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Abstract
In Part I of this topical review, we discussed dynamical phenomena in nanomagnets, focusing
primarily on magnetization reversal with an eye to digital applications. In this part, we address
mostly wave-like phenomena in nanomagnets, with emphasis on spin waves in myriad
nanomagnetic systems and methods of controlling magnetization dynamics in nanomagnet
arrays which may have analog applications. We conclude with a discussion of some interesting
spintronic phenomena that undergird the rich physics exhibited by nanomagnet assemblies.

Keywords: nanomagnetism, applications of nanomagnets, magnetization dynamics, external
control of magnetization processes, spin waves, spintronics

(Some figures may appear in colour only in the online journal)

1. Introduction

The much-feared impending demise of Moore’s law that has
guided the electronics industry for the last seven decades has
stimulated research into encoding information in alternate
state variables, such as an electron’s or hole’s spin degree of
freedom, instead of the charge degree of freedom. This has
spawned the field of spintronics where information is stored,
processed, sensed, and communicated with the aid of an
electron’s or a hole’s spin. Among various alternative ideas of
non-Boolean algebra in spintronics, wave-based or quasi-
particle-based information and computation technology has
emerged as one of the most promising ideas. In this regard,
spin waves (SWs) [1], i.e. collective dynamics of electron
spins coupled by exchange and dipolar interaction in ordered

magnetic materials, have emerged. The SWs can encode
information by using their wave properties, e.g. frequency,
phase, amplitude, and polarization, without the requirement of
any translational motion of charge particles causing current
flow, and thus can significantly reduce energy consumption.
The quasiparticles associated with SWs are known as mag-
nons. Magnonics, which deals with SWs or magnons, is a
young and rapidly evolving research field [2–5]. Interestingly,
SWs can have a wide range of frequencies from few Giga-
hertz to few Terahertz with corresponding wavelengths
extending from few tens of micrometer down to few tens of
nanometer [6–10]. The SW properties are not only deter-
mined by the structural and material parameters of the con-
stituent magnetic materials, but also by their static magnetic
configuration which is sensitive to an external bias magnetic
field. Moreover, various types of interactions such as mag-
netostatic, symmetric and asymmetric exchange, anisotropies,
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etc also actively control the SW properties. The crucial
advantage is that SWs in magnonic devices are easily
reconfigurable unlike information carriers in photonic or
phononic devices.

Aided by the understanding of SW properties in various
magnetic nanostructures [11–26], research on magnonics in
the last decade also focused on various technical issues
related to device applications [27–33]. Initially, the study of
SW properties was performed mainly on magnetic films with
thicknesses around hundreds of nanometers [34]. With sig-
nificant advancement of thin film deposition and nanofabri-
cation technology, the investigation of SW properties in
various types of confined magnetic structures such as magn-
etic thin films and their heterostructures [6, 35–37], magnetic
nanodots [11, 14, 38], connected nanomagnets [18, 21],
stripes [15–17], antidots [24, 25], nanowires [16, 26], nano-
particles [22, 23] etc have become possible. Nanomagnets can
be the potential testbeds to investigate the properties of SWs
not only to probe their fundamental behavior, but also to
explore their huge potential for applications in future spin-
tronic devices [39–42]. In fact, nanomagnets come with extra
‘knobs’ to control static magnetic configuration via tuning of
their shapes, sizes, aspect ratios, and geometrical arrangement
into arrays. Hence, the SW properties, which strongly depend
upon the ground state magnetic configurations (microstates),
can be easily tailored just by altering the geometry and
physical arrangement of the nanomagnets.

