0.77 keV, 6.93 keV, and 7.64 keV unveil the Ly, Ky 2, and
Kpg peaks of ‘Co’, while the peak at 2.13 keV corresponds to the Kg peak of ‘P’, respectively.
EDX study at different places of the film yields the similar stoichiometry of the thin films, i.e., the
overall atomic percentage of cobalt (86%) and phosphorous (14%) in the CoP thin films remains
almost invariant, which corroborates the homogeneity in the composition of the films. We have
also observed that the deposited films retain their stoichiometry for a long deposition time. We
have obtained this improvement due to the addition of the stabilizing agent in the plating bath,
which restrains the bath from precipitating over a long period.

Figure 5.1(d) shows the XRD pattern of the prepared 5.7 um nano-hetero-structured CoP
thin film with the three dominating substrate peaks only, i.e., the peak near 20 = 69.22° (Si-

wafer) and the other two peaks near 26 = 38° and 83 (top conducting Au-seed layer), hence, the
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gross amorphousness of the prepared samples has been verified. However, the magnified XRD
profile (inset in Figure 5.1(d)) shows a minor and broad peak at 26 ~ 47°, which confirms that
the samples also have a nanocrystalline Co-hcp (002) phase. Though, the overall XRD spectra
with three dominant substrate peaks do not exhibit a significant difference, however, there is a
subtle change observed in the magnified XRD spectra in terms of minor peaks, resulting into a
subtle change in the nanocrystalline structure due to the increase in the film thickness. For the
1.4 pm thick film [not shown in the main manuscript], there were two minor peaks at 26 ~ 45
and 20 = 77.5°, which signify the coexistence of nanocrystalline Co-hcp (002) and Co-hcp (110)

phases, respectively.

Nano-hetero-structures/multi-nano-layers in the ES CoP system have been experimentally
confirmed by the cross-sectional TEM as shown in Figure 5.1(e). Here, the white lines in the TEM
image correspond to the Co — hcp phases, and black regions correspond to amorphous CoP, where
the individual striped nano-crystallites with 2-5 nm thicknesses (Co — hcp phases), as measured
from the TEM, are embedded within the amorphous matrix (CoP phase). The Fast Fourier
Transformation (FFT) of the selected region of the TEM image in Figure 5.1(e) is shown in Figure
5.1(f) confirms the crystalline nature of the film which could be attributed to the nanocrystalline

phases present in the sample.

However, from XRD [as shown in Figure 5.1(d)], for the 5.7 um film, the relative intensity
of Co-hcp (002) phases is increased compared to the Co-hcp (110) phases. Hydrogen evolution
during electrodeposition might have favoured the formation of these hcp textures. The size of the
crystalline phase in the nano-hetero-structured film as calculated utilizing the Scherrer equation
[T= ﬁKcﬁ where 7 is the mean grain size, K is a dimensionless shape factor with a value close
to unity, A is the X-ray wavelength (1.54 A), B is the line broadening at half the maximum
intensity (FWHM) of the crystalline peak, and 6 is the Bragg angle (in degrees)] is found to
be ~ (1.239 +0.143) nm, which is in the same order of the Co-hcp stripe thickness obtained
from the TEM. Therefore, while the surface morphology remains unaltered with the increase in
overall thickness, a subtle nanocrystalline structural variation with enhanced out-of-plane (OOP)
anisotropy (as detailed below) is observed. In order to investigate the nature of anisotropies
present, it is needed to study the constituent energies of the system. The total energy (5.1) can be

written as an integral over the sample volume [133]:

Eiora = / [Wex+Wa+Wd+Wz+Wme}dV (5.1

where, ‘w’ denotes the corresponding energy density of the material. Symmetric exchange en-
ergy density, ‘Wex’ = Aex.V (71)? = Aex.[V (i7ix)> + V (ity)2 + V (72;)?] (Aex be the exchange stiffness
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constant). ‘w,’ is the anisotropy energy density (due to crystallinity of the material). Stray field
energy density or magnetostatic energy density, ‘w;’= [ (%,uoﬁd M ) dV. ‘w;’ is external energy
density or Zeeman energy density = ,LLOFI .M, and the last term, ‘w,,’ is the magnetoelastic (ME)
energy density = k.A- o), - (S)?, where, k = constant (4-ve), A, = magnetostriction constant, op =
the interfacial planar stress and ‘S’ is the squareness ratio = Mg /Ms(+ve), here, Mg and Mg are
remanent magnetisation and saturation magnetisation of the material, respectively.

In order to elucidate the origin of out-of-plane (OOP) anisotropy in the system, first, the
magnetoelastic (ME) energy density is considered. A significant aspect of ME energy density,
is that if A, and o, have opposite signs in the expression of the ME, i.e., wy, = k.A;- 0, - (S)?
the ME energy becomes negative (-ve); and that -ve ME energy density has the ability to produce
an out-of-plane (OOP) anisotropy in the system [133]. In this ES system, the nano crystalline
Co — hep phases are embedded in the amorphous CoP matrix. As shown in Figure 5.1(e), the
inset in the TEM image shows that the thickness of Co — hcp is around 2-5 nm. For Co — hcp, a
positive value of A, [(+2.5040.20) x 1073] [160] is expected above 2 nm thickness [147, 160].
Earlier, experimentally, it was shown that CoP thin films have a -ve A value [(—2.75 £+ 0.20) X
10_6] [90]. Hence, two different magnetostrictive material coexist in the nano-hetero-structured
system, which might be responsible for the generation of the compressive stress in the system, i.e.,
op = —ve. So, the ME becomes —ve and thus helps generate the out-of-plane anisotropy in the
system. Therefore, it is assumed that the nanocrystalline Co — hcp (002) phases in the NHSs are
responsible for the OOP anisotropies in the system, which get enhanced beyond 2 nm thickness

with the simultaneous decrease in the content of nanocrystalline Co — hep (110) phases.

5.4 Static Magnetic Properties

Experimentally obtained normalized hysteresis loops along the direction X (dir.1) and direction Y
(dir.2) of the in-situ NHS single CoP materials (measured by SHB instruments) have been shown
in Figure 5.2; dir.1 and dir.2 represent the longitudinal and transverse directions, respectively.
Hence, the X and Y directions are two mutually perpendicular directions on the sample plane, i.e.,
both the axes, dir.1 and dir.2 (dir.2 = dir.1 +90°), lie in-plane to the sample. The interesting fact
for all the normalized hysteresis loops is that both dir. X and dir. Y are practically equivalent,
i.e., all the samples are magnetically isotropic in the XY plane, and there is no identifiable easy
or hard axis lying on the plane of the material. Previously, Ausanio et al. [147] showed that the
magnetisation with OOP anisotropy was inclined at an angle with respect to the sample plane in
case of isotropic hysteresis loops in the X and Y directions on the sample plane. Additionally,

following the nature of the hysteresis loop as detailed below, it has been assumed that there must
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be a weak OOP anisotropy present in the thinner non-ES sample.

Figure 5.2.(a) shows (1.4 um film) low coercivity (~ 31 Oe) non-ES hysteresis loop, while
that of Figure 5.2(b) (5.7 um film) exhibits a high coercivity (~ 220 Oe) ES nature with steps in
the hysteresis loops along with the low coercivities (~9 Oe and ~31 Oe). Three distinct regions
are prominent in the non-ES sample, i.e., (i) hysteresis at the applied field below ~ 25 Oe, (ii) a
linear region at the applied field between 25 Oe to ~ 150 Oe, where the magnetisation changes
almost linearly with the applied field, (iii) the saturation magnetisation beyond ~ 150 Oe, whereas
the region (ii), is a common signature of thin films having a weak perpendicular anisotropy [148].
Here, in the 1.4 pum thick sample, in-plane (IP) anisotropy arising out of the CoP amorphous phase
strongly dominates over the weak perpendicular anisotropy arising out of the Co-hcp phase.

On the other hand, a staircase-like hysteresis loop, one of the signatures of ES structure, is
obtained with two distinguishable coercivities in a single material (5.7 @m), as shown in Figure
5.2(b). In this case, the two different phases, Co — hcp phase (corresponds to the relatively
higher coercivity) and the amorphous CoP phase (corresponds to lower coercivity) are non-rigidly
coupled to each other and act as separate units in the same material. Hence, with the application
of an external magnetic field, both the phases reverse at the different magnetic fields, as neither IP
nor OOP anisotropy dominates each other, i.e., the OOP anisotropy becomes comparable to the
IP anisotropy in the ES system, however, the sample magnetization still lies in the plane of the
material even if there is OOP anisotropies present in the system. As a result, a high S (MR /Ms)
value (0.8333) is obtained for 5.7 um film, as shown in Figure 5.2(b) in comparison to the ‘S’
value (0.6234) of 1.4 um film as shown in Figure 5.2(a).

The presence of different coercivities in 1.4 um and 5.7 pm films is prominently visible in
the corresponding differentials of the magnetisation values [dir-2 (typical)] as in Figure 5.2(c) and
(d), respectively. It is interesting to note that the 1.4 um film also has a smaller coercivity of ~9
Oe along with ~32 Oe, which is invisible as such in the normal hysteresis loop in Figure 5.2(a).
This arises possibly due to the nano-hetero-structure, i.e., the presence of Co-hcp phase within
the amorphous matrix, as shown in the insets of Figure 5.2(c). Similar characteristics, i.e., low
coercivities of ~9 Oe and ~23 Oe and a comparatively higher coercivity of ~242 Oe, are also

observed for 5.7 pm film, as shown in the insets of Figure 5.2(d).

5.5 First—Order Reversal Curve (FORC) Distribution

In order to comprehend the magnetic phase interactions in the nanoscale regime, it has been further
analyzed using minor hysteresis loop analysis, namely FORC measurements. The corresponding
FORC distributions obtained with smoothing factor of 4 for 1.4 pm and 5.7 pm films on (Hc,Hy)
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Figure 5.2: Hysteresis loop of the DC electrodeposited CoP thin films measured in ShB Hysteresis Loop
tracer in XY plane; here, dir-2 = dir-1+ 90°. The thickness of the films is (a) 1.4 um, (b) 5.7 pm, for the
electrodeposition time (a) 15 min, (b) 60 min, respectively. (c)-(d) Differential of magnetisation of the (a)
1.4 um, (b) 5.7 um thick thin films, respectively. Red dotted lines indicate different coercivities in the low
field range. (e)-(f) The FORC distributions on (Hc, Hy) plane for non-ES and ES samples, respectively [2].

plane are portrayed in Figure 5.2(e) and (f), respectively, displaying completely two different
reversal mechanisms present in the systems. The prominent feature of FORC distribution of
1.4 pum film is centered at Hy = 0 Oe and H¢ ~ 45 Oe [Figure 5.2(e)], while that of the ~9
Oe peak [as observed in Figure 5.2(c)] is invisible for 1.4 um film. Again, the FORC distribution
ensures the elimination of the pure reversible components of the magnetization. Hence, the peak

at ~9 Oe in 1.4 um film must be the reversal phase of the system.

Figure 5.2(f) reveals a significant change for 5.7 um film, i.e., now the center has shifted to
—25 Oe along Hy axis at Hec ~ 9 Oe (peak 1). It is interesting to note that the ~ 23 Oe peak
[as observed in Figure 5.2(d)] is invisible in this case. Hence, the peak at ~9 Oe in 5.7 um film
must be the irreversible phase present in the systems while that at ~ 23 Oe confirms its reversible
nature. The loop reaches the trough at Hy ~ 135 Oe and Hc ~ 160 Oe (peak 3), following that
the next center arises again at Hy = —25 Oe and Hc = 270 Oe (peak 2), which necessarily means
that a prominent different irreversible phase has been introduced into the system along with the
reversible phase (~ 23 Oe). The shift in the FORC distribution on the Hc plane confirms the

increment of the coercivity in the ES sample compared to the non-ES sample.
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Additionally, the positive and negative signatures (edges) reveal the deviation of the hysteresis
loop from an ideal hysteron. On the other hand, the complex FORC behaviour of the ES sample
confirms that the phases interact strongly between them in the nano-level and are not independent
as it is in non-ES sample, which are imperceptible from the conventional hysteresis loop. In an
ES system, the soft phase should be fully reversible [26] and the hard phase should be irreversible
[123] while they are only coupled via exchange interaction [26, 73, 123]. Though both reversible
(~9 Oe) and irreversible (~45 Oe) phases present in the 1.4 um film, however, lack of any
exchange interaction between those phases, as evident from the absence of any interaction peak in
Figure 5.2(e), make the sample non-ES system. On the contrary, the reversible ~ 23 Oe and the
irreversible ~270 Oe phases are connected through a strong exchange interaction in the 5.7 um
film, as observed in Figure 5.2(f) (peak 3 of ~160 Oe), make the 5.7 um film as ES system. The
tiny shift (—25 Oe) in the Hy value is due to the exchange interaction present in the ES system
[141, 142] and this small amount of field might be due to the ES effect, as explained earlier.

The complex FORC behaviour of ES sample could be explained as follows. In FORC study,
the magnetic field is first saturated and then reduced from that positive saturation to small negative
fields, where the high coercivity phase (possibly Co-hcp, here) remains positively saturated while
the low coercivity phase follows the field reversibly, which then relaxes to a positive orientation in
the absence of a field due to the exchange coupling to the high coercivity phase. In the following

sections, it has been elucidated analytically.

5.6 Analytical Formulation by Exchange Energy Calculation

To elucidate the enhancement of the exchange exchange energy further, the influence of nano-
hetero-structure (NHS) has been considered in exchange energy. Considering the continuum
approximation method 3, which excludes the discrete nature of the lattice, the Hamiltonian (H) of

the system is expressed as,

H=N Y Jj(Si-Sj) (5.2)

<i,j>
where, N is the number of atom present in the system, J;; is the exchange constant or exchange
integral, the symbol, }.; ;- denotes the sum over nearest-neighbours. Since this present system
is ferromagnetic, it is assumed that the angles between the nearest-neighbour spins (6;;) are very
small, i.e., 6;; << 1foralliand j, which lead to the result that the spins are not aligned completely,

and hence, the Exchange energy could be written as,

3Chapter 4 & 5, Magnetism in Condensed Matter by Stephen Blundell, Oxford University Press
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Eex = —NJ;;S8* Y. cos(6;)) (5.3)

<i,j>

for 6;; << 1, cos(6;j) =~ 1 — 9l-2j/2. So, E¢x becomes,

NJ;;S?
E«x = constant + :21 <,Z' 9,%- 5.4
>
Utilizing the notations from the Figure 5.3,
eij%|ﬁ”li—ﬁ/lj|%|7,’j-V|, (55)

and considering J;; = Ji, and i1 = M /Ms, m be the normalized unit vectors, where M is the

magnetization and Mj is the Saturation Magnetization, the Energy term can be rewritten as.

_ NJi§?

Eex >

Y (i Vm)® (5.6)
<i,j>
While calculating the energy term, the constant term which only refers to the energy of the

fully aligned state has been ignored. Thus, ignoring the discrete nature,

Eex = Acx {Vmﬁ +Vm + vmf] dr = Aex H d*r (5.7)
Vv ' 1%

where, I be the integral, i.e., [ = Vm)% + Vmg + Vmg.

Here, Acx = 2NJ152Z /a is known as the exchange stiffness of the material, a = nearest neigh-
bour distance and z is the number of sites in the unit cell. A¢x has the typical values in the order
of pJ/m (10'? J/m) range.

Now, if the next-nearest-neighbour exchange constant is considered, J> along with the term Jj,
number of reduced moments having in-plane (IP) anisotropy is denoted as N; and that of out-of-

plane (OOP) anisotropy is N, Aéx and Agx are the exchange stiffness constant of the IP and OOP

— —
m; — m]
é . .

m] Figure 5.3: Representations of reduced moments m;
and m; at neighbouring sites i and j separated by a
vector 7;;. The angles between the reduced moments,
m;, and mj, is Gij [2]
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anisotropies respectively, the energy value becomes,

Eex = NJAL / LdPr+NAL / Ld’r (5.8)
\% |4

Considering the non-ES and ES systems in the studied samples, it can be comparatively said
that the Exchange energy present in the thicker sample, here denoted as ES system (EL>) is greater

non-ES
Eex

than that in the non-ES system ( ), as Nfs is greater than Ngon'ES due to the increase in the

thicknesses of the individual striations of the grown NHS;, i.e.,

Enon-ES " amon-ES A1 43 Don-ES 42 43 .
ex 1 evall r+ Ny & Jyhdr
EEXS ES non-ES
= Eél}(()n-ES > 1 [OLS, N7 >N, ] (5.10)

As the E¢ term is independent of any overall thickness parameter, it could be mentioned that
the evolution of ES is not directly related to the overall thickness of the film, rather, it depends
on the thicknesses of the individual striations of the internal nano-hetero-structures grown inside
the film. This enhanced exchange energy in the thicker samples being the exchange between
relatively stronger out-of-plane (OOP) anisotropies of Co-hcp nano-striations and in-plane (IP)
anisotropy of CoP amorphous matrix help create an exchange spring state with higher coercivity

and signature step-hysteresis loop.

5.7 Brillouin Light Scattering Spectroscopy

Thermally excited magnons have been further studied using Brillouin Light Scattering (BLS)
spectroscopy in understanding the ES nano-hetero-structured system, as BLLS spectroscopy allows
to measure the frequency of the thermally excited spin waves in the absence of any external
stimuli such as microwave driving magnetic field, electric field, electrical current, or optical
pumping [161, 162] compared to available techniques for dynamic measurements, e.g., vector-
network analyzer Ferromagnetic Resonance (VNA-FMR) measurement [110, 163], time-resolved
magneto-optic Kerr (TRMOKE) effect [110, 164, 165].

During a typical BLLS measurement, a focused laser beam interacts with the sample, and the
photons are inelastically scattered by the spin waves [166]. Momentum and energy conservation
causes the annihilation of magnons (anti-Stokes process) and the creation of magnons (Stokes
process). The linewidth of the inelastic peaks (i.e., the BLS spectra) relates to the magnetic

inhomogeneity [167], while that of the elastic peak reveals the instrumental linewidth broadening
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Figure 5.4: BLS Spectra of (a) non-ES (1.4 um) and (b) ES (5.7 pm) CoP thin film at different in-plane bias
magnetic fields measured from 1.50 kOe to 0.25 kOe [in (a)] and 0.00 kOe [in (b)] with the backscattering
geometry.(c) BLS Spectra of 5.7 tm in a bias magnetic field of +1.0 and —1.0 kOe revealing the effect of
the reversal of the magnetisation on the frequency position of the Damon-Eshbach wave [2].

[168]. Here, the BLLS measurements have been performed by saturating the sample in 1.5 kOe
magnetic field and reducing it down to 0.25 kOe, thus following the descending branch of the
hysteresis loop as shown in Figure 5.2. In this field range, the magnetization is always saturated
and parallel to the applied magnetic field. As the thickness of the striations of NHSs increases
in the ES system compared to that of the non-ES sample, the laser light interacts more with the
available spins in the ES system compared to the non-ES sample. This might be the reason behind
the appearance of pronounced surface spin wave in the ES system. Sequences of BLS spectra
measured at different H values are shown in Figure 5.4(a) and (b) for the 1.4 um and 5.7 um
thick, thin films, respectively.

Spectra for the 1.4 um films show almost similar characteristics (only one broad peak B, as
mentioned in the figure) on both the sides of the spectra, whereas the 5.7 um film consists of
two well resolved distinct peaks (S and B, as mentioned in the figure) on the Stokes side of the
spectra. Here, B stands for a band of bulk modes at the low frequency and S for the surface
spin wave corresponds to the higher frequency (sharp peak), the so-called Damon-Eshbach (DE)
surface spin wave [169]; which propagates in the film plane. The S mode is observed only on
one side of the spectrum depending on the direction of the external magnetic field, which is the
consequence of its nonreciprocal character within the micrometer thickness of the investigated
films. A careful observation of the BLS spectra of the 1.4 um film reveals that the peak shape on
the Stokes side of the spectra is broadened compared to that of the anti-Stokes side for an applied
bias field larger than 1 kOe. However, below 1 kOe, the DE/S mode is shouldered to the B mode,
and a wide peak on the Stokes side has appeared due to the small frequency difference between

the DE/S and B mode. This double peak structure could be ascribed to the hybridization between
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Figure 5.5: Spin wave frequencies of (a) bulk mode (1.4 pum non-ES film), (b) bulk mode of ES and (c)
Damon-Eshbach surface wave as a function of magnetic field of 5.7 um ES CoP thin film [2].

B and DE/S mode, as previously observed by Sandercock [169]. The S mode in 5.7 um film is
observed only on one side of the spectrum depending on the direction of the external magnetic
field, which is the consequence of its nonreciprocal character within the micrometre thickness
of the investigated films [169]. The BLS spectra, as shown in Figure 5.4(c), reveal the effect of
magnetic field reversal at constant magnitude of 1.0 kOe, which unveils the predicted side change

of Damon-Eshbach (DE) surface mode due to its non-reciprocal spatial localization.

Additionally, the external magnetic field-dependent BLS spectra for both the samples have
been studied, which show an almost linear dependence of the mode frequencies vs the magnetic
field intensity, as shown in Figure 5.5. A careful observation reveals the dissimilarity in the bulk
mode frequencies of 1.4 um and 5.7 um thick samples, respectively. Figure 5.5(a) unveils that
the bulk mode frequencies follow the typical Kittel curve (red curve in the figure) with the least
deviation, however, below 9.26 GHz frequency in Figure 5.5(b), that deviate from the typical
Kittel Curve, with a downward shift in frequency [where y = gyromagnetic ratio, H = magnetic
field, Mg = saturation magnetisation]. In order to fit the experimentally obtained bulk magnon
frequencies, the typical Kittel formula has been modified by adding the exchange field, Hy, to the
applied bias field, H, which results into H, sy, i.e., H,;y = H + Hy. Experimental data have been
well fitted with the modified Kittel Curve (5.11) [169] (blue curve in the figure).

O = 7\ Hegy - (Heopy +47Ms) (5.11)

It is noted that in the low field regime (<200 Oe), the spectra could not be measured properly.
So, in the subsequent paragraph, the Hy value from the DE mode have been reported, as shown in
Figure 5.5(c), following the similar approach by Haldar et al. [105]. Further, the field evolution
of the surface Damon-Eshbach mode have been analysed, as shown in Figure 5.5(c), by using

the analytical formula [eq. (5.12)] valid for a semi-infinite medium [169]. The fitted line shows
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almost linear frequency dependency of the DE mode with respect to the applied magnetic field.

Opg =Y (Hepp +21Ms) (5.12)

As observed from the FORC measurement [Figure 5.2(f)], a weak exchange coupling should
exist between the multi-nano-layers of the nano-hetero-structure of the in-situ ES CoP thin film.
Therefore, considering the exchange field, Hy = —25.30 Oe as input in the equation, the fit-
ting yields gyromagnetic ratio, ¥ = 30.02 x 10~* GHz/G and saturation magnetisation, 4TMg =
(13188 +56) G [(12233 +376) G from bulk peak fitting]. There is a little misfit between the
saturation magnetisation (4wMg) values obtained from the bulk and surface peak fitting results,
possibly due to the weak out-of-plane anisotropy present in the system or might be due to the
thick sample and experimental limitation with the dynamic study. In BLS measurements, usually,
the outermost layer (~ 15 — 20 nm) of the samples can be probed while the quasi-static magnetic
measurements probe the entire sample volume, thus providing information on the overall sample
magnetic parameters [30]. Moreover, the gyromagnetic ratio () is related to magneto-mechanical
ratio (g) through, ¥ = g(%), where, up is Bohr magneton and 7 is the reduced Planck constant.
So, ¥ =30.02 x 10~* GHz/G yields g = 2.15. Such slightly larger g values (i.e., g > 2) have been
observed before [105] and could possibly be due to complex nano-hetero-structures. It is worth
mentioning that the sharp and almost symmetric shape of the surface peak detected in the BLS
spectra is due to the fact that for metallic (opaque) material the in-plane component of the wave
vector is conserved in the scattering process and therefore fitting the surface peak by a Lorentzian
(symmetric) curve is a valid assumption. On the other hand, the asymmetry in the shape of the

bulk peak of the investigated CoP films is due to the concomitant effect of several factors.

For thick ferromagnetic films, the bulk mode (Perpendicular Standing Spin Waves, PSSW)
have the perpendicular component of the wavevector (k| ) that is quantized according to the simple
expression k| = n(%), where d is the film thickness and # is an integer number. These modes have
a stationary character with an oscillatory profile across the film thickness with a BLS intensity
reduction, on increasing the mode number n [170]. Furthermore, on increasing d, these modes
condensate toward the frequency value of the lowest order PSSW mode forming a continuous
band of modes with an high density of magnonic states there. An additional effect is that, due to
the finite penetration of light into an opaque material, in the direction perpendicular to the surface
the laser light sees only a limited extent of the excitation with the result that from the uncertainty
principle the wavevector component k| is not conserved. This spread is responsible for the fact
that several PSSW modes enter into the scattering process [169] giving rise to the broad and

asymmetric lineshape peaking at the low frequency.
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Figure 5.6: Lorentzian fittings of the anti-Stokes BLS peak as a function of magnetic field of (a) 1.4 um
non-ES and (b) 5.7 wm ES CoP thin film. (c) Lorentzian fitting to a typical elastic peak in the BLS spectra.
BLS linewidth (Af) as a function of (d) corresponding anti-Stokes magnon frequencies and. (e) applied
bias magnetic field for 1.4 pm and 5.7 wm thick thin films. (f) The J{ /J? ratio as function of bias magnetic
field. The symbols correspond to the experimental data while the lines joining the symbols are guide to
eyes [2].

Considering all these effects, the theory from Michael Cottam [171] has been used for fitting
the asymmetric peak lineshape associated to the bulk mode with light scattering from spin-waves
in absorptive (opaque) magnetic materials. This theory introduced the concept of ‘opacity broad-

ening’ contribution to the peak linewidth associated to a complex refractive index of the material.

The obtained BLS linewidths (Af) of the corresponding bulk magnon frequency (f) peaks on
the anti-Stokes side for 1.4 um non-ES and 5.7 um ES films, as shown in Figure 5.6(a) and (b)
have been utilized to calculate the ratio of the interfacial exchange energy [J; in equation (5.13)]
for two different systems (i.e., ES and non-ES) [105]. An estimate of instrumental linewidth
broadening, as shown in Figure 5.6(c), is obtained with the Lorentzian fitting to a 1.00 kOe elastic
peak of the BLS spectra of 1.4 um film [167, 168]. The fitting procedure yields the value of
linewidth broadening of 0.47 GHz, which provides the lower limit of the linewidth measurement
in the BLS spectra, and is uniformly present in the BLS signal for all the measurements. The anti-
Stokes linewidths (Af) as a function of magnon frequency, as shown in Figure 5.6(d) for 1.4 um
film, have reached the peak in the beginning and decreased gradually, while that of 5.7 um film

first hit a trough and then increased again. A similar behaviour in linewidth variation as a function
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of applied bias magnetic field is observed, as shown in Figure 5.6(e). The reduction in the initial
linewidth value obtained in the ES system compared to the non-ES system indicates a significant
variation in the damping parameter with the evolution of ES spring morphology. Moreover, it is
assumed that the interfacial exchange energy gradually becomes comparable with the exchange
energy within the layer [73], resulting into a trough in the linewidth variation with the applied bias
field in case of the ES sample; subsequently, the linewidth increases again while the interfacial

exchange dominates over the exchange within the layer.

_ )/2<Ad>p<cos2(x>C(.ﬁ)2
Aex'f !

Since the data is not deconvoluted, the linewidth variation presented here, as shown in Figure

Af (5.13)

5.6(d) & (e), includes the contribution coming from instrumental broadening [168] and from the
intrinsic spin-wave damping (Gilbert damping). The sharp decrease in linewidth with increasing
frequency for the non-ES film indicates extrinsic contribution (interfacial roughness or structural
inhomogeneity) to the magnetic inhomogeneity in this film [167].

Here, v is the gyromagnetic ratio, < A; > is surface area, p is fraction of defects, & is the
angle between the moments of two consecutive layers, { is a numerical factor, A¢x is exchange
stiffness constant = % -D- Mg, Ji 1s the interfacial exchange energy, t = probed thickness in the BLS
measurements. From BLS spectra of 1.5 kOe applied bias magnetic field data, the equation (5.13)
yields the J; values are approx. 3.68 erg/cm? and 10.12 erg/cm? for 1.4 wm and 5.7 um films,
respectively, with an assumption < cos®o > = 0.5 and the numerical factor ¢ as 0.55 [105, 172].
The interfacial exchange energy ratio as a function of the applied bias magnetic field is shown
in Figure 5.6(f)). Increment in the Ji value for 5.7 um film with respect to that of 1.4 um film
reduces the interfacial exchange energy ratio, i.e., JA"ES /JES below unity (as JES > JponES),

which confirms that the strength of the exchange coupling in ES is greater than the non-ES film.

5.8 Conclusion

In summary, the optically smooth, nanohetero-structured, amorphous— nanocrystalline CoP thin
films have been fabricated using the electrodeposition technique at room temperature and demon-
strated the evolution of the ES state from the in situ non-ES state within such films starting in a
single alloy material. The existence of the NHS in the system is confirmed by XRD, TEM and FFT
of TEM. The static magnetic properties of nanohetero-structured CoP thin films characterized by
magnetic hysteresis loop measurements show a signature of the ES nature in the system and has

been further corroborated by FORC measurements. The existence of in situ ES systems has been
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supplemented by dynamic characterization using BLS. Only bulk mode on both the Stokes and
anti-Stokes sides of the relatively thinner film has appeared, and an additional peak appears, as a
shoulder of the B mode, on the Stokes side of the spectra, which could probably be ascribed to the
S mode that is hybridized with the B mode. On the other hand, in the relatively thicker system,
well resolved distinct bulk and surface modes on the Stokes side and only bulk mode on the
anti-Stokes side have appeared. The increment in the coercivity and interfacial exchange energy
value in the 5.7 um film compared to the 1.4 um film demonstrated here confirms the presence
of increased exchange interaction in 5.7 um film compared to that in 1.4 gum film. Our study
offers an approach to preparing the ES structure in a cost-effective and scalable manner, opening
the door to modifying the magnetic properties even in a single ferromagnetic thin film. Thus, it
provides a novel pathway to use these materials and their derivatives as next generation recording

media and potentially for the next generation optically induced spin transfer torque (STT) devices.
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Ultrafast demagnetization of

nanostructured magnetic materials

This chapter is based on the following paper published in Journal of Materials Science [3] ! *#.

6.1 Introduction

High-frequency nano-structured magnetic films are crucial for cutting-edge applications, par-
ticularly in enhancing the performance of high-frequency integrated micro-inductors, coupled
inductors, and micro-transformers with multi-nanomagnetic-layered cores. These components
are essential in on-chip power supply systems, such as DC-DC switch-mode power converters,
which are vital for the power delivery of next-generation microprocessors [11, 12]. Moreover,
these films are pivotal in improving the efficiency of magneto-resistive random access memory
(MRAM) switching [22, 39] and in the development of high-speed spintronic devices of the future.

Despite their potential, a significant challenge for high-frequency integrated magnetic devices
is controlling eddy current losses, a typical energy dissipation mechanism in magnetic materials

that converts energy into heat. To reduce these losses, especially in thicker magnetic materials that

!Ultrafast Demagnetization and Gilbert Damping in Electrodeposited CoP Film, S. Dutta, A. Samanta, S. N.
Panda, S. Roy and A. Barman, Journal of Materials Science, 58, 14817, 2023; DOI: 10.1007/s10853-023-08956-9.

*This work was done in collaboration with Professor Anjan Barman, S. N. Bose National Centre for Basic
Sciences (SNBNCBS), Kolkata, India. Particularly, the corresponding TRMOKE measurement work was done at
SNBNCBS, Kolkata, India by Soma Dutta under the supervision of Professor Anjan Barman. Arindam performed
the static magnetic measurements and wrote the relevant sections.

#The relevant TRMOKE discussions will be included in Soma’s thesis as well. Further TRMOKE data and
analysis will be found in the above mentioned published paper.
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are required for achieving reasonable power density, as well as to mitigate hysteresis and ferro-
magnetic resonance (FMR) losses, materials with higher resistivity, high saturation magnetization,
low coercivity, and moderate anisotropy fields (Hk) are needed [40, 41]. FMR losses stem from
spin motions, which might result from direct relaxation to the lattice or indirect relaxation through
the excitation of non-uniform magnetization modes, such as spin waves [42]. Consequently, to
develop GHz-level integrated magnetic devices that function effectively near the FMR frequency,
it is vital to design and model these devices to investigate spin dynamics and relaxation at these

frequencies [41, 42].

In prior work, electroplated inductors were fabricated using multi-nano-layered structures
composed of CoP thin films. Phosphorus was incorporated to enhance resistivity and induce amor-
phousness in the material, making it suitable for integration into circuits [54]. Developing thicker
nano-structured magnetic materials capable of functioning at high frequencies is essential for
achieving high power densities in state-of-the-art applications. The electrodeposition technique
is particularly advantageous in developing these films due to its cost-effectiveness, high yield,
and adaptability to complex nano-topologies [53]. Although cobalt phosphorus (CoP) thin films
have been prepared via electrodeposition and extensively investigated by various research teams
[46, 55-57, 80, 81, 84, 107, 108], their ultrafast dynamic properties have not yet been thoroughly
explored. Addressing the challenges and improving the performance of high-frequency integrated
inductors, power systems, MRAM switches, and future spintronic devices necessitates investigat-
ing the ultrafast dynamics of magnetic materials. This involves understanding their responses to
external stimuli and the relaxation processes of magnetisation, which provide valuable insights

into their high-frequency performance.

The ultrafast control of magnetisation through femtosecond (fs) laser pulses reveals two sig-
nificant magnetisation dynamics: ultrafast demagnetisation [32] and laser-induced magnetisation
precession. These precessional dynamics facilitate the investigation of anisotropic magnetic prop-
erties through the frequencies of various dynamical modes, including the uniform Kittel mode, the
perpendicular standing spin wave (PSSW) mode, and other dispersive modes within a continuous
thin film, as well as the damping properties of these materials. Ultrafast spin dynamics are vital
for high-speed information storage, initiated when a femtosecond laser pulse impacts a magnetic
material, causing transient perturbations of its electron, spin, and lattice systems, leading to
the field of femtomagnetism [173]. The system responds with rapid magnetisation reduction
within femtoseconds, termed ultrafast demagnetisation. This is followed by quick relaxation
via energy transfer from electrons and spins to the lattice, described by the phenomenological
three temperature model (3TM). Several mechanisms have been proposed to explain ultrafast

demagnetisation, including electron-magnon interaction [174], spin-flip (SF) scattering [175],

112 Chapter 6. Ultrafast demagnetization of nanostructured magnetic materials



Nanostructured Magnetic Materials for Integrated Magnonic Devices A. Samanta

and spin-photon interaction [176]. Zhang and Hiibner highlighted the role of spin-orbit coupling
(SOC) in local angular momentum dissipation during ultrafast demagnetisation [112, 177]. More
recently, superdiffusive spin transport has been proposed to elucidate enhanced magnetisation
quenching in ferromagnetic/nonmagnetic bilayers following laser irradiation [178], and optical
inter-site spin transfer has been suggested for multi-sub-lattice alloys and multilayer systems
[179]. Although the precise mechanism of ultrafast demagnetisation remains under debate, the

coexistence of multiple mechanisms [180, 181] has been demonstrated in different systems.