Some of the major technical challenges for the devel-
opment of magnonic devices are to find efficient ways for
excitation, manipulation, control and detection of SWs. The
method should preferably consume low power and must be
compatible with high-speed nanoscale microwave devices.
The relativistic spin–orbit coupling (SOC), which couples
electronic spins with its orbital motion, can serve this pur-
pose. An external perturbation, e.g. electric field, can control
the spins through SOC. With significant advancements in thin
film deposition and nanofabrication technology, a number of
SOC mediated physical phenomena have been explored at the
surfaces and interfaces [43] of thin films, such as perpend-
icular magnetic anisotropy (PMA) [44, 45], interfacial
Dzyaloshinskii–Moriya interaction (DMI) [46–48], Rashba
spin–orbit coupling (RSOC) [49, 50] and interfacial damping
[51]. All these phenomena have proved to be very efficient for
developing all-electric field controlled magnonic devices
based on ultrathin ferromagnetic heterostructures.

Apart from magnonics, nanomagnets also have applica-
tions in other fields of spintronics. It is well known that
magnetism arises from the quantum mechanical spin degree
of freedom of charge carriers and nuclei in a solid. A single
domain nanomagnet, consisting of ∼104 electron spins,
behaves like one single giant classical spin in which all the
spins together rotate coherently in unison when the magne-
tization rotates [52]. Consequently, nanomagnets can exhibit
some interesting spintronic effects directly related to device
applications. In fact, spintronics, or spin electronics, is a
multidisciplinary research field that deals with the invest-
igation of spin properties; control and manipulation of spins
in solid state devices in order to perform myriad tasks such as

computing, information storage, communication, sensing and
so on. The gamut of spintronics spans such disparate topics as
nitrogen-vacancy (NV) centres in diamonds to act as spin
qubits [53], topological spin textures [54], spin based classical
computing [55], SW-based information processing [56], spin
transistors [57, 58], spin batteries [59–61], spintronic photo-
detectors [62], spin current generation [63], spin transport
[64] and spin dynamics in macroscale systems [65]. Among
them the generation of spin polarized current, spin relaxation
and spin detection are three major tasks in modern spin-
tronics, and they often involve nanomagnets. When spin
currents are injected into the nanomagnets, they can effec-
tively generate and/or modulate the dynamic behavior of the
magnetization leading to many spintronic devices such as
microwave generator, SW amplifier, attenuator, nano-oscil-
lator, etc.

In this second part of the topical review, we discuss
various aspects of magnetization dynamics in both interacting
and non-interacting ensembles of nanomagnets. This part is
arranged in the following way. After a brief introduction of
the topic, we discuss various potential methods for the exci-
tation of SWs and their detection, in addition to their
advantages and disadvantages. Then, we review some
groundbreaking works on the investigation of SWs in various
confined magnetic media such as single nanomagnet, one-
dimensional (1D) and two-dimensional (2D) arrays of nano-
magnets, and connected nanomagnets. We present the dis-
persion relations of SWs in nanomagnet arrays calculated by
the plane wave method (PWM) and also discuss the effects of
geometrical parameters on the SW properties in nanomagnet
arrays. This is followed by a discussion on the control of
nanomagnet dynamics by an external magnetic field and/or
an electric field. Subsequently, we discuss spintronic effects
on nanomagnet dynamics. In particular we discuss the
established methods for spin current generation, magnetore-
sistance, spin current induced torques and mechanical torque
on spins. This part of the topical review is concluded with
future perspectives and various challenges in this field of
research.

2. Experimental methods for exciting and detecting
magnetization dynamics in nanomagnets

2.1. Experimental techniques for exciting magnetization
dynamics

There are several ways to excite precessional magnetization
dynamics in nanomagnets and their arrays. Radio-frequency
(RF) Oersted field is one very popular method. For this pur-
pose, coplanar waveguides (CPWs) are fabricated on top of
the nanostructures and the RF current induced Oersted field is
employed to excite ferromagnetic resonance (FMR)
(figure 1(a)) [66]. In some cases, nanostructures are fabricated
between the signal and ground lines of a CPW. Conventional
microstrip antennae are also used for exciting FMR and SWs
(figure 1(b)) [67]. The Oersted field induced by a microwave
current passing through a microstrip antenna can couple with
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the SW modes and excite propagating SWs. In some cases,
arrays of nanomagnets and thin films are directly deposited on
a wide metal strip line for exciting magnetization dynamics
(figure 1(c)) [68]. The FMR technique is a robust method to
characterize the dynamic properties of nanostructured magn-
etic materials [69]. Here, magnetic materials are placed inside
a microwave cavity having a single resonant frequency with
high quality (Q)-factor. When the applied bias magnetic field
satisfies the resonant condition, the FMR of the magnetic
materials under study is excited, and the absorption of
microwave power in the cavity reaches a peak. The absorp-
tion is measured as a function of the bias magnetic field and
typically exhibits a Lorentzian line shape, from whose line-
width, one can obtain information about the damping or loss
in the magnetic material [70].

Dynamical properties of magnetic materials are often
measured with a pulsed inductive microwave magnetometer
(PIMM), which utilizes CPW as a source of fast magnetic
field pulses provided by a pulse generator, and also an
inductive flux sensor which can measure the fast pulse data
using a digital sampling oscilloscope (figure 1(d)) [69, 75].
Oersted fields are not suitable for nanostructured devices
owing to their spatially non-localized nature which precludes
addressing individual devices. However, there are some

special techniques, which enable spatially uniform global
microwave Oersted fields to excite shorter wavelength SWs
which are more compatible with nanomagnets. For instance,
naturally or artificially created magnetic nonuniformities on a
thin film can be employed to excite short wavelength SWs.
The FMR of a magnetic nanorod placed on top of a magnetic
thin film can create localized dynamic dipolar field which can
also be employed to excite short wavelength SWs. [76].
Furthermore, short wavelength SWs can be excited from the
smooth interfaces between two magnetic films [77]. Spin
current induced torques (spin transfer torque (STT)/spin–
orbit torque (SOT)) are another potential method for exciting
magnetization dynamics in nanostructured magnetic elements
[71]. For exciting FMR using STT, one patterns the magnetic
material into sub-micrometre sized elements, or injects the
spin current from a sub-micrometre sized nanocontact. By
changing the sample geometry, it is also possible to create
pure spin current and excite FMR in magnetic thin films by
SOT (figure 1(f)) [72]. The key advantages of exciting FMR
with STT and SOT are that local excitations are possible and
the excited FMR can also be amplified [78]. However, all the
above-mentioned charge current induced methods dissipate
considerable amount of power owing to inherent Joule heat-
ing. Irradiation with a femtosecond pulsed laser beam is yet

Figure 1. (a) Schematic diagram shows SW excitation by radio frequency (RF) Oersted field. A RF current is passed through a microwave
antenna to generate spatially nonuniform RF Oersted field, which then inductively couples to the SWs having frequency (ω) same as the RF
current. (b) Schematic diagram of a device for the excitation of SWs by microstrip antennae. The excited SWs can be probed by optical
means, e.g. Brillouin light spectroscopy (BLS). Reprinted (figure) with permission from [67], Copyright (2008) by the American Physical
Society. (c) SEM micrographs of the arrays of permalloy (Py) microdots deposited on a Au microstrip line. Reproduced from [68] with
permission of the American Institute of Physics. (d) Schematic illustration of a pulsed inductive microwave magnetometer (PIMM). The
magnetic sample is placed on top of the coplanar waveguide (CPW). Reprinted from [69], with the permission of AIP Publishing. (e)
Schematic diagram represents the cross-section of a sample used for spin-transfer torque induced SW excitation. Reprinted by permission
from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature Nanotechnology, [71], Copyright © 2011, Nature Publishing
Group. (f) Schematic illustration of a device used for the excitation of SWs by pure spin current. Reproduced from [72]. CCBY4.0. (g)
Schematic diagram shows the excitation of SWs by femtosecond laser pulses. Reproduced from [73]. CCBY4.0. (h) Schematic diagram of a
device and experimental set up for the excitation of SWs by voltage-controlled magnetic anisotropy (VCMA) and detection by optical means.
Reprinted from [74], with the permission of AIP Publishing. (i) The schematic diagram shows the excitation of SWs by magneto-electric cell
(ME cell).
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another efficient way for exciting FMR and coherent SWs in
nanomagnets (figure 1(g)) [73, 79].