Increases in lattice temperature following fast relaxation lead to rapid changes in magneto-
crystalline anisotropy, prompting magnetisation precession around an effective magnetic field.
These precessional dynamics facilitate the exploration of various anisotropic magnetic properties
through the frequencies of several dynamical modes, such as the uniform Kittel mode, PSSW
mode, and other dispersive modes in a continuous thin film [182], as well as the damping proper-
ties of the magnetic material [183]. The Kittel mode, a coherent spin wave (SW) mode (wavevec-
tor, k=0), serves as the primary coherent channel for magnetisation relaxation in thin films. For
thicker samples (greater than optical penetration depth), SWs excited by laser pulses propagate
through the sample thickness and reflect from the substrate to form PSSW modes. SWs act as re-
laxation channels, helping to transition the system from a highly excited state back to equilibrium
[184]. The natural relaxation of magnetisation precession is described by the Gilbert damping (o)
parameter in the Landau-Lifshitz-Gilbert (LLLG) equation [33, 185]. Intrinsic damping originates
from SOC and the bandwidth of the d band in 3d ferromagnets [186]. Numerous intrinsic and ex-
trinsic mechanisms, such as eddy currents [187], phonon drag [ 188], capping or doping with other
materials, two-magnon scattering [189], and spin current injection [190], can influence damping.
From an application standpoint, lower damping is critical for the long-distance propagation of
spin waves and energy-efficient MRAM switching [22], while higher damping is essential for
mitigating ringing after magnetic switching [191]. Therefore, the Gilbert damping constant is
a crucial parameter for spintronics applications, necessitating its careful design and control in
device engineering. Consequently, exploring ultrafast demagnetisation and spin relaxation, as
well as precessional dynamics in soft magnetic materials, remains a significant area of research
due to the fundamental physical mechanisms involved and their potential applications in future

high-speed spin-based devices.

Understanding the ultrafast dynamics of magnetic materials provides insights into the mecha-
nisms affecting their behaviour at high frequencies, which can be leveraged to optimise the design
and performance of emerging technologies. For instance, studying spin dynamics and relaxation
processes at ultrafast timescales reveals information about the behaviour of magnetic materials

under rapid switching or dynamic conditions, common in high-frequency operations. This un-
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derstanding guides the selection of magnetic materials with properties such as high saturation
magnetisation, low coercive fields, and moderate anisotropy fields, and informs the engineering
design of miniaturised devices, aiming to minimise losses and achieve efficient performance at
higher operational frequencies.

At lower frequencies (sub-MHz—MHz level), operational frequency is not solely limited by
eddy current losses or domain wall (DW) movement/rotation losses but also by spin losses and
decreased permeability. As frequencies reach the GHz level, inhomogeneities in the material’s
magnetic ordering can lead to coexisting dynamical processes, such as DW-assisted and FMR-
assisted responses, independent of the driving field’s orientation. Additionally, from a practical
device application perspective, examining the lifetime of spin wave modes is critical since eddy
currents not only restrict wave lifetimes but also significantly alter their effective dispersion re-
lations. Therefore, to accurately assess spin losses in highly miniaturised devices operating at
ultra-high frequencies, a comprehensive understanding of high-frequency dynamics is essential.

In this study, all-optical time-resolved magneto-optical Kerr effect (TR-MOKE) magnetome-
try was employed to measure ultrafast demagnetisation and magnetisation precession in a soft fer-
romagnetic CoP alloy. By systematically varying the in-plane magnetisation orientation (@) with
respect to an externally applied magnetic field, it was found that the precessional frequency ex-
hibits a dominant two-fold anisotropy superimposed with moderate four-fold anisotropy, whereas
the Gilbert damping coefficient demonstrates a strong four-fold anisotropy. In contrast, ultrafast
demagnetisation remains almost invariant with ¢. Our results suggest that the anisotropic variation
of precession frequency may result from SOC variation with ¢, while the four-fold variation of
damping, along with its high value, is attributed to the dephasing of the Kittel-like precessional
mode with PSSW and other dissipative modes. In the highly nonequilibrium spin dynamics
following laser excitation, SOC’s role is nearly isotropic in contributing to ultrafast spin-flip
scattering processes [192]. Higher damping is crucial for reducing resonance response in power

supplies and mitigating noise, ringing, and oscillations produced by them.

6.2 Experimental Methods

In the preparation of smooth, shiny, amorphous cobalt phosphorus (CoP) thin films at room
temperature (293K), the following chemicals and reagents are utilised via the electrodeposition
method [57]: phosphorus acid (3.30), phosphoric acid (5.90), cobalt chloride hexahydrate (18.87),
cobalt carbonate (1.55), glycine (1.15), saccharin (1.51), and naphthalene trisulfonic acid (NTA)
(1.52). The values in parentheses indicate the concentration of each chemical in grams per

100 mL of solution. The electrolyte bath is maintained at a pH range of approximately 0.72
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to 0.86. Initially, the bath exhibits instability, resulting in the formation of stressed and rough
thin films due to high surface tension between the working electrode and the electrolyte. To
counteract this, glycine is added to reduce surface tension, while NTA and saccharin are included
as stress-relieving agents [111, 158]. This stabilisation process enables the development of stress-
free, smooth, and glossy thin films. The electrodeposition process for the amorphous CoP film,
with a thickness of 3.173 um, employs pulse-reverse plating (PRP) on a 2 cm x 2 cm silicon
wafer featuring a top conducting seed layer of 20 nm titanium and 200 nm gold. The CHI
660B potentiostat facilitates the deposition process using forward and reverse current pulses to
achieve the desired film characteristics. The elemental composition and surface topology of the
electrodeposited film are examined through energy-dispersive X-ray (SEM-EDX) spectroscopy
and atomic force microscopy (AFM). The film’s crystallinity and amorphous nature are evaluated
using the X-ray diffraction (XRD) technique. In-plane magnetic hysteresis loop measurements
are performed with a ShB MESA 200 hysteresis loop tracer (USA).

To investigate the ultrafast demagnetisation and precessional magnetisation dynamics of the
film, the time-resolved magneto-optical Kerr effect (TR-MOKE) technique is utilised in polar
Kerr geometry. This technique is based on a two-colour non-collinear pump-probe setup. A
fraction of the fundamental laser beam (wavelength = 800 nm, pulse width = 40 fs, repetition rate
= 1 kHz) from a femtosecond regenerative amplifier (Libra, Coherent Inc.) is directed through
a second harmonic generator to create the pump beam (wavelength = 400 nm, pulse width >
40 fs, repetition rate = 1 kHz) for sample excitation. Simultaneously, a smaller portion of the
fundamental laser beam serves as the probe beam to detect magnetisation dynamics. The time
delay between the pump and probe beams is controlled using a motorised variable delay stage.
During measurements, the pump beam’s fluence is kept significantly higher (~ 10 mJ/cm?) than
that of the probe beam (~ 1.5 mJ/cmz).

An external magnetic field is applied at an angle of approximately 30° (indicated as £ in
Figure 6.3(a)) to the sample plane, creating a finite demagnetising field within the sample. The
magnetisation tilt caused by this field is further altered by the pump pulse to initiate precessional
dynamics within the sample. The probe beam is directed normally onto the sample with a spot
diameter of approximately 100 pm, while the pump beam is slightly defocused to a spot diameter
of around 250 ptm and is incident obliquely at an angle of about 45° to the sample plane, ensuring
proper spatial overlap with the probe spot. An optical chopper modulates the pump beam at
a frequency of 373 Hz, and the dynamic signal in the probe beam is detected using a silicon
detector in conjunction with a lock-in amplifier for phase-sensitive detection. In this experiment,
time windows of 4 ps and 2 ns are utilised (the time window refers to the total duration for which

the time-resolved signal is measured) to examine ultrafast demagnetisation (with a temporal reso-
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lution of 25 fs) and damped precessional motion (with a temporal resolution of 5 ps), respectively.

6.3 Static Characterization

In determining the crystallinity or amorphousness of CoP thin film, phosphorous content plays
a key role. Therefore, it is important to study the qualitative and quantitative analysis of phos-
phorous in the electrodeposited thin film. The energy dispersive x-ray (EDX) spectrum for the
electrodeposited Si/Ti (20 nm)/Au (200 nm)/CoP (3.173 um) sample as shown in Figure 6.1(a)
confirms different Co and P peaks. For example, Cobalt L, peak originates at 0.77 keV, K
originates at 6.93 keV, and Kg is at 7.64, while the 2.13 keV peak is for the P- Kz peak. The
EDX analysis confirms the presence of Co and P entities in the sample with ~87% and ~13%,
respectively. The surface topography of the electrodeposited film is investigated using atomic
force microscopy (AFM) as shown in Figure 6.1(b). From the AFM image, the average roughness
of the surface have been extracted as ~ 4 nm. The surface roughness is slightly higher than typical
films deposited by physical vapor deposition techniques, but it is substantially small relative to
the film thickness (3.173 pum) signifying the efficacy of the bath chemistry (proportion of stress
relieving additives etc.) in the plating process.

The crystal structure of this electrodeposited sample is characterized by x-ray diffraction
(XRD) technique using a 40 kV x-ray source (Rigaku: SmartlLab) as shown in Figure 6.1(c).
Four characteristic peaks can be observed at 26 values of of 38.2°, 44.6°, 61.7° and 69.1° which
could be assigned to Au (111) [193], Co (111) [194], Si (004) [195] and Si (004) [196] plane,
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Figure 6.2: The variation of the (a) coercive field (Hc¢), (b) saturation magnetization (Ms,) and (c)
anisotropy field (Hk) of the material as a function of angle (in degrees). The top row exhibits the polar
plot of the corresponding parameters [3].

respectively. The very small standard diffraction peak of Co suggests mainly the face-centred
cubic structure (fcc) of Co [194]. This peak is not sharp because of the amorphous nature of the
material in presence of P. Therefore, the system could be considered as a nano-hetero-structured

system where tiny nanocrystalline Co-fcc phases are embedded in the amorphous CoP phase.

Figure 6.1(d) shows the experimentally obtained normalized in-plane hysteresis loops along
the direction X (dir.-1) and direction Y (dir.-2) of the CoP thin films. Here, dir.-1 and dir.-2
are the longitudinal and transverse directions, respectively, i.e., both the axes, dir.-1 and dir.-2
(dir.— 2 =dir.— 1490°), lie in-plane to the sample. The magnified hysteresis loop from —50 Oe
to +50 Oe range in the inset shows that the loops along X and Y directions are different, i.e., the

sample should have an identifiable anisotropy.

In order to investigate the anisotropy present in the system, an in-plane angle dependent mag-
netic study has been performed. The variation of the coercive field (Hc), saturation magnetization
(Msy) and anisotropy field (Hk) of the material as a function of angle (¢, in degrees) is shown
in Figure 6.2. Figure 6.2(a) reveals a prominent four-fold symmetry in Hc while Figure 6.2(b)
and Figure 6.2(c) reveal mostly two-fold symmetry in Mg, and Hg, respectively. However, Hx
shows a complex angular variation as explained below. Here, it has been noted that each of
the corresponding symmetry axes lies in different directions. For example, the two symmetry

axes in Hc are aligned with the 60° — 240° and 90° — 270° axes. The Mg, symmetry axes lie
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along 90° — 270° axis where the amplitude of Mg, along the 270° direction is comparatively
greater than that along the 90°, which suggests that an asymmetric behaviour is also observed
in the magnetization along with a two-fold symmetry. It could be assumed that the Cobalt (Co)
nano-crystallites grown within the amorphous matrix might have a preferred growth orientation.
Therefore, Spin-Orbit Coupling (SOC) could exhibit a greater effect along a particular direction
(here, along the 270° angle) compared to the other direction (90° angle).

The Hx symmetry axis shows a strong alignment with the 75° — 255° axis and weaker align-
ments along 30° —210° and 135° —315° axes. Since the 75° —255° axis has a strong influence
in the angular distribution of Hg, that axis accordingly develops a two-fold symmetry. However,
considering other weaker alignments along 30° —210° and 135° — 315° axes, the Hx symmetry
does not fall into a simple two-fold or four-fold symmetry pattern — this suggests the complex
anisotropy behaviour for the anisotropy field present in the material, which could be influenced
by several factors, such as nanocrystalline structure, different magnetostriction of Co-fcc and
amorphous CoP phases etc [90, 147, 160].

6.4 TRMOKE Measurement of Ultrafast Spin Dynamics

The ultrafast spin dynamics of this electrodeposited film has been measured using an all-optical
time-resolved magneto-optical Kerr effect (TR-MOKE) magnetometry [183] in a non-collinear
optical pump-probe geometry. The experimental measurement geometry in polar TR-MOKE
configuration is shown in Figure 6.3(a). The optical pump-probe technique uses femtosecond
(fs) laser pulses (pump) to excite the sample and to probe the ensuing dynamics in terms of
the polar Kerr rotation (6;) of the sample as a function of the time delay between the pump
and probe pulses. In the polar Kerr geometry, 6; is proportional to the change of the out-of-
plane component of the magnetization. Figure 6.3(b) shows a typical TR-MOKE trace from
CoP containing three different temporal regimes. When a femtosecond laser is incident on a
ferromagnetic sample placed in an external magnetic field, a rapid quenching of magnetization is
observed just after the zero delay (i.e., when pump and probe beams are incident simultaneously
on the sample). This phenomenon is known as ultrafast demagnetization. This is followed by a
fast remagnetization within a few picoseconds (ps) due to spin-lattice relaxation. Change in the
lattice temperature changes magnetocrystalline anisotropy which acts as a pulsed magnetic field
and triggers the precession of magnetization of the sample. The heat diffusion from lattice to
surroundings corresponds to longer relaxation within hundreds of ps time range. In this time scale
the magnetization precession damps out.

After subtraction of a bi-exponential background from the precessional oscillation in the Kerr
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Figure 6.3: (a) Schematic of exper-
imental geometry, sample is in Xx-y
plane and x-z is the plane of the laser
beam and (b) typical TR-MOKE data
Slow remagnetization from Si/Ti (20 nm)/Au (200 nm)/CoP
with precession (3.173 um) sample at an external bias
and damping .
magnetic field of 1.35 kOe. The three
important temporal regimes at pump
fluence of 10 mJ/cm? are indicated in
the graph [3].
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rotation data, a damped oscillatory motion is obtained. Figure 6.4(a) shows the damped Kerr
oscillation in the polar Kerr geometry at an external magnetic field of 1.35 kOe for three different
in-plane angles of 45°, 90° and 150° w.r.t. the x axis along the x-y sample plane in clock-wise

direction. The precessional oscillation is fitted to the equation,

O = iAie*t/T"sin(%rf,-l + &) (6.1)
i=1
where, n is the number of modes, and A;, 7;, f; and &; are initial precessional amplitude, decay
time, resonance frequency and initial phase shift of the i"” mode. When there is more than
one clear SW modes (1 < n < 3), this expression is used to fit the time-resolved magnetization
curves. The frequency of precession can be extracted by performing the fast Fourier transform
(FFT) of the Kerr rotation data. Figure 6.4(b) shows the FFT spectra containing the magnetic
modes corresponding to those three different in-plane angles. From these three angles it could be
observed that there is frequency shift in magnetic modes from one angle to another. This gives a
signature of the existence of magnetic anisotropy in the system. Also, it has been observed that
FFT spectrum for 90° orientation contains a single clear peak whereas other two angles contain

two dominant peaks.

To investigate the anisotropic magnetic behaviour more precisely, the magnetic modes have
been investigated by continuously rotating the in-plane bias-field angle (¢) at 15° interval at an
external magnetic field of constant magnitude of 1.35 kOe at pump fluence of 10 mJ/cm?. Figure
6.4(c) displays that the most dominated precessional mode shows a combination of two-fold and
four-fold anisotropy terms. Thus, its frequency (f) variation with ¢ have been fitted using the

following equation (6.2) [197]:
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where f is the precessional frequency, ¥ = % = 1.76 x 107 rad/(s.G) is the gyromagnetic ratio,
H is the bias magnetic field and Mg is the saturation magnetization. K, and K, indicate the two-
fold and four-fold anisotropy constants. A, d and n are exchange stiffness constant, thickness
of the film and order of PSSW mode, respectively. Here, n = O have been fixed, since the most

dominating mode here is the uniform Kittel mode. The estimated value of Mg is obtained as ~1350
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Figure 6.4: (a) Background subtracted time-resolved Kerr rotation data for external magnetic field of 1.35
kOe applied along three different in-plane angles (45°, 90° and 150°, respectively w.r.t. the x axis along
x-y plane) at a fixed pump fluence of 10 mJ/cm?. The solid lines are fitted curves using the damped sine
function. (b) FFT spectra corresponding to three different angles showing the magnetic modes. (c) In-plane
angle dependent precessional frequency at the same external magnetic field of 1.35 kOe. The solid line is
fitted the Kittel mode. i.e., Eq. (6.2). (d) Bias field dependent Gilbert damping constant of the Kittel mode
at @ =45°,90° and 150° reveals the suppression of extrinsic effects at higher field [3].
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Figure 6.5: The variation of  of Kittel modes (solid blue scattered points) and PSSW modes (open red
scattered points) with different in-plane angles at an external bias magnetic field of 1.35 kOe with the pump
fluence of 10 mJ/ecm?. Blue solid line is guide to eye [3].

emu/cc, which matches closely with the reported value for bulk Co [198]. We have cross checked
this value from another independent measurement of the magnetic hysteresis loop measured along
the hard axis of the sample and obtained the value of Mg as ~ 1129 emu/cc. The slightly lower
value of Mg obtained from the hysteresis loop tracer can be attributed to the errors in evaluating
the sample volume. The value of uniaxial anisotropy constant is found to be 1.1 x 10° erg/cc
superposed with a weaker four-fold anisotropy constant of 0.3 x 10°erg/cc. Additionally, the
value of uniaxial anisotropy, K> can be calculated from the hard-axis hysteresis loop using the
expression: Ky = %HSMS. Here the saturation field, Hg ~ 200 Oe and saturation magnetization
Mg ~ 1129 emu/cc. The value of K> is calculated to be ~ 1.13 x 10° erg/cc, in good agreement
with the value obtained from the fit.

We have extracted the effective Gilbert damping () coefficient of the Kittel modes by using

the expression:
1

o= 6.3
vyt (H+H, + H>) (6.3)
where H; = /I‘/(l—écos 20 — %coﬂ(p and Hy = 2ntMg + [I‘/([—Zscos22(p — %%4 (3+cos4¢). Here, 7 is

the decay time of the magnetization precession and other parameters have their usual meaning.
The effective damping consists of both intrinsic and extrinsic contributions. The damping as a
function of H is plotted in Figure 6.4(d) for three different values of ¢. Effective ¢ is found to
decrease with increasing frequency and becomes nearly constant for H > 1.15 kOe, as reported
previously. This means a field above 1.15 kOe is high enough to suppress all extrinsic effects
contributing to the damping.

To investigate the anisotropic behaviour of damping, the angular dependence of effective

damping was extracted, as shown in Figure 6.5 corresponding to the Kittel mode and the PSSW
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mode of Figure 6.4(c). Large in-plane four-fold anisotropic behaviour of damping is observed for
the Kittel mode. Angular regimes with higher damping value are marked by black shade in Figure
6.5, those regimes are containing richer number of modes along with the Kittel mode as illustrated
in Figure 6.4(c). Enhancement of o at some angles is found to be due to the mutual dephasing
of PSSW and the low frequency mode with the Kitte] mode which opens up additional energy
dissipation channels [184]. The damping parameter corresponding to the PSSW mode (opssw)
wherever present is shown in Figure 6.5 with open circle symbol. The anisotropic behaviour of o
has been theoretically predicted previously based on breathing Fermi-surface model [199, 200].
This has been shown experimentally not only in ferromagnetic metals [201], but also in alloys
[202]. The electrodeposited CoP film shows ~ 80% two-fold and ~ 20% four-fold anisotropy
in precession frequency coupled with a four-fold anisotropic damping. Such anisotropic GHz-
frequency precessional dynamics can be crucial for various high-frequency applications such as
frequency selectivity can be achieved without replacing the magnetic film and only by rotating
the film for any input information for radio frequency signals and spintronic resonators [203].
Moreover, anisotropy of damping will enable to design future spintronic devices. The higher
damping of the CoP film will be useful for increasing the switching speed for high-speed magnetic

recording devices and to reduce the noise in power supply devices.

6.5 Conclusion

In summary, the time-resolved spin dynamics in electrochemically deposited CoP alloy film is
experimentally investigated using the all-optical TR-MOKE magnetometry to explore possible
anisotropy in magnetization precession and damping as well as ultrafast demagnetization w.r.t.
in-plane magnetization orientation of the sample. We observed that the magnetization precession
frequency obeys a stronger two-fold anisotropy superposed with a weaker four-fold anisotropy,
while the Gilbert damping follows a four-fold anisotropic nature. This typical anisotropic pre-
cession frequency may stem from the variation of spin-orbit coupling (SOC) at equilibrium.
The strong four-fold anisotropic Gilbert damping can be attributed to the additional dissipation
channel due to the presence of PSSW mode and another lower-frequency mode along with the
Kittel mode, causing mutual dephasing of precession. Our work provides important experimental
results regarding to ultrafast demagnetization and Gilbert damping in a new soft magnetic system

for possible future applications and opening new avenues for further investigation.
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Magnon Microwave Antenna (MMA)

This chapter is based on the following paper published in IEEE Transactions on Electron Devices

[4]! and the International Conference presentationz.

7.1 Introduction

The emergence of the Internet of Things (IoT) devices develops a great interest in microwave
based technologies [115, 116, 204], in applications such as, autonomous driverless/autopilot cars,
efficient radars/antennae etc., which rely on generation of microwave frequencies with a relatively
lower power consumption, strong signal amplitude, and good frequency stability. These high-
end features become the prerequisite of the advanced systems to perform necessary operations
smoothly. However, conventional voltage controlled oscillators (VCO) typically consume a large
amount of power to perform the operations [205]. Previously, spin torque oscillators (STO)
have been investigated as source of microwaves, as STOs are, in general, highly tunable and
offer small chip size compared to existing VCOs [117, 206], however, suffers from weak output
signal. To circumvent this issue, an array with synchronized phase-locking STOs have been
studied. Additionally, the synchronization time of such phase-locking STOs is extremely short,
and in practical applications the synchronization of the STOs itself becomes one of the biggest
challenge, which limits their utilization for cutting-edge 10T applications. Additionally, some
electric/magnetic field as an external bias is required in controlling the STOs [15, 207].

Lately, Fabiha et al. used tripartite coupling between phonon-magnon-photon to demonstrate

IGeneration of Microwaves With Tuneable Frequencies in Ultracompact “Magnon Microwave Antenna” via
Phonon-Magnon-Photon Coupling, A. Samanta, S. Roy, IEEE Transaction on Electron Devices, 70 (1), 335-342,
2023; DOI: 10.1109/TED.2022.3221026

ZPower—Phase Relation in Ultra-compact “Magnon Microwave Antenna” for Generation of Microwaves with
Tuneable Frequencies (Poster), A. Samanta, S. Roy, “68!" MMM Conference”, Dallas, Oct. 30—Nov. 3, 2023
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spin-wave based nano-antenna [20]. In this work, a spin-wave (SW) based “Magnon Microwave
Antenna” (MMA) was demonstrated [4] for microwave generation via non-volatile domain con-
figuration induced by tripartite phonon-magnon-photon coupling in an array of magnetostrictive
nanowires (NWs) patterned on a piezoelectric substrate. Since domains are modified at the cost of
energy, here, the required energy has been provided to the NWs in the form of an external stress
launched by a surface acoustic wave (SAW) in the piezoelectric substrate along the longitudinal
direction. However, no external bias field is required as in other devices, e.g., STO-based or

conventional domain wall based oscillators or straintronic microwave oscillator. [116, 208-214].

7.2 COMSOL Design of MMA

The proposed tripartite coupling based MMA consists of magnetostrictive NWs (FeGa) patterned
on the piezoelectric LiNbO3 substrate, which relies on two different working principles, first,
phonon-magnon coupling and then the magnon-photon coupling. This section first describes
MMA design in 2D cross-sectional model with COMSOL Multiphysics® [118] [as in Figure
7.1(a)] and then estimates the SAW resonance frequency generated from the system. In order
to implement the necessary design and simulations, the Piezoelectric effect and Magnetostriction
physics interfaces from Structural Mechanics module along with AC/DC module of COMSOL
Multiphysics have been employed.

In simulation, two of the aluminum (Al) electrodes separated by a distance of ~ 3.6 um and
placed along the longitudinal direction of the substrate have been considered as terminal ports

to apply voltage into the device for generating the SAW from the piezoelectric substrate. The

(@) (b) 551.35 MHz

......... .
i Electrode %% 5
! Substrate ! 3
1 1Z

...... o S11
+*551.35 MHZ]

Electrodes

i o S21

i | |

520 540 560 580 [ N dis.
MHZ

Substrate

Frequency 0 20 40 60 80(nm)

Figure 7.1: COMSOL design of the magnon microwave antenna with magnetostrictive nanowires: (a) 2D
cross-sectional model in COMSOL to calculate the generated SAW frequency. Substrate width —9 pum,
thickness —10 pum; Aluminium (Al) electrodes (the magnified version of the highlighted region) width
—1 pum and thickness —5 nm. (b) S;; and S»; parameters confirm the surface acoustic wave (SAW)
resonance frequency at 551.35 MHz. (c¢) Deformed shape plot of the resonance SAW mode confirms
the maximum penetration depth of the SAW. (d) The magnetostriction effect in nanowires shows some
mechanical displacement of NWs caused by the SAW [4].
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reflection coefficients, namely, S;; and Sy parameters, as shown in Figure 7.1(b), obtained from
the COMSOL simulation estimates the SAW resonance frequency as 551.35 MHz. The orientation
confirms that the generated SAW propagates along the longitudinal directions (i.e., X-direction). It
is worth mentioning that this resonance frequency has been considered as input in micromagnetic
simulation with MUMAX? [24].

It is imperative to calculate the amount of power that is coupled to the SAW, which could be
further utilized in estimation of the stress generated upon launching of SAW. In order to do that,
the similar approach by De et al. [215] and Drobitch et al. [216] have been considered. Here,
the S1; parameter in Figure 7.1(b) has been calculated considering an ideal scenario, i.e., any loss
from the substrate has been neglected, that estimates the reflection coefficient of the system. The
S11 value of =~ —19.56 dB gives the reflection coefficient of the system as ~ 0.011. Here, in the
simulation, the input power (P;) is 6.5 x 107> W. Therefore, the power coupled into the SAW is
Pe=(1—r)-P~643x107° W.

The corresponding stress profile at 551.35 MHz, generated due to SAW is shown in the Figure
7.1(c), which estimates the penetration depth on the surface as 80 nm. Hence, the thicknesses of
the NWs should be smaller than 80 nm to ensure that all of the strain generated in the substrate due
to the SAW is transferred to the NWs. Since the nanomagnet thickness in this study is 40 nm, it
could be assumed that the generated strain has been transferred fully to the NWs producing the re-
quired magnetization, as confirmed in the Figure 7.1(d). The maximum mechanical displacement
of the NWs caused by the strain from SAW is 10 pm. The following sections provide the deeper

insight into the detailed magnetization study and the spin-wave (magnonic) modes of MMA.

7.3 Micromagnetic Simulations of MMA

We have performed the micromagnetic simulations using MUMAX?> [24] by discretizing the
NWs into the cell sizes of 2 x 2.5 x 2.5 nm? solving the Landau-Lifshitz-Gilbert (LLG) equation
[equation (7.1) and (7.2)]. Here, i is the unit vector of local magnetization, Y = Uo7y, 7 -
gyromagnetic ratio (GHz/T), Heir is the effective magnetic field originates from demagnetization
energy, exchange energy, magnetic and shape anisotropy, ¢ is the Gilbert damping factor, Uy is

the free space permeability, Mg is the saturation magnetization (A/m).

oM _ o[- oM

W = |Y|M X Heff‘I']vs |:M X 7:| (7.1)

Hoe — 1 {a_E} (7.2)
eff - ‘uo 8M .

We have considered the following material parameters of FeGa [217], saturation magnetiza-
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tion Mg = 1.32 MA/m, exchange stiffness constant Acx = 16 pJ/m, initial exchange anisotropy
constant K,1; =0 J/m?, before applying external stress (o). Since MUMAX? does not include
external stress directly [24], the stress has been applied as magnetoelastic anisotropy, Kmpe =
%ls -0 (t), where A is saturation magnetostriction constant of FeGa (400 ppm) and o (¢) is the
generated time-varying sinusoidal stress due to the launch of SAW [218]. So, the external stress
reforms the uniaxial anisotropy value as Ky eff = Ky1,i + Kme [217] = Ky eff & %ls - 0p sin(27 ft)
[218]. The stress field has further been calculated according to the following equation: Hg(r) = % .
Hy-sin(27ft), where, Hy = (ﬁ) is the amplitude of the stress field (Hs(¢)) due to SAW. Here,
00 = \/Pa.max - Zmax and Zax = \/Ce11 - P Zmax» Ce11 (202.897 x 10° Pa) and p (4.7 x 105 g/m?)
are characteristic acoustic impedance, the first diagonal element of the elasticity tensor and the
density of the LiNbOs3 substrate, respectively. The power coupled into the SAW per unit area
along the normal to the direction of propagation, PA max = Pc/Amax. Where P is the power coupled
into the SAW (=~ 0.99 mW as calculated earlier) and Apyay is the area (8 x 10~'% m?) normal
to the direction of propagation of the SAW [calculated as the width of the electrodes (1 wm)
times the penetration depth of the SAW (80 nm)]. Therefore, P max becomes 8 x 108 W/m?,
Zmax = 9.786 x 108 N-S/m* and oy = 1.25 x 10° Pa. Hence, the amplitude of Hs(?), i.e., Hy is
452144 A/m = 5681 Oe.

Here, the cell size lies below exchange length (lox = % ~ 4.24 nm), which further en-
S

sures the inclusion of all of the exchange interactions. MUMAX?> determines the macro-spin
configuration at every coordinate point within the NW and it produces the vector files containing
the magnetization distribution over the simulating magnetic object. Simulations are performed
with the typical dimensions NWs are 512 x 120 x 40 nm? length [(1) x width (w) X thickness (h)]
as depicted in Figure 7.2(a) with different ‘s’ value (20 nm - 160 nm), where, the effective
magnetic fields generated by the effect of the shape anisotropy, dipole coupling and strain have
been considered. This study has been performed at O K, a widely used method in micromagnetic

modelling of strain-mediated structures, to ignore the switching errors [219].

It is important to note that transverse stress applied along the Y direction helps developing
the multi-domain configurations (as shown in Figure 7.2(b)) along the cross-section of the NWs
out of initial random magnetization configuration (as shown in Figure 7.2(a)). Due to the SAW,
the smaller multi-domains in Figure 7.2(b) start rotating into one direction in forming a large
size single domain state along longitudinal direction (Figure 7.2(c)), which helps to generate the
microwave. In the process of the creation or annihilation of domains, demagnetization energy has
taken an important role. In general, dipolar energy or demagnetizing energy of any system could
be stored by forming multiple domains in the system. Therefore, the energy should be minimized

in the studied systems as well. Consequently, the initial magnetization was also considered as
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Figure 7.2: Micromagnetic modelling of NWs: (a) Initial random magnetization configuration. /, w are
length, width of each of the NWs along the x, y directions, respectively, and s is the separation between the
NWs along y direction of 40 nm thick NWs. (b) Multidomain state in presence of transverse stress along Y.
(c) Single domain state upon launching of the SAW along X. (d) Final spin configuration after completion
of 20 ns simulation confirms that the domain configurations are non-volatile in nature [4].

random magnetization (Figure 7.2(a)). For s = 90 nm figuration, the demagnetization energy of the
initial random magnetization state is 4484.20 aJ. The demagnetization energy becomes 818.32 aJ
while the system has been broken into multi-domain state (Figure 7.2(b)). The multi-domain state
has been diminished upon launching of the SAW. The energy associated with the SAW further
helps to minimize the demagnetization energy of the system. In this case, the demagnetization
energy of the single-domain state (Figure 7.2(c)) is minimized to 337.83 al.

It is worth mentioning that such kind of change in domain wall motion with SAW is promising
for wireless energy harvesting applications, such as for power-hungry IoT devices [220]. Another
important aspect of this present study is that the SAW engineered single domain state is nonvolatile
in nature, as evidenced in Figure 7.1(d), after a 20 ns long simulation. These single domain
nanomagnets remain in its own state until they are reset by application of stress or a strong external
magnetic field to the initial multi-domain state, which makes the single domain state nonvolatile,
that could be useful in energy efficient logic applications, low-power computing applications, as

well [221], however, that is out of the scope in present study.

7.4 Simulated Magnetization Oscillations

In electrically connected series or parallel Spin Torque Oscillator (STO) [222], each of the indi-
vidual NWs is connected through interdigitated electrodes delineated by lithography. However,

the MMA provides the liberty to connect them without any electrical connection, rather they are
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connected via the dipolar interaction between them and the strength of the dipolar coupling could
be considered analogous to the electrical resistance in the electrically connected STOs [222].
Since the SAW has been launched along the longitudinal (x) direction, the NWs could be consid-
ered to be connected magnetically in parallel combination via dipolar coupling between them as
analogous to the electrical STOs and it is important to mention that the demagnetization energy
along with the exchange energy plays a crucial role in stabilizing the magnetization oscillations.
So, there must be a trade off between the demagnetization energy and the exchange energy of the
systems. Therefore, it is worth mentioning that in the absence of the SAW, the system might excite
at its intrinsic spin wave mode due to strong magnetostatic interaction between the neighbouring
elements or in presence of SAW, new extrinsic modes might occur at the SAW frequencies which
are not resonant with the intrinsic modes [215].

We have shown the calculated magnetization components, My, My and Mz, as a function of
the increasing separation value (‘s’) between the NWs in Figure 7.2(a), (b), (c), respectively,
where Mx, My and My represent the calculated magnetization components along the major,
minor axes and normal to the plane component of the NW, respectively. To find the optimum
separation for effective synchronization, the SAW with 0.5 GHz frequency has been launched
first, as obtained from the COMSOL simulation shown in Figure 7.1(b). Both the configurations
with the smallest and largest separations between the NWs, i.e., 20 nm and 160 nm, give a de-
synchronized oscillations in all the directions, i.e., along the x, y and z directions, respectively, as
evidenced in Figure 7.3(a), (b), (c). Hence, these configurations have failed to generate a proper
synchronized auto-oscillations in the microwave antenna, which has been evidenced from the
multiple peaks in the corresponding Fast Fourier Transform (FFT) spectra, in Figure 7.4(a), (b),
(c), of the corresponding damped magnetization curves, respectively. However, the configuration
with moderate separation, i.e., the NWs separated with 90 nm distance, provides the required
optimum magnetization output (Mx and My) with proper synchronized auto-oscillations, i.e., an
undamped sinusoidal response along x and y directions, respectively. In addition, the sinusoidal
M7z component in this configuration seems to be suffered from a slight damping. It is important
to notice that the magnetization oscillation amplitudes decrease almost by one order of magnitude
from Mx to My.

7.5 Simulated Power Spectra Analysis

The FFT of the magnetization components, Mx, My, Mz yields the corresponding power spectra
of each configuration. The obtained Power-Frequency spectra of Mx/My/M7z by FFT as a function

of ‘s’ value between the NWs are shown in Figure 7.4(a)/(b)/(c), respectively. The corresponding
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Figure 7.3: Calculated magnetization oscillations as a function of spacing between the NWs in MMA
along x, v, z directions in (a), (b), (c), respectively, while the exciting SAW frequency remain kept constant
at 0.5 GHz throughout the simulations [4].

insets in each stack show the magnified frequency spectra of the highlighted region of the parent
power spectra (0 — 50 GHz range). The s = 20 nm configuration shows only a single peak
(the power is in 10~2 order of magnitude), however, any effect from the SAW might have been
neglected as its magnetization is noisy, and not synchronized in any direction at all, as evidenced
in Figure 7.4(a)/(b)/(c). At this configuration, the intrinsic shape anisotropy and the strength of
the magnetostatic interaction are more prominent [overall demagnetization energy (~ 297 aJ) is
greater than the exchange energy (~ 200 alJ)] that obstruct to synchronize with the launched SAW
frequency and trigger incoherent magnetization precession inside the nanomagnets and hence
the power is concentrated at low frequency (that is the natural frequency of the system), which
arises due to the array geometry itself [215]. For s = 40 nm configuration, there are four peaks
in the corresponding spectrum, which means that at least two NWs are synchronized along x
direction. However, the power at this configuration becomes three orders of magnitude smaller
(the power is in 107> order of magnitude) than that in 20 nm configuration, as in the case of 40
nm configuration, the exchange energy (~ 375 aJ) dominates over the demagnetizing energy of

the system. As a result, new extrinsic modes generate upon launching of SAW.