Femtosecond laser pulses can generate coherent SWs in
magnetic thin films in an efficient manner after partially or
fully demagnetizing the magnetic materials within sub-pico-
second time scales [73]. The key advantages of this method
are the local nature of the excitation technique and the ability
to choose the propagation direction of excited SWs by
shaping the laser pulse. Owing to ever-present thermal agi-
tation, the spins in magnetic materials always oscillate in an
incoherent manner, which excites very low intensity SWs
even in the absence of other external perturbations [80]. The
periodic heating and cooling by a laser can thermally excite
SWs which are studied for characterizing various dynamical
parameters [48]. This method obviates the need for complex
device fabrication.

The voltage-controlled magnetic anisotropy (VCMA),
originated from electric field induced modification of electron
population at the Fermi level of 3d bands in FMs, is an
emerging technique for exciting picosecond magnetization
dynamics of magnetic thin films and nanostructures. Nozaki
et al [81] and Zhu et al [82] demonstrated that FMR can be
excited by VCMA in magnetic nanostructures with sub-
micrometer dimensions accompanied by ultralow power
consumption which can be more than two orders of magni-
tude lower than that in current induced STT excitation.
VCMA is also suitable for the excitation of coherent propa-
gating SWs in FM thin films (figure 1(h)) [74]. A practical
SW device can be fabricated by placing a metal gate electrode
on top of an oxide layer deposited on top of the FM layer, i.e.
a waveguide (WG). An alternating voltage of microwave
frequency is applied at the gate electrode to launch a micro-
wave electric field into the oxide layer. The microwave per-
iodically modulates the perpendicular magnetic anisotropy
(PMA) of the FM layer underneath the gate electrode via the
VCMA effect. At the resonance frequency, coherent SWs are
excited and propagate along the WG.

Use of a magneto-electric cell (ME cell) [83] is another
approach for exciting magnetization dynamics with an electric
field. As shown in figure 1(i), a FM SW bus (NiFe) has a
magnetostrictive layer made of embedded (Ni), which, in
turn, has a piezoelectric layer (PE) on top. The periodic
deformation created in the piezoelectric layer by applying an
RF voltage across the top gate electrode is then transferred to
the Ni layer. This results in a perturbation of the magnetiza-
tion of the Ni layer, and consequent creation of SWs at the
resonance condition [84].

It is also possible to excite magnetization dynamics in
nanomagnets indirectly. When nanomagnets are placed suf-
ficiently close to each other, they are coupled via magneto-
static interactions which can transfer magnetization dynamics
induced in one nanomagnet to the next, and so on. When a
spin-torque nano-oscillator (STNO) is delineated over a small
portion of an extended thin film, the oscillatory motion of the
nano-oscillators can emit SWs in the FM film [85]. Likewise,
oscillatory motion of magnetic vortices can also emit SWs
into an adjacent magnetic channel [86].

2.2. Experimental techniques for detecting magnetization
dynamics

There are numerous methods for detecting magnetization
dynamics occurring in nanomagnets. Whenever the dynamics
is excited with microwave excitation involving CPW and
microstrip lines, the resonance signals are typically measured
by inductive coupling using CPWs in the manner of antennas
[87]. In magnetic heterostructures, the magnetization
dynamics of magnetic layers are detected via spin pumping
and the inverse spin Hall effect (ISHE) or the inverse Edel-
stein effect in the form of a dc voltage. Homodyne detection
is another sensitive technique for detecting resonance signals
from sub-hundred nanometer magnetic elements with sub-
nanometer thickness. In this case, the probed magnetic layer
is fashioned into the free layer of a magnetic tunnel junction
(MTJ). The time varying MTJ resistance due to the oscillation
of the soft layer’s magnetization is mixed with the time
varying current through the junction, resulting in a rectified dc
voltage. In STT or SOT induced FMR, the resonance signals
are also detected via a dc voltage. In this case anisotropic
magnetoresistance due to the oscillation of magnetization is
mixed with the RF current passing through the magnetic