Upon increasing the separation between the NWs, some of the peaks start merging as the
number of peaks is decreased as depicted in the Figure 7.4. For s = 60 nm, there are three different
peaks, which necessarily signifies that at least three NWs are synchronized. For s = 80 nm,
the number of the synchronized NWs are four, however, the s = 90 nm configuration generates

only a single frequency where each of the five NWs is properly synchronized giving rise to the
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Figure 7.4: Power distribution as a function of spacing between NWs along x, y, z directions in (a), (b),
(c), respectively. Corresponding insets reveal magnified frequency spectra (0-2.5(5) GHz range) of Mx &
My (Mz) of the highlighted region at left side of the parent Power-Frequency spectra (0-50 GHz range) [4].

optimum output. Here, this synchronized frequency for s = 90 nm configuration was denoted as
the ‘peak frequency’, f), and the ‘s’ value as s,), i.e., the optimum separation value for effective
synchronization of each of the NWs. Upon further increasing the separation value destroys the
synchronized state as evidenced in the Figure 7.4. In addition, the Power-Frequency spectra along
the minor direction also show similar kind of behaviour, i.e., only s = 90 nm separation gives
a proper synchronized signal along y direction. So, it could be mentioned that the frequency
response are identical along the major and minor directions, respectively, i.e., the MMA could
be exploited bidirectionally for required applications. However, the magnitude in F'F' Ty becomes
almost half of that in FFTx.

On the other hand, F FT; in Figure 7.4(c) confirms that it is extremely hard to synchronize the
NWs at any separation value studied here in the out-of-plane (Z) direction; even the s,, configu-
ration has some other weaker (power) higher bands (frequency) over f),. The time varying strain
generated in the magnetostrictive nanomagnet due to the surface acoustic waves (SAW) modulate
the overall precessional dynamics, which in turn give rise to the hybrid magnetodynamical modes
along out-of-plane component [223] - this might be the reason behind the higher band along
z direction. Here, it is worth mentioning that the power of the resonance peak, f,” of Mx is
approximately two (six) times larger than that of My (Myz) oscillations. Hence, the spin-wave is
composed mostly of the longitudinal oscillations in the component of the magnetization along the
major axis while the SAW is also propagating along the same direction.

Domains of all these studied phonon-magnon-photon coupling based “Magnonic Microwave
Antennas” (MMAGs) are observed to be non-volatile in nature (as shown in Figure 7.2). However,

it is imperative to mention that there is a significant difference in the non-volatility of the domains
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Figure 7.5: (a)-(e) Final spin configuration of the NWs after completion of 20 ns of micromagnetic
simulation showing the non-volatility nature of the domains for the separation values, 40 nm, 80 nm, 90
nm, 100 nm and 140 nm, respectively [4].

for different separation values, as shown in Figure 7.5(a)-(e). For example, domains of all of the
nanowires for s = 40 nm configuration are organized in a diamond orientation, while for s = 80
nm, domains of one nanowire is found in such diamond orientation, as shown in Figure 7.5(a)
and (b), respectively. Similarly, diamond domain orientations are found in several NWs for s =
100/140 nm configurations as shown in Figure 7.5(d)/(e), respectively. However, for s = 90 nm
configuration, a single domain with the aforementioned non-volatile configurations is found as
shown in Figure 7.5(c), which might be the possible reason behind synchronization of all of the
NWs and providing only a single peak output frequency, where efficient coupling between the
launched SAW (phonon) and generated SW (magnon) has been occurred.

The calculated phase and power profiles of the spin waves at the dominant peak frequency
(i.e., 0.55 GHz) are shown in Figure 7.6(a) and (b), respectively (obtained after post-processing
of the magnetization data with python). The phase profile shows that the profile at the 0.55

GHz frequency is almost uniform while the power profile at this frequency exhibits a complex
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propagation mode. Therefore, the power in the spin wave at s = 90 nm configuration is mostly

concentrated in the longitudinal magnetization oscillations.

7.6 Frequency Tunability

In order to obtain the tunability, the array of NWs in the MMA was further patterned by keeping
sop unaltered at 90 nm along the transverse direction to develop a matrix of nanodots in the MMA
with 25 elements of dimensions 90 x 120 nm? separated at a horizontal distance of 15 nm as
shown in the Figure 7.7. The Figure 7.7(a) shows the initial random magnetization configuration
of the matrix of nanodots constituting the MMA, each of which becomes a multidomain state, as
shown in Figure 7.7(b) upon applying a transverse stress in the matrix. [previously, similar effects
for the nanowires in the MMA were observed as in Figure 7.2(b)]. After launching the SAW on
the substrate, the multidomain states transform into multi-vortex states, as shown in Figure 7.7(c).
Interestingly, it is observed, as shown in Figure 7.7(d), that the matrix of nanodots in the MMA
retains their initial multi-vortex state (that has been obtained after launching the SAW on the

substrate) even after completion of 20 ns of simulation demonstrating their non-volatility nature.

Figure 7.7: Micromagnetic modeling of the patterned matrix of nanodots in the MMA (a) Initial random
magnetization configuration of the arrays. (b) Obtained Multidomain configuration in each of the nanodots
in presence of a transverse stress along Y direction. (¢) The multidomain structures in (b) are diminished
upon launching of the 0.5 GHz SAW along X direction. (d) Final spin configuration of the NWs after
completion of 20 ns simulation showing the non-volatility nature of the domains [4].

Due to further patterning of the NWs in MMA as shown in Figure 7.7(a), instead of generating
the mutually synchronized auto-oscillations in the nanowires, the magnetization auto-oscillations
along x/y/z directions become non-linear with time and exhibits a quasi-stable fluctuation as
evidenced from Figure 7.8(a)/(b)/(c), respectively. The Mx component has a prominent beating

period of ~ 6 ns. This non-linear auto-oscillation generates 1.5/1.4 GHz microwave frequencies
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Figure 7.8: Calculated oscillations in the magnetization components, My, My, Mz, in a matrix of nanodots
in the MMA along x-, y-, z- directions in (a), (b), (¢), respectively, while the exciting SAW frequency
remain kept constant at 0.5 GHz throughout the simulations [4].

as shown in FFTx/FFTy in Figure 7.9(a)/(b) along with some other bands (4.8 GHz in FFTx
or 6.3 GHz in FFTy) with smaller amplitudes along the x— and y— directions, respectively.
However, the FFT; as shown in Figure 7.9(c) shows a multiband (1.4 — 30 GHz) frequency
spectra, where both the 27.25 GHz and the 4.8 GHz frequencies have almost same amplitudes.

It is also worth mentioning that the generated frequencies are greater than the SAW frequency,
i.e., the nano-matrix has its own magnonic modes due to the rich spin-wave properties, which is
determined by the exchange energy and the demagnetizing energy. Here, the exchange energy in
this matrix of nanodots in the MMA (393 al) is almost double than the nanowires of MMA (187
aJ), while the demagnetization energy of the matrix of nanodots in the MMA (238 aJ) becomes
smaller than that of the nanowires of MMA (337 alJ). So, there must be a trade off between the
demagnetization energy and the exchange energy of the systems. In the latter case, the unique
frequency tuneability seems to be governed by the particular exchange coupling modification
in the vicinity of the each of the dots within the nano-matrix in the MMA. Overall, depending

upon the requirement, this novel ultra-compact MMA could be designed to generate desired
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Figure 7.9: Power distribution of the patterned a matrix of nanodots in the MMA along x—, y—, z—
directions in (a), (b), (c), respectively. In each of the Graph, the corresponding insets reveal the magnified
frequency spectra (0 — 20 GHz range) of My, My, My of the highlighted region at left side of the parent
Power-Frequency spectra (0 — 60 GHz range) [4].
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frequencies and the generated non-volatile spin textures of the nanowires/nanodots can also be
useful in energy-efficient logic and low-power computing applications.

The generated spin waves further radiate electromagnetic waves (photon) into the surrounding
space, and which could be captured with a horn-antenna/spectrum analyser for desired appli-
cations [216]. The phonons, due to the launched SAW on the piezoelectric substrate, first get
coupled into the generated magnons within the nanomagnets and following that, the magnons
further couple into the photons, i.e., the tripartite coupling between phonon-magnon-photon takes

place, which could be exploited to generate desired microwave frequencies.

7.7 Conclusion

In conclusion, a tripartite coupling has been investigated between phonons (SAW), magnons (SW)
and photons (EM wave) in ultra-compact SW dependent ‘Magnon Microwave Antenna’ (MMA)
developed with magnetostrictive NWs on the piezoelectric substrate while generating microwaves
with tunable frequencies. Initially, SAW is launched onto the piezoelectric substrate, which
stimulates the magnetization precession of the NWs. As a result, the magnons (SW) have been
generated within the NWs, which in turn causes the radiation of EM wave into the surroundings.
The generated radiation can be collected by a horn antenna for applications. Hence, these MMA
are based on the tripartite coupling which provides an advantage to utilize themselves over the
electromechanical resonance based antennas. In addition, these novel structure gives the liberty

to further miniaturize the overall existing size of the devices.
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Tunability of Magnon Power-Phase

Distribution for Reservoir Computing

This chapter is based on the following submitted paper [5]'.

8.1 Introduction

A spin wave (SW) is a collective excitation of the magnetic moments in a magnetic material,
which is when quantized is referred as magnon [6]. Such spin waves are often used to transfer
and process information in a manner similar to electromagnetic waves, as used in electronic
devices. Generally, the power of a spin wave is related to the number of spins involved in the
excitation and their collective behavior. The phase of a spin wave, on the other hand, refers to
the relative timing or position of the spins within the wave. The power—phase relation of spin
waves, denoting the connection between intensity and phase, unveils essential insights into the
nuanced characteristics of these propagating waves. The correlation between power and phase is
pivotal, as understanding the interdependence between power and phase is integral to deciphering
the intricate dynamic behavior of spin waves from fundamental perspective, ultimately guiding
the design and optimization in terms of their application in cutting-edge technologies.

Notably, the modern era has developed a great interest in microwave-based technologies due
to the emergence of the Internet of Things (IoT) devices. Such advanced devices are based on the
generation of microwave frequencies that have a relatively lower power consumption, however,

still possess a strong signal amplitude, and good frequency stability. The advanced systems

'Tunable power-phase distributions in phonon-magnon coupled magnon microwave antenna for reservoir com-
puting, A. Samanta, S. Roy, Physical Review Applied, 22, 054076, 2024; DOL: 10.1103/PhysRevApplied.22.054076

135


https://doi.org/10.1103/PhysRevApplied.22.054076

A. Samanta Nanostructured Magnetic Materials for Integrated Magnonic Devices

require these high-end characteristics to perform their necessary operations seamlessly. However,
traditional voltage controlled oscillators (VCOs) usually require a significant amount of electrical
power to carry out their operations. Previously, spin torque oscillators (STO) have been explored
as a potential source of microwaves due to their high tunability and small chip size compared
to existing VCOs [117, 206]. However, they suffered from a weak output signal, which led to
the investigation of an array of synchronized phase-locking STOs as a solution to this problem.
Nevertheless, these phase-locking STOs have an extremely short synchronization time, and also
synchronizing itself becomes a significant challenge in practical applications, limiting their use
for cutting-edge IoT applications. Moreover, controlling the STOs requires an external bias in the
form of an electric or magnetic field [15, 207]. Therefore, researchers are looking for bias-field
free cutting-edge devices, as a solution. Spin wave based devices could be a potential solution in
circumventing those issues, as such devices deal with spins of electrons [224] and the generated

effective internal magnetic field [225] of the material.

A spin wave based nanomagnetic antenna is an integrated magnetic device that is consti-
tuted of patterned magnetostrictive (MS) materials on the piezoelectric (PE) substrate having
dimensions in the order of tens of nanometers, potentially which could be used in a variety of
applications, including ultra-compact transceivers, sensing and microwave applications etc. While
such SW/magnon based nano-patterned magnetic antenna is operated in the microwave frequency
range is known as Magnon Microwave Antenna (MMA) [4]. Since the MMA have been designed
with magnetic nano-hetero-structures, i.e., patterned arrays of MS nanowires (NWs) on the PE
substrate, the operation of MMA is based on the interaction between the phonons (generated
from piezoelectric layer), magnon (originated from magnetic nano-patterns) and photons (elec-
tromagnetic radiation in the space). It is noted that the phonons, magnons and photons are the
quantized acoustic waves, spin waves and electromagnetic waves, respectively. When the MMA
is subjected to an alternating external electric field, a sinusoidal stress has been generated in
the PE layer, that travels along the surface of the PE substrate and acts as a surface acoustic
wave (SAW). The developed SAW (here, 0.5 GHz frequency) has then been transferred to the
patterned MS NWs which in turn excites the magnetization in the same to form collective spin
wave excitations (magnon) (of the similar SAW frequency) via the coupling of the phonons in the
SAW to magnons in the spin wave [215]. Subsequently, the generated SWs further radiates the
EM waves (photons) at the SAW frequency as the spin waves get coupled to the electromagnetic
radiative modes via magnon-photon coupling and which can be used to transfer information and

energy in the nanoscale regime [4, 20].

Here, it is worth mentioning that the moments in the MS NWs of the MMA experience effec-

tive internal magnetic field arising from the dipolar interaction and exchange interaction, which
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accordingly shows a sustained magnetization precession about the effective internal magnetic
field. Moreover, nanomagnetic antennas have several advantages over the conventional electri-
cal antennas, including high miniaturization, improved directivity, higher magnetic confinement,
and lower power consumption [205]. The small size and high efficiency of such nanomagnetic
antennas make them well-suited for use in wide range of applications, including communication

systems, sensing systems, microwave based technologies, etc. [116].

In the process of microwave generation through magnon microwave antenna (MMA), it is
identified in the previous work that there are creation and annihilation of domains within the
consisting magnetostrictive nanowires/nanodots on the piezoelectric substrate [4]. The creation of
domain, i.e., the multidomain state is generated due to the application of transverse stress along the
y-direction. Following that, when surface acoustic wave (SAW) is applied along the longitudinal
direction (i.e., x-axis), the multidomain state gets converted into a single domain state, i.e., the
corresponding domains are annihilated. However, such an important journey towards generating
microwaves though the creation and annihilation of domains empowered by phonon-magnon
coupling has overlooked the correlation of magnonic power profile and phase distributions at
the operating frequency, which are extremely crucial for evaluating the performance of magnetic
materials and devices, and accordingly to optimize their design for specific magnon based appli-
cations. It is also imperative to note that our digital modern era is shaped by the vast expanse of
a large volume of data and lately developed artificial intelligence (Al). Consequently, the focus
on enhancing speed, performance, miniaturization, and energy efficiency becomes paramountly
important [38, 226-228].

In that context, the most significant hurdle in the realm of modern electronics revolves around
the pursuit of energy-efficient solutions tailored for information processing endeavors, particularly
while dealing with noisy or incomplete dataset(s) [38]. On such occasion, a suitable high-end
computing algorithm, such as, the artificial neural network (ANN) needs to undergo a lots of rigor-
ous training, else it would take more time to solve the given task. A potential promising avenue is
the adoption of physical reservoir computing (RC) [226], a novel approach that capitalizes on the
inherent nonlinearity and recurrence found in the dynamical ANN systems, colloquially referred
to as the reservoir, to serve as a formidable computational resource. This innovative paradigm not
only challenges the conventional norms of computing but also beckons towards a future where
the intricacies of dynamical systems become the backbone of efficient and powerful information
processing, where such RC typically does not require any such rigorous training. We investigate
into the complex linear as well as non-linear dynamics of spin waves and their associated power
and phase distribution within a SAW driven phonon-magnon coupling based MMA. Furthermore,

it describes the possibility to tune the domains vis-a-vis corresponding power-phase distributions
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in presence of an external bias magnetic field, which in turns offers an opportunity to utilize these

MMA for reservoir computing as elucidated subsequently.

8.2 SAW Analysis: COMSOL Simulation

First, some typical nano-patterned MMAs have been designed in COMSOL [118] to obtain the
SAW frequency, which have been further used as input in micromagnetic simulation with MUMAX?
[24]. The schematic of the MMA as shown in Fig. 8.1(a) is composed of FeGa MS NWs shaped
in particular patterns onto a PE LiNbOs3 substrate. To carry out the design and simulations, the
COMSOL Multiphysics software’s structural mechanics module is used in conjunction with the
AC/DC module. This combination enabled the incorporation of both the piezoelectric effect and
magnetostriction physics interfaces. The S1; and Sp; parameters estimate the SAW frequency
as 550.75 MHz, which propagates along the longitudinal directions. The COMSOL simulation
estimated the penetration depth of the surface acoustic wave (SAW) as 45 nm as shown in Fig.
8.1(c). Therefore, the thickness of the nanowire/nanodots is limited below 45 nm to ensure that
the entire stress has been transferred into the nanowires/nanodots to excite the magnetization and
accordingly the spin waves properly [4, 20].

We now calculate the amount of power that is coupled to the SAW, which could be further
utilized in estimation of the stress generated upon launching of SAW. In order to do that, the
similar approach by De et al. [215] and Drobitch et al. [216] have been considered. Here, the
S11 parameter in Fig. 8.1(b) has been calculated considering an ideal scenario, i.e., any loss

from the substrate has been neglected, that estimates the reflection coefficient of the system. The
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Figure 8.1: (a) 3D schematic of the magnon microwave antenna (MMA) with magnetostrictive (FeGa)
nanowires (NWs). 753 Aw and %sw are the wave vectors associated with the SAW and the SW, respectively.
Here, the width and thickness of the piezoelectric substrate (LiNbO3) are 9 um and 10 um and that of the
interdigitated transducer electrodes [IDT-1 and IDT-2 in the schematic] of A/ (stands for Aluminum) are
1 um and thickness 100 nm, respectively. (b) S;; and S,; parameters confirm the resonance frequency of
SAW at 550.75 MHz. (c) Deformed shape plot at the resonance SAW mode estimates the penetration depth
of 45 nm [5].
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S11 value of =~ —7.56 dB gives the reflection coefficient of the system as ~ 0.175. Here, in the
simulation, the input power () is 10 x 10~ W. Therefore, the power coupled into the SAW is
Pe=(1—r)-P~825x107> W.

The velocity of acoustic waves in LiNbO3 typically ranges from 3 to 6 km/s [4, 20]. For the
calculations, an approximate average velocity of 5.5 km/s has been used. This assumption leads to
the maximum penetration depth, A, of 10 wm, considering operating frequency at ~550 MHz.
Therefore, the SAW cross-sectional area becomes, A4 = Amax times width of the electrode =1 x
10~ m?. Hence, the power coupled with the SAW is, Pc ar = Pe/Amax = 8.25 x 103 W /m?.

8.3 Spin Wave Analysis: MuMax® Simulation

The micromagnetic simulations using MUMAX?> [24] have been performed by discretizing the
nanowires (NWs)/nanodots (NDs) into the cell sizes of 2 x 2.5 x 2.5 nm>. MUMAX? solves the
Landau-Lifshitz-Gilbert (LLLG) equation [see equation (8.1) and (8.2)] and determines the macro-
spin configuration at every coordinate point within the NWs/NDs and it produces the vector files
containing the magnetization distribution over the simulating magnetic object. The following
material parameters of FeGa [217], saturation magnetization Mg = 1.32 MA/m, exchange stiffness
constant A,, = 16 pJ/m, initial exchange anisotropy constant K, ; = 0 J /m3, before applying
external stress (Ogpess) are used in the simulation. We note that the effective internal magnetic
fields is generated due to the effect of the shape anisotropy, dipole coupling and strain. This
micromagnetic modeling of strain-mediated structures have been conducted at OK to neglect
switching defects, a widely used method [219].

oM ., al- oM

7:|Y|MXHeff+ﬁS{MX 7} 8.1)

Heo L {a_E} (8.2)
eff - [.L() aM .

Here, the cell size lies below exchange length (/,, = ~ 3.82 nm), which further ensures

HoM;
the inclusion of all of the exchange interactions. Simulations performed with the typical dimen-
sions of NWs are 512 x 120 x 40 nm> (length x width x thickness) with different separation
values (denoted as ‘s’) (from 20 nm to 160 nm). Here, the cell size lies below exchange length

(o = ﬁ ~ 3.82 nm), which further ensures the inclusion of all of the exchange interactions.
\

Simulations are performed with the typical dimensions NWs are 512 x 120 x 40 nm? (length x

width x thickness) with different separation values (denoted as ‘s’) (from 20 nm to 160 nm).
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Figure 8.2: For separation, ‘s’ = 90 nm configuration, (a) x—, (b) y— and (c) z— components of the
multidomain state in presence of the transverse stress along the y-direction and for nanodots that are in
(d), (e) and (f), respectively. Length and width of the individual nanowires remain constant throughout the
study at 512 nm and 120 nm, respectively. For the nanodots, while the separation along y-axis (vertical
direction) is 90 nm that along the x-axis (horizontal direction) is 14 nm. Here, A; to A5 denote the nanodot
array while the Ej; denotes the individual nanodot elements for i row and j‘h column, where i, j = 5 [5].

A typical example with ‘s’ = 90 nm separated nanowire array/nanodots matrix is shown in
Fig. 8.2(a)/(b)/(c) and (d)/(e)/(f), respectively. The spatial distributions of the x—, y—, z— com-
ponents reveal different domain configuration along the respective directions. The multidomain
state predominantly forms along the y— direction, where up (brown) and down (blue) spins are
separated with the domain walls, as expected given the application of transverse stress along the
y— direction. On the other hand, the x— and z— components primarily consist of in-plane spins
(greens region with zero magnitude), while they are separated by either alternate down (blue) and
up (brown) spins along the edges (for x— directions) or by alternate up (red) and down (blue)
spins within the nanowires (for z— directions), respectively. However, the spatial distributions
for the nanodot matrix exhibit a drastic variation in domain configuration compared to that of the

continuous nanowires, as shown in Fig 8.2(d)/(e)/(f).
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Let us consider the domains of the x— component (for the dot-matrix). The first three elements
(E1j, j = 1—23) of the Ay array of the matrix have a similar domain configuration with in-plane
spins edged by down (blue) and up (brown) spins on the top and bottom sides, while the last two
consist mostly of in-plane spins. Similar domain configurations are formed for the other arrays
as well. The Mz domain structure also mostly formed with consistent in-plane spins, where some
of the elements are centered by either up spins or down spins. However, the multidomain state
with up/down spins separated by domain wall also forms for the My component along the y—
direction. Interestingly, there are some elements which are dominated with either up spin or down
spins. For example, elements, E14, E15, Ex3, Er4, E34, E4q are strongly dominated by down spin
configuration, while elements, Eyy, E45 and Es5» are strongly dominated by up spin configuration;
which might be the one of the reasons behind such complex magnetization oscillations observed

along the x—, y— and z— directions (as shown later in Fig. 8.7(a), (b) and (c), respectively).

Following similar approach by Fabiha et. al. [20], the stress has also been incorporated in the
anisotropy (Ky1) and calculated as Kstressz—%ls - OSyress - SIN(27 fot ), where %ls is the saturation
magnetostriction constant of FeGa [400 x 1007 [217, 218] and Oyyess is the effective stress acting
on the magnetostrictive material due to launching of the surface acoustic wave (SAW) and fj is
the resonance frequency of the SAW (550 MHz). Therefore, the effective anisotropy value is
Kerr=Ky1i + Ksiress- Thus, the local magnetic field generated within the system is calculated as
Hgyess(1)=Hy - sin(27 ft ), where, Hy is the amplitude of the stress field = (%) generated
due to the SAW; here, Gyress=1/2 - PC,max  Zmax and Zmax=y/Ci1 - p, where Ziax, C11 (202.897 x

10° Pa) and p (4.7 x 10° g/m>) are characteristic acoustic impedance, the first diagonal element

of the elasticity tensor and the density of the LiNbO3 substrate, respectively. Thus, Zny,x=9.786 x
108N-S / m? and Og,.s=1.27 x 10° Pa are obtained. Hence, the amplitude of the stress field,
Hsyress (1) 18 Hy = 306252 A/m ~ 3864 Oe.

In case of ‘s’ = 20 nm configuration, a dominant peak is observed at a 50 MHz frequency, as
depicted in Fig. 8.3. This observation implies inadequate coupling of the Surface Acoustic Wave
(SAW) at this frequency with the spin waves. Examining the FFT in Fig. 8.3, the configurations
for ‘s’ =40 nm, 60 nm, 140 nm, and 160 nm display three distinct peaks. Specifically, for ‘s’ =
40 nm, the central peak is at 650 MHz, accompanied by two subbands at 300 MHz and 950 MHz.
Similarly, ‘s’ = 60 nm is centered at 400 MHz with subbands at 300 MHz and 800 MHz. Moving
on, ‘s’ = 140 nm dominates at 500 MHz, featuring two upper subbands at 700 MHz and 1600
MHz, while ‘s’ = 160 nm is centered at 900 MHz with subbands at 600 MHz and 1000 MHz.
Among the other configurations with two peaks, ‘s’ = 80 nm has peaks at 600 MHz and 700 MHz,
‘s’ = 100 nm has peaks at 800 MHz and 1300 MHz, and ‘s’ = 120 nm exhibits peaks at 700 MHz
and 1250 MHz. Notably, the ‘s’ = 90 nm configuration stands alone at 550 MHz without any
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Figure 8.3: Variation of the power
distribution obtained from fast
Fourier Transformation (FFT) of
magnetization as a function of NW
spacing [5].
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subbands, indicating effective coupling of the SAW with the generated spin waves. Consequently,
this ‘s’ = 90 nm configuration yields an optimum synchronized output with sustained oscillation
[4]. Appearance of multiple peaks/single peak in the FFT power spectra is further explained later.

Contextually, the demagnetization energy (Egemag), the exchange energy (Eexcn) and the total
energy (Eqa1) values of the different geometrical configuration for different magnetization config-
urations (namely, multidomain state and the stable single domain state) are summarized in Table
8.1. For all geometrical configurations, the exchange energy of the initial random magnetization
state (not shown here) is three order of magnitude greater than the multidomain state and the
single domain state, which is expected as in random distribution the neighboring moments within
each NW are coupled randomly through strong exchange interaction. Since there is no external
magnetic field applied, the Zeeman energy is zero and hence not considered. Moreover, the
magnetic dipoles tend to align in a way that minimizes the overall energy of the system. This
interaction contributes to the stabilization of the aligned magnetic moments within a domain.

With the introduction of a Surface Acoustic Wave (SAW) in the longitudinal direction (x—
direction here), one can consider the magnetic interconnection between the neighboring nanowires
(NWs) as a parallel combination through dipolar coupling, akin to how electrical Spin Transfer
Oscillators (STOs) function through resistive connection. It’s crucial to emphasize the vital roles
played by demagnetization energy and exchange energy in maintaining stable magnetization oscil-
lations. Therefore, finding a suitable equilibrium or a trade off between these energy components
is imperative for these systems [4].

Each of the individual nanowire (five here) in the MMA is observed almost in single domain
state (as shown in Fig. 8.2) for the s = 90 nm configuration while the other configurations (s =
20 nm to 160 nm, other than the 90 nm configuration; not shown here) all the nanowires failed

to form such single domain state like the earlier. Throughout the study here, each of the studied
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magnetostrictive nanowires has a high aspect ratio (AR) of ~ 4.2, defined as length:width (512
nm: 120 nm), which is kept constant. We note that the demagnetization energy plays an important
role in stabilizing the domains [6, 133], which is the case in this study due to such high aspect ratio.
Therefore, the tiny spacing between the neighboring nanowires (s = 20 nm to 160 nm) comes into
the picture and determines the domain configuration. Each of the nanowires would experience the
exchange energy due to small separation between them. Hence, the demagnetization energy or

the dipole interaction (due to the high aspect ratio) competes with the exchange energy.

The separation value with a particular aspect ratio in a NW/ND array not only contributes
to the exchange energy, also it contributes to the demagnetization energy. Moreover, it is well
known that in a magnetic system domains are formed at the cost of energy. Fig. 8.4 depicts the
ratio of exchange energy (Eexch) to demagnetization energy (Edemag)s 1.€., [Eexch/Edemag], which
confirms the previous statement. In the process of forming such single domain states in each of
the nanowires, both Eexen (818.31 aJ) and Egemag (806.63 aJ) become comparable to each other.
Compared to the continuous nanowire arrays, a completely dissimilar trend for the nanodot matrix
is observed, as the ratio for single domain state and the multidomain state lies on the opposite end,
i.e., the demagnetizing energy of the single domain state is dominated by the exchange energy
while for the multi domain state the demagnetizing energy strongly dominates over the exchange
energy. However for other configurations, the exchange energy seems to be surpassed by the
demagnetization energy. Thus, such stable single domain state was not observed. Accordingly,

sustained oscillations in the magnetization responses are observe, as elucidated in the following

paragraph.
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Both the exchange energy and the demagnetization energy terms are related to the oscillations
of the magnetization with the following equations, symmetric exchange energy density, wex =
Aex. [ V(i)? = Aex. [[V (i7ix)? + V (ifiy)? + V (71;)?] (Aex, exchange stiffness constant), and the stray
field energy density or magnetostatic energy density, wq = [ ( % UoHg-M ) dV, respectively, where,
‘w’ denotes the corresponding energy density of the material [2, 133]. The total energy variation
as shown in Fig. 8.5(c) first saturates at 4.5 ns, which remain almost unaltered up to 5.5 ns and then
starts decreasing continuously. The exchange energy has perhaps a greater influence in the total
energy of the system as the demagnetization energy varies sinusoidally which is free from any
damping over the studied time span. Such sinusoidal variation of demagnetization energy might
be responsible for such stable overall magnetization oscillations. Since the single domain in each
of the nanowires has its own directions, it is imperative to check the magnetization oscillations for
each of the nanowires, as elucidated later.

Figure 8.6(a), (b), (c) show the magnetization oscillations of individual NWs (where, each
of the NWs are labeled as 1-5 in order from top to bottom as shown in Fig. 8.2(a)) along x—,
y— and z— directions, respectively. We observe that each of the NW oscillates in their own way,

however, they are synchronized to the overall magnetization. Here, [in Fig. 8.6(a)/(b)/(c)], only
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the magnetization oscillation of the NW-4 is similar to the overall magnetization oscillations of
the system, i.e., synchronized properly with the input. In this case, the relationship between the
input (surface acoustic waves) and the output (magnetization oscillations of overall system/NW-4)
follows almost a linear pattern. On the other hand, the other nanowires (namely, NW-1, 2, 3 & 5)
show drastically different magnetization oscillations. The amplitude of them increases/decreases
in a random manner, signifying the possibility of introducing frequency mixing, i.e., the inter-
action between different frequencies results in the generation of new frequencies, which are not
present in the original input. Therefore, it is worth assuming that the system hints towards the
generation of non-linear dynamics within each of the nanowires and that non-linear spin wave
behavior may introduce complexities such as higher harmonics, different mode coupling, and
frequency mixing, which might be beneficial for reservoir computing as further described in
section 8.7. Since the NW-4 is synchronized with the output possibility of its detection of the
task/signal will be the least, whereas, the possibility of its detection in the NW-3 might be the
highest. Similar scenario is observed for the nanodot array. The overall magnetization oscillation
for nanodots even does not synchronize with that of the individual arrays, as shown in Fig. 8.7.
Therefore, it might be the best for probabilistic computing. Though, the proposed MMA has the
potential for such probabilistic computing, a detailed explanation from that aspect is out of the

scope of this present study.

The power spectra obtained through Fast Fourier Transform (FFT) is depicted in Fig. 8.3.
At the 20 nm and 40 nm configurations, the dominance (as explained in Section 8.6) of intrinsic
shape anisotropy and the strength of magnetostatic interaction is notable. In these cases, the

overall demagnetization energy surpasses the exchange energy, hindering synchronization with
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the launched Surface Acoustic Wave (SAW) frequency. Consequently, incoherent magnetization
precession, intrinsic to the array, occurs within the nanomagnets. This leads to power distribution
at both lower and higher frequencies, potentially influenced by the array geometry [215].

In the case of the 20 nm configuration, with only one peak, it can be inferred that no nanowires
are synchronized with each other. The x-component of magnon power distribution (refer to Fig.
8.8(a)) illustrates that the highest power is localized predominantly between NW-3 and NW-4 at
two points (dark red region), indicating non-uniform distribution. Notably, systems tend to stay
in the lowest energy state, and the complex canted power profile in NW-3 and NW-4 suggests
that, while traveling longitudinally, the magnon path bifurcates towards the edge of the nanowire
(potentially due to the system’s exchange energy) and reunites, returning from the edge to the
middle of the nanowire (possibly due to strong dipolar interaction) to minimize the system’s
energy. Consequently, the relatively higher power (orange region) in NW-3 and NW-4 follows
a zigzag path, forming a tetrahedron shape (henceforth mentioned as, diamond shape), where
the lower power is surrounded by higher power. Other nanowires exhibit a moderate power
distribution (green-yellow region) with some lower edges (sharp blue lines in NW-1, 2, and 5)
between them, highlighting complexity in the phase profile. In general, the propagating spin
waves (here the red region; traveling longitudinally) involve a coherent movement of the phase
of the spin precession across space, while standing spin waves (here green-yellow region; almost
constant) involve a stationary pattern of spin precession.

NW-1 exhibits a phase distribution of 180° (= & rad), while NW-2 and NW-5 have a 0° phase.
This suggests that NW-2 is in phase with the input Surface Acoustic Wave (SAW), while NW-1 is
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Figure 8.8: Magnon power profile and phase distribution for ‘s’=20 nm configuration showing out of
synchronized state [5].

out of phase. A closer examination reveals alternating sharp blue edges with changes in direction.
Considering the y— direction, it is horizontally divided into two parts, i.e., the quantization number
is ny, = 2. The blue region, representing the lowest magnon power, implies an attempt to distribute
energy associated with magnon power among neighboring nanowires. Consequently, a zigzag
pattern is observed, possibly due to the coexistence of propagating spin waves and standing spin
waves (as explained earlier) preventing synchronization between neighboring nanowires along
the longitudinal direction. On the contrary, the y-component in Fig. 8.8(b) displays complex
quantization. For example, NW-1 and NW-2 are vertically divided with n, = 5 and 3, respectively,
while NW-3 and NW-4 are horizontally divided with quantization number n, = 2. Notably, NW-5
first follows a zigzag path and then divides horizontally with quantization number n, = 3. The
phase distribution of the y-component for NW-1 and NW-2 does not exhibit clear synchronization,
as they are well-separated with 7 rad and O rad. However, unlike the x-component, NW-1 and
NW-2 are in the same phase. Similar behavior is observed for NW-5 as well. However, NW-3 and

NW-4 show a random phase distribution.

In the x-component, NW-3 exhibits a tiny region with no phase (green with 0 rad) surrounded
by a —m /2 rad phase region, while in NW-4, it is a 71/2 phase region. A similar pattern is observed
for the y-component. Since the gap in both cases of phase distribution is extremely small, it
could be considered that those positions in the two NWs (NW-3 and NW-4) are synchronized.
However, such synchronization is challenging to control, as the spin wave in this case is mainly
influenced by the array geometry. In the case of the 40 nm configuration, there are three peaks in
the corresponding spectrum, indicating that at least two nanowires (NWs) are synchronized along

the x direction simultaneously, as observed in Fig. 8.9(a). For instance, NW-4 and NW-5 appear
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to be synchronized, although there is a noticeable difference in the amplitude of power between
them. Compared to the 20 nm configuration, the power of the central peak is lower, signifying
that the exchange energy dominates over the demagnetizing energy of the system this time, as
evidenced in Table 8.1. Consequently, the launching of Surface Acoustic Wave (SAW) gives rise
to new extrinsic modes.

TABLE 8.1: The demagnetization energy, exchange energy, and total energy values of the different spatial

configuration as a function of different magnetization configurations, namely, multidomain state and single
domain state.

Separation (nm) Demagnetization energy (aJ) Exchange energy (aJ) Total energy (aJ)
Multi-domain state  Single domain state Multi-domain state  Single domain state Multi-domain State  Single domain State
20 892.15 261.13 763.35 193.92 1655.55 455.05
40 1014.14 220.26 537.30 37471 1578.43 594.97
60 823.06 266.48 848.26 310.87 1671.32 571.35
80 850.15 290.80 768.28 228.09 1618.43 518.89
90 818.32 337.83 806.63 187.65 1624.94 525.47
100 1123.28 311.42 556.18 275.07 1679.46 586.49
120 1072.01 270.75 637.34 299.86 1709.34 570.61
140 937.79 262.14 696.88 296.42 1634.68 558.57
160 870.78 318.55 728.56 231.44 1599.34 549.99
Array 1022.31 238.27 521.37 393.48 1543.68 631.76

The associated phase and power profiles of the spin waves of the My and My components, at
the central peak frequency (i.e., 0.65 GHz) are shown in Fig. 8.9(a) and (b), respectively (obtained
after post-processing of the magnetization data with python). For NW-1 and 2, the power is
distributed diagonally (towards higher region) from its respective origin (lower region). The power
in NW-3 traverses along the zigzag path (and a weak diamond shape distribution), possible due to
the competition between exchange energy and the demagnetizing energy. The NW-4 and 5 show
previously explained diamond shape distribution for the x-component. In this studied nanowire
system, the quantization numbers provide insight into the distribution of power along different
directions. Notably, n, = 2 suggests a vertical quantization of power, while varying values of n,
along the horizontal direction (e.g., ny, = 4 for NW-1 and NW-2, n, = 5 for NW-4 and NW-5)
indicate different modes of power confinement. The complexity observed in NW-3, where n, is
unidentifiable due to a complex pattern, hints at intricate power distribution characteristics. The
phase profile at a specific frequency reveals a complex propagation mode of spin waves, indicative
of collective spin excitations. Particularly, at a 40 nm configuration, the power in the spin wave
is not confined to a single frequency, suggesting a broader distribution across frequencies. This
multifaceted analysis underscores the nuanced behavior of spin waves in nanowires, influenced
by their geometry and material properties, with implications for diverse frequency modes and
intricate power distribution patterns.

Now, the power profile and phase distribution for ‘s’ = 90 nm configuration along x— and

y— directions are discussed, as shown in Fig. 8.10(a)/(b), which reveals that the power at 0.55
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Figure 8.9: Magnon power profile and phase distribution for ‘s’=40 nm configuration showing partially
synchronized state [5].

GHz is evenly distributed between the five nanowires. Since the power shows almost uniform
distribution the magnon power is concentrated at this particular frequency only and as a result, a
synchronized single peak is observed in the FFT power spectra as shown in Fig. 8.3. A closure
insight reveals that the power suffers a tiny edge eftect (green-yellow region, i.e., comparatively
the lower power region) in its magnon power distribution [Fig. 8.10a], which allows the spin
wave to travel throughout the nanowire along the longitudinal direction. Since all the nanowires
are synchronized no diamond shape is observed. Accordingly, both the quantization number, 7,
and ny become 1 for this case. The phase distribution shows that the NW-1 and 2 have 7 phase
difference while the NW-2 and 3 seem to be mostly in same phase. Similarly, NW-3 and 5 have
7 phase difference compared to NW-4. As explained earlier, there exist local synchronization in
phase for some of the positions in the individual nanowires (e.g., NW-2, 3 and 5). Interestingly,
the uniform power distribution throughout the five nanowire for the y-component as shown in the
Fig. 8.10b shows quantization number n, = 1 and n, = 5. This time the edge effect appears on the
extreme left and right of the each of the nanowires. Each of the nanowires are in phase along the
y-direction. However, in each of the nanowires there is 7 phase difference between the adjacent

portions.

Now, the power distributions and phase profiles of the arrays of the nanodot matrix are consid-
ered, as shown in Fig. 8.11 where each of the elements is separated horizontally by 14 nm distance
and vertically by the optimum separation, 90 nm, at which sustained synchronized oscillations
in the nanowires are obtained. Most of the magnon power (red/brown) is distributed evenly
throughout each of the elements of the nanodot matrix, as shown in Fig. 8.11a. However, a

closure insight reveals that comparatively lower magnon power (either green/yellow or yellow-
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Figure 8.10: Magnon power profile and phase distribution for ‘s’ = 90 nm showing the synchronized state
with uniform distribution [5].

green mixture) edged along each direction (top, right, bottom and left) of the nanodots creates an
inverse tetrahedron structure. Therefore, they do not have such straight quantization numbers, 7,
or ny. However, some of the elements, e.g., E14, E15, E, En3, E4, E34, E44, E45 and Esp form a

mirrored conical pattern lacking comparatively lower powers along the top and bottom directions.

On the other hand, the phase profile exhibits significant interesting distribution. For instance,
the top (green, i.e., 0 phase) and bottom (blue, m phase) halves of the Ej;,j = 1 — 3 elements
are in same phase while E14 and E15 elements are inversely synchronized separated by tiny phase
either 7/2 (red) or —m/2 (white) phases. Similar kind of synchronization is observed for the
other arrays due to the appearance of such 7/2 (red)/— /2 (white) separation between the green
(0 phase) or blue (7 phase). Similar kind of almost evenly distributed magnon power is observed
for the y— component as well, as shown in Fig. 8.11b. Instead of the lower power distribution
along the four directions, this time, the magnon power is almost equally halved in the right and left
directions only, resulting into the quantization number, n, = 2 for each element and accordingly
the formation of the conical shapes. However, interestingly, those elements which lack lower
magnon power distributions along the x— direction on the top and bottom parts, i.e., the elements
Eva, Eis5, Ex, E23, Eog, E34, E4y, E45 and Esp exhibit a comparatively higher magnon power

distribution in any one half of the elements.

It is interesting to note that a higher value of n,/n, for the phase spectra results in a greater
displacement of magnon intensity toward the periphery of the nanowire or nanodots. This phe-
nomenon can be intuitively explained by the decrease in exchange energy. By maintaining an
expansive region surrounding the circular core (might be a ‘vortex’) with the comparatively lower

amplitude, a pronounced deviation of neighboring spins in close proximity to the vortex core is
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mitigated, consequently leading to an overall reduction in the total energy [229].

An intriguing observation is that the spin waves observed here are not propagating; instead,
they are localized at the center of each element. This localization might be attributed to the
formation of vortices, favored by the strong demagnetization energy characteristic of the multido-
main state. As the nanowires are patterned into nanodots, the demagnetization energy strongly
dominates over the exchange energy of the multidomain state. While the exchange energy of
the single domain state surpasses the demagnetization energy (as seen in Fig. 8.4), it proves
insufficient to induce the movement of the spin wave. Consequently, the stationary nature of the

spin wave is observed, primarily influenced by the matrix (nanodots) geometry.
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Figure 8.11: Magnon power profiles and phase distribution for the array configuration showing complex
synchronization state within the nanoelements of the matrix.

Power and phase profile of the spin wave show complicated spin wave distribution, i.e., the
spin wave has propagation mode as well as standing mode. The propagating spin waves are
longitudinally traversing across the continuous nanowires. Note that, instead of following an
undeviating path, it follows a zigzag track. Interestingly, along with such propagating mode,
localized edge modes as well as bullet modes appeared/co-existed on such zigzag spin wave track
(Fig. 8.11a). The edge mode appears alternatively at certain intervals, however, it fails to last
throughout the cross section, i,e., it vanishes within the middle of the nanowires. In some cases,
they formed bullet mode in the middle of the nanowire. However, a closure observation of the
power spectra on the other hand reveals that the intensity of the propagating spin wave is smaller
compared to that of the edge/bullet modes.

Additionally, since there is no direct external bias magnetic field applied in this study, the
fundamental Kittel Mode would disappear from the system, as in Kittel Mode, spins generally

precess around the external magnetic field and the frequency has a strong field dependency.
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Therefore in the absence of an external magnetic field, such studied nano-hetero-structured (NHS)
systems (magnetostrictrive materials patterned on the piezoelectric substrate) show spin preces-
sion due to the periodic sinusoidal strain caused by the surface acoustic wave, which are influenced
by the saturation magnetization, nanomagnet dimensions, separation between the neighboring
nanowires. Accordingly, those aforementioned material and system properties further determine
array parameters (namely, dipolar coupling field and demagnetizing energy). Thus, spin waves
in those systems are often defined as the intrinsic spin wave dynamics [215]. So, the spin wave
generated in such cases is due to the effective coupling between the launched SAW and the gener-
ated SW. Therefore, whenever any other frequencies are obtained other than the SAW frequency
(here 550 MHz) there might be dependency of some other parameters, e.g., demagnetizing energy
and exchange energy [4, 20, 215]. In fact the competition between such different energies play a
crucial role in stabilizing the multidomain from the initial random magnetization state to a single
domain state and subsequently, magnetization oscillation within the nanomagnet. Absence of
fundamental Kirtel mode leads to the frequency locking state of the MMA as explained in the

following section 8.4.

8.4 Frequency Locking at Optimum Separation for effective

synchronization

Injection locked studies within the electrically tunable spin torque oscillators (STOs) are usually
performed to measure the mutually synchronized response of STOs to an external radio-frequency
(rf) signal. Typically, during the injection locking experiments, an rf current (/) in addition to
the optimized external bias electric current (I;.) is passed through the coupled oscillators, where
the frequency of the /.7 is fixed at the resonance frequency/peak frequency [230]. As mentioned

earlier, the MMAs do not require any external bias alternating magnetic field, the working prin-
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ciple of the MMA differs compared to the aforementioned electrically tunable STOs, accordingly
giving rise to the occurrence of a different injection locking phenomena here; this could be
ascribed as frequency locking. Recently, it is experimentally observed that the SAW frequency
could be manipulated in the piezoelectric substrate/magnetostrictive nano-matrix hetero-structure
by applying an ultrashort laser pulse [231, 232], which necessarily modulates the precessional
dynamics and accordingly the phonon-magnon coupling (SAW-SW interaction) [223]. We have
considered to perform the frequency locking response study by adding an additional external
sine pulse with different frequencies varied between 1 — 500 GHz to the mutually synchronized
frequency (i.e., 0.55 GH?z) at the optimum configuration as shown in Fig. 8.12. Following that, the
discussed frequency locking states of the MMA configured with 90 nm configuration have been
studied.
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The power distribution of the injection locked MMAs with different frequencies reveals an
almost constant omnidirectional synchronized peak at ~ 0.55 GHz (f§yn.) as depicted in Fig. 8.13
(a), (b), (c), respectively. Hence, that fiy,. peak might be intrinsic to the optimized geometry
configuration [223, 233]. However, the power of the resonance frequencies follows the similar
order, Py > Py > Pz, where, Py, Py, Pz are the obtained power of the resonance frequencies
from the corresponding FFT of My, My, Mz, respectively. It is important to mention again that
these MMA operates without the requirement of any external alternating bias magnetic field,
which appears due to the absence of the fundamental Kittel mode in the MMA. Moreover, the
array geometry parameters or the material parameters remain constant at the optimized 90 nm
configuration, which might be responsible for establishing the frequency locking states between
the neighbor nanowires in the MMA. Due to the frequency locking state the overall locking
range gets enhanced (1-500 GHz) for the synchronized MMA as compared to the individual
nanowire (0.5 GHz). Interestingly, auto-oscillations of the mutually synchronized states remain

uninterrupted over the whole frequency range. However, a longer time of simulation is required
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in confirming the stability of the frequency-locking state.

8.5 Time-domain stability of MMA

Now, the time-domain stability of the frequency-locked synchronized MMA was examine. Figure
8.14(a), (¢) and (e) show the oscillations of the calculated magnetizations along x—, y—, z—,
respectively, over the 20 ns and 50 ns stable time-domain trace for the optimized configuration of
the MMA. The corresponding FFT of the calculated oscillations of the magnetizations has been
performed in order to calculate the resonance frequency (fyne) of the signal, which is shown in
Fig. 8.14 (b), (d) and (f). It is observed that over the longer time span the oscillations (in every
direction) become more stable compared to that in the shorter span. Moreover, the power of the
50 ns oscillation (in every direction) increases significantly. Since the MMA does not depend on
any external alternating bias magnetic field, an increased power along every direction have been

achieved independently.
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Therefore, this present investigation offers a quite better energy efficient external bias field free

performance over the conventional electronic devices. Moreover, when these structures emit the
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electromagnetic radiation into the surrounding space that could be captured by a horn antenna [20]
and could be used in other applications as well, such as, energy harvesting. While the microwave
applications is the outcome of the phonon-magnon interaction, the following photon emission
(EM wave radiation) induced by phonon-magnon coupling would be beneficial for wireless energy
harvesting due to abundance of Wi-Fi, mobile, and other communication signals.

It’s noteworthy to highlight that the observed alteration in domain wall motion induced by
Surface Acoustic Waves (SAW) holds promise for applications in wireless energy harvesting,
particularly beneficial for power-intensive Internet of Things (IoT) devices [220]. Another crucial
aspect of this present investigation is the nonvolatility of the SAW-engineered single domain state
(not shown here). The single domain nanomagnets maintain their state persistently until reset by
either stress application or the application of a robust external magnetic field to revert to the initial
multidomain state. This nonvolatility presents opportunities for energy-efficient logic applications
and low-power computing [221], although this aspect is beyond the current scope of this present

study.

8.6 Static Magnetic Study

The preceding sections comprehensively elucidate the spin wave power-phase distribution/synchr-
onization properties within the nanowires of the MMA under bias field-free conditions. However,
investigating into its fundamental static properties in the presence of an external magnetic field is
worthwhile, as it may uncover potential applications for other magnetoelectronic devices [234].
Moreover, it is well known that switching mechanism is very sensitive to the thickness to width
ratio of the nanowires. While the thickness is < 40 nm, previously for a patterned NiggFenq
nanowires, it was reported that coherent spin rotation dominates in the reversal mechanism [235].
So, additional simulations were conducted to analyze the hysteresis loop under two conditions: (i)
before applying the SAW [Fig. 8.15(a)-(d)] and (ii) after applying the SAW [Fig. 8.15(e)-(h)]. All
MMA configurations, namely, 20 nm, 90 nm, 160 nm, and the nanodot array, are initially saturated
by applying an external magnetic field of magnitude 3 T (= 30000 Oe). Subsequently, the
hysteresis loops are simulated. It is noteworthy that, for the first condition (where the multidomain
state is formed before the application of SAW), the magnetic field is applied along the transverse
(i.e., y—) direction, and for the second condition, i.e., where the multidomain state transitions
to the single domain state after the application of SAW, the magnetic field is applied along the
longitudinal (i.e., x—) direction.

A significant contrast is evident in the simulated hysteresis loops before and after the ap-

plication of Surface Acoustic Wave (SAW) conditions. First, considering the conditions before
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Figure 8.15: Simulated hysteresis loops of 20 nm, 90 nm, 160 nm separated NWs (a)-(c) and the nanodots
(d) before applying the SAW along transverse (y—) direction, while the same for the same configurations,
(e)-(h) after the application of the SAW along longitudinal (x—) direction [5].

applying SAW, the hysteresis loops of the 20 nm [Fig. 8.15(a)], 90 nm [Fig. 8.15(b)], and 160
nm [Fig. 8.15(c)] configurations exhibit a negligible coercive field (S-type), indicating that the
y-axis serves as the easy axis for these nanowires. However, when the nanowires are patterned
into nanodots, the hysteresis loop becomes rectangular [Fig. 8.15(d)], with a comparatively larger
coercive field of approximately 230 Oe. In this case, an almost rectangular hysteresis loop is
observed, marked by a sharp drop in magnetization at an external field of —230 Oe.

The observed drastic variation in hysteresis loops could be attributed to demagnetizing energy
or dipolar magnetic coupling. The overall demagnetization energy values summarized in Table
4.1 reveal comparable values for some nanowire configurations and the nanodot configuration.
Interestingly, the hysteresis loops confirm that the overall value alone does not contribute signif-
icantly to the phenomenon; instead, its spatial distribution plays a crucial role in complex spin
wave distribution. Given the studied film thickness of 40 nm, it is reasonable to assume that a
coherent magnetization rotation reversal mode mechanism takes place, leading to the observed
hysteresis loop for patterned nanodot arrays.

After the application of SAW conditions, the hysteresis loops for 20 nm, 90 nm, and 160
nm configurations are drastically different from that of the nanodot array. The 20 nm and 90
nm configurations exhibit a step in the hysteresis loop, while the 160 nm configuration shows
a quasi-rectangular hysteresis loop. All of them display a comparatively larger coercive field.
Nevertheless, the nanodot array now changes to an almost zero coercivity hysteresis loop with
negligible remanence, as shown in Fig. 8.15(h). Notably, all nanowire dimensions (length = 512

nm, width = 120 nm, and thickness = 40 nm) are greater than the exchange length (3.82 nm,
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as calculated earlier) of FeGa. Therefore, deviations from uniform magnetization are expected.
Since the thickness-to-width ratio (40/120 = 0.33) is < 0.5, no reversal mode would be present in
the system [236, 237]. The origin of such a hysteresis loop for square nanodots can be elucidated
from the perspective of domain formation, as explained below.

(a)
= +ve —-ve [Nano-dots]

- -ve —+ve [Nano-dots]
05

1.0

R |

Leaf

0.0}

M, /Mg (arb. units)

0.1 0.0 0.1
Applied Magnetic Field (T)
(f)

Figure 8.16: Magnified (for field range 0.1 T) simulated hysteresis loop for the square nanodot matrices
after applying the SAW along longitudinal (x—) direction, where ‘A’-‘H’ signifying the different position
of magnetic field which are shown in (b)-(i), respectively. ‘Flower’ (parallel to the longitudinal axis),
‘Leaf’ (domains parallel to the diagonal of the nanodots), ‘Vortex” (flux closure of the magnetization) are
highlighted to signify different domain states originated in the square nanodot matrix [5].

Figure 8.16(a) displays the magnified hysteresis loop (£0.1 T, magnetization saturation al-
ready occurs at this field) for the square nanodots matrix, while Figs. 8.16(b)-(h) illustrate
various magnetic domain configurations corresponding to different magnetic field values along
the hysteresis loop. The blue curve with square dots represents the field variation from 40.1 T to
—0.1 T, while the orange curve with circular dots depicts the field reversal from —0.1 T to +0.1 T.
Previous studies have indicated that exchange and demagnetization energy play a more crucial role
than anisotropy energy in stabilizing domains [238]. In this context, the domain configurations
primarily consist of different orientations, namely the ‘Flower’, ‘Leaf’, and ‘Vortex’ states [238],
highlighted in Fig. 8.16(b) and 8.16(c).

When the domains are parallel to the longitudinal axis, they are referred to as the ‘flower’

Chapter 8. Tunability of Magnon Power-Phase Distribution for Reservoir Computing 157



A. Samanta Nanostructured Magnetic Materials for Integrated Magnonic Devices

state, while those parallel to the diagonal are known as the ‘leaf’ state. For ‘vortex’ states, the
domains are arranged in magnetization flux closure states. Typically, a significant difference
between magnetostatic energy and exchange energy is observed for a flower state and a leaf state
[238], with magnetostatic energy considered dominant over the exchange energy. However, a less
variation in exchange and magnetostatic energy is observed for a vortex state. Subsequent sections

elucidate the different domain states formed at varying applied magnetic fields.

Figure 8.16(b) illustrates a mixture of domain states at the +0.1 T applied magnetic field
(position ‘A’ in Fig. 8.16(a)), where both leaf and flower states coexist. As the field is reduced
to +0.03 T after remanence, the leaf and flower states begin to transition toward vortex states
[position ‘B’; Fig. 8.16(c)]. The E5 and E»5 elements indicate the formation of ‘S’-type domains,
which can be considered a pre-vortex state at that field. When the magnetic field is further reduced
to —0.08 T, the domain configuration of position ‘C’ in Fig. 8.16(d) shows that the leaf states
change their orientation, attempting to align themselves with the direction of the applied magnetic
field. However, this field is insufficient to orient the vortex states into either leaf or flower states.
All domains fully convert to a mixed leaf and flower state, where the states (position ‘D’) align
in the reversed field direction, as depicted in Fig. 8.16(e), towards the opposite direction of the
domains in Fig. 8.16(b).

Now, if the opposite direction is considered, i.e., when the field is reversed from —0.1 T to
+0.1 T. As the field increases to —0.04 T, the domain configuration (position ‘E’) in Fig. 8.16(f)
shows a coexistence of vortex and flower states. vortex states are generated on the edge elements,
while /eaf states lie in the middle elements. Upon further increasing the field to —0.03 T, the
domain configuration (position ‘F’) in Fig. 8.16(g) reveals that vortex states are generated within
each of the elements. As the field is further increased to +0.04 T, the domain configuration
(position ‘G’) in Fig. 8.16(h) shows that vortex states remain in the vortex state. However, a
closer look reveals that they now try to orient towards the positive side of the applied magnetic
field. This subtle variation can be identified by the element color distribution; vortex states in
position ‘F” were inclined towards the negative direction (identified by its mostly bluish nature),
whereas vortex states in ‘G’ are aligned towards the positive direction (identified by its strong

reddish nature).

Before saturation, the domain state of position ‘H’ in Fig. 8.16(i) shows that leaf states
are now coexisting with the vortex states. When the matrix is fully saturated with a +0.1 T
magnetic field, the domain configurations again become similar to that of Fig. 8.16(b). On the
contrary, for continuous nanowires are mostly formed with flower state (not shown here) thus
signifying the dominance of magnetostatic energy contribution over the exchange energy. Since

these complex mixtures of domain states (flower, leaf, vortex) are formed in the square nanodots
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array, it is crucial to note that the energies are distributed throughout the elements in a similarly
complex fashion. Since external applied bias magnetic fields can switch between different states
it introduces tunability in domain states at the cost of external bias magnetic fields. Now, the
following section 8.7 elucidates the opportunity to utilize these MMA in the prospect of reservoir
computing [227, 228].

8.7 Prospects of Reservoir Computing

Initially, the nonvolatility of the domains under bias-field free condition was explored in section
8.3. Subsequently,the nonlinear behaviour for all the configurations (except the 90 nm configu-
ration) were explored , where the output frequencies deviate from the input frequency. Notably,
the 90 nm configuration exhibited the linear behaviour, synchronizing the output with the input
frequency. The associated rich spin wave power-phase profiles revealed the intricate complex
behaviour in phase space with higher 7, or ny, as explained.

On the other hand, the preceding section 8.6 uncovered the potential to tune the domains within
the nanowires/nanodots in presence of an external bias magnetic field. Hence, the same SAW

excitation treatment should preserve the altered domain configuration of an external magnetic
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Figure 8.17: Illustration of reservoir computing to handle the amplitude variation (from A; to A,) at
the constant input frequency (f). I;_, are the inputs to the magnon reservoir with the different sets of
nanowires/nanodots array configurations (e.g., I to X are such nine arrays). The reservoir yield the results
into different outputs, O1_9 and subsequently, categorized into different classes, C1_, depending upon the
results [5].
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field induced domain. However, a distinct power-phase behaviour is expected to occur due to the
modifications induced by the external bias magnetic field. Moreover, it is note that the external

bias magnetic field influences the operating oscillation frequency following the well-known Kittel

formula, f = \/ Hgys - (Hepy +47Ms,, ). This establishes the foundation for reservoir computing
by generating different frequencies (say, fi and f») at varying H,,; values, thus facilitating signal
mapping in high-dimensional phase space, a fundamental aspect of reservoir computing [38].
Therefore, the MMA could be beneficial for reservoir computing as per the approach where
individual frequencies are provided to the input [38, 226].

While the ability to tune domains exists in the presence of external bias magnetic fields and
subsequently the frequencies, the primary approach revolves around bias field-free conditions.
Here, an alternate approach has been propose to perform the reservoir computing as illustrated in
the schematic in Fig. 8.17. A frequency dependent vowel recognition study by coupled spin torque
oscillators (STNOs) array [239] has been introduced recently. However, in reality while speaking,
not only the frequency, but also the amplitude of vowels varies based on each individual person.
Hence, a different perspective is proposed, where the required magnon reservoir assembly is
placed in such a way that it could handle the amplitude variation at the operating frequency. Here,
L, I ... I, are the inputs to the magnon reservoir with the different sets of nanowires/nanodots
array configurations (e.g., I to IX represent such nine array combinations) operating at the same
frequency (f) while its amplitude varies from A; to A,. The reservoir yield the results into
different outputs, O1, O, ... O, and subsequently, categorised into different classes, Cy, C; ...
C, depending upon the results. Therefore, this present approach offers further advancement over
the prior work in understanding the concept of reservoir computing. A comprehensive study of

reservoir computing based on MMA will be presented in future work.

8.8 Stress Induced Frequency Tuning

In the previous section, it was demonstrated that an additional external sine pulse fails to disrupt
synchronization and frequency tunability. However, by keeping the input frequency constant and
varying the stress value, it was observed that the frequency-locked state disappears, allowing
for tunability and introducing non-linearity into the system. Notably, since MUMAX> does not
directly incorporate stress, stress has been modeled as a function of the anisotropy value. The
stress-induced variations in magnetization oscillation and the corresponding frequency distribu-
tion are shown in Figure 8.18(a) and (b), respectively. Values of K = 100,300, 600, 800,900, 1000
reveal proper synchronized sinusoidal oscillation, while values of K = 200,400, 500, 700 exhibit

disrupted synchronization and introduce inherent non-linearity into the system. We further ex-
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Figure 8.18: Variation of (a) magnetization oscillation and (b) its corresponding frequency as a function of
applied stress [3].

plored the synchronization behavior by performing the FFT of the magnetization oscillation. The
frequency spectra revealed five distinct regions: I (from O to 0.75 GHz), II (from 0.8 to 1.5 GHz),
Il (from 2.3 to 3.5 GHz), IV (from 3.5 to 4.0 GHz), and V (from 4.2 to 5.0 GHz), as highlighted
in Figure 8.18(b). Most operating frequencies lie in region I, where the highest FFT amplitude
is observed. A closer insight to the region I reveals that the frequency decreases with increasing
stress. Region IV exhibits similar frequency tunability. However, regions /I and V show con-
trasting behavior, indicating synchronization in the system. Notably, for K = 200,400, 500,700,
the operating frequency shifts to region /1. Region /11 displays irregularity; for instance, K = 200
shows higher amplitude and different behavior compared to the others. Therefore, this stress
variation offers simultaneous frequency synchronization and tunability, which is advantageous for

reservoir computing.

Tunability of hyper parameters in the software-based machine learning is capable of perform-
ing different computational tasks. However, the ‘physical’ reservoir computing schemes lack

such critical functionality, which utilizes nonlinear and history-dependent responses of physical

Chapter 8. Tunability of Magnon Power-Phase Distribution for Reservoir Computing 161



A. Samanta Nanostructured Magnetic Materials for Integrated Magnonic Devices

systems for data processing. Here, it is proposed to utilize the complex nonlinearities present in
the modulated spin waves, generated out of the synchronization and desynchronization behaviour
within the different nanowires/nanodots matrices. The required functional tunability could po-
tentially be addressed with amplitude dependent training of different combination of NWs/NDs
parameters, such as NWs/NDs dimensions, topologies, material parameters and array matrices.
Additionally, the combination of complex nonlinear magnon power-phase distributions can poten-
tially be leveraged in reconfiguration of the key reservoir properties, such as nonlinearity, memory
capacity, and complexity that would be capable of optimizing the computational performance

across a diverse task set.

8.9 Conclusion

In conclusion, this present investigation focused on the power and phase profiles of spin waves
within magnetostrictive nanowires (NWs) forming a nano-patterned “Magnon Microwave An-
tenna” (MMA) on a piezoelectric substrate under bias-field free conditions. In order to stimulate
the magnetization precession within the NWs, surface acoustic waves (SAW) onto the piezo-
electric substrate were launched. The power-phase analysis revealed complex quantization num-
bers for various NW configurations, indicating intricate synchronization processes within the
nanowires/nanodots. The ability to control and manipulate spin waves at both power and phase
levels is pivotal for practical applications. Notably, the MMA, operating without an external bias
magnetic field, lacks the fundamental Kittel mode, enabling the establishment of a frequency-
locking state up to 500 GHz. This frequency-locked MMA demonstrated high stability in the time
domain over an 80 ns simulation time span. Static magnetic studies unveiled square hysteresis
loops or stepped hysteresis loops under different conditions (pre and post SAW application). The
subsequent domain analysis confirmed the generation of three distinct domain states — flower,
leaf, and vortex states — in the square nanodot array. Moreover, it demonstrated that the non-
volatile domains generated under bias-field free conditions could be tuned by applying an external
magnetic field, presenting an opportunity for cutting-edge magnonic applications. Furthermore,
an alternative approach has been introduced for on-chip reservoir computing operating at the same
frequency with varying amplitude. This innovative structure not only underscores the flexibility
for further miniaturization of existing device sizes but also represents a noteworthy contribution
to the evolving landscape of spintronics applications and development of energy-efficient and

multifunctional magnonic devices.
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Conclusions

In this thesis, various aspects of nano-hetero-structured transverse exchange spring (ES) amor-
phous/nanocrystalline magnetic thin films fabricated using the conventional DC electrodeposition
technique have been investigated. These studies focused on fabricating and understanding the
magnetic properties, dynamic behaviour, and practical applications of these films. The research
presented here provides significant insights and opens new avenues for future spintronic and
magnonic devices. We have successfully fabricated optically smooth, nano-hetero-structured,
amorphous-nanocrystalline CoP thin films at room temperature using the electrodeposition tech-
nique.

Through careful control of hydrogen evolution within the system, we achieved the “in situ”
formation of transverse exchange spring (ES) structures from a single starting material. The nano-
hetero-structured nature of the films was confirmed using XRD, TEM, and FFT of TEM. The
quasi-static magnetic properties of these CoP thin films were characterized by magnetic stripe
domains at remanence, observed through MFM and hysteresis loop measurements. The presence
of out-of-plane (OOP) anisotropy was confirmed by MFM, FORC measurements, and micro-
magnetic simulations. These studies revealed that the thickness of the nano-hetero-structures
significantly influences the nature of the hysteresis in such films, demonstrating an increase in
coercivity and energy product in ES and EC structures. This opens the door to modifying bulk
magnetic properties in single ferromagnetic thin films, providing a scalable and cost-effective
approach for advanced magnetic materials.

The time-resolved spin dynamics in the CoP alloy films were investigated using all-optical TR-
MOKE magnetometry. This study explored the anisotropy in magnetization precession, damping,
and ultrafast demagnetization concerning the in-plane magnetization orientation. The magne-
tization precession frequency exhibited a strong two-fold anisotropy superposed with a weaker

four-fold anisotropy, while the Gilbert damping followed a four-fold anisotropic nature. These

163



A. Samanta Nanostructured Magnetic Materials for Integrated Magnonic Devices

anisotropic behaviours were attributed to variations in spin-orbit coupling (SOC) at equilibrium
and the presence of multiple modes causing mutual dephasing of precession. The ultrafast de-
magnetization time was found to be nearly invariant with the in-plane magnetization orientation,
indicating a negligible role of anisotropic SOC in highly non-equilibrium states post-laser excita-
tion.

For cutting-edge applications, we investigated the tripartite coupling between phonons (SAW),
magnons (SW), and photons (EM waves) in ultra-compact SW-dependent “Magnon Microwave
Antenna” (MMA). Developed with magnetostrictive nanowires (NWs) on a piezoelectric sub-
strate, this system demonstrated the ability to generate microwaves with tunable frequencies. The
power-phase analysis of spin waves within the NWs revealed complex synchronization processes
and indicated the potential for bias-field-free operation with frequency locking up to 500 GHz.
Static magnetic studies revealed distinct domain states (flower, leaf, and vortex) in the square
nanodot array, and these non-volatile domains could be tuned by applying an external magnetic
field. This ability to control and manipulate spin waves and domain states at both power and
phase levels is crucial for practical applications in magnonic devices. Furthermore, we proposed
an alternative approach for on-chip reservoir computing introducing amplitude dependent training,
highlighting the flexibility for miniaturizing existing devices and contributing to the development
of energy-efficient and multifunctional magnonic devices.

In conclusion, our comprehensive study has demonstrated the fabrication, characterization,
and application potential of nano-hetero-structured amorphous-nanocrystalline CoP thin films. By
investigating both static and dynamic magnetic properties and exploring advanced applications
in spintronics and magnonics, this work provides a robust foundation for future research and
development in these fields. The novel approaches and findings presented here underscore the
potential of these materials for next-generation recording media, spintronic devices, and energy-

efficient magnonic applications.
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Future Work

The future work aims to further understand the dynamic and static magnetic properties of ex-
change spring systems and nano-modulated magnetic thin films. This will involve several experi-
mental and simulation based approaches.

First, systematic angle dependent Brillouin Light Scattering (BLS) will be employed to ob-
serve the frequency response with different angles of incidence, ranging from in-plane to out-of-
plane orientations. This study would aim to investigate deviations from the Kittel like curve, as
the Kittel formula is expected to be violated or require modification with proper approximations
for exchange spring systems due to the complex interplay of exchange interactions and anisotropy.

Second, polar time-resolved magneto-optical Kerr effect (TRMOKE) measurements will be
conducted to explore the effects of canted states on magnetization dynamics. This will include
magnetic field dependent TRMOKE study beyond saturation magnetization to observe the pres-
ence of magnetization precession. Additionally, the dependence of magnetic field on the frequency
and amplitude of precession will be studied, with the parameters extracted from fitted curves.

Lastly, micromagnetic simulations using MUMAX> will be carried out to model the behaviour
of the magnetic thin films. Micromagnetic simulations are crucial for understanding the magnetic
properties at the nanoscale and can complement experimental observations. The following Figure
10.1 exhibits some of the proposed designs to incorporate nonlinearity in magnon power-phase
distributions in order to not only miniaturize the overall device but also make the MMA compatible
for reservoir computing. Future simulations will cover several key areas such as simulating the
hysteresis loop of the films to understand the magnetic reversal processes and coercivity in nano-
modulated cobalt based films and its derivatives. This will provide insights into the energy barriers
and stability of different magnetic states. At different stages of magnetization, the macrospin
configurations to identify the formation and evolution of magnetic domains and vortices will

be examined. This will help us understand the interplay between exchange interactions and
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Figure 10.1: Several proposed design of nanostructured MMA to incorporate further nonlineaity in magnon
power-phase distribution, which would eventually make the MMA compatible for reservouir computing.
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anisotropy in these complex systems. Moreover, the simulations will help further to investigate the
angle dependence of the magnetostatic energy in the films. By modulating the nanostructure and
orientation, we could aim to understand how the energy landscape changes and how this affects
the magnetic properties and stability of the films.

These combined experimental and simulation studies will provide a comprehensive under-
standing of the magnetic behaviour of nano-hetero-structured films. The insights gained will
be crucial for developing next-generation spintronic and magnonic devices, offering enhanced
performance and new functionalities. This research will pave the way for innovative applications

in data storage, magnetic sensing, and energy-efficient computing technologies.
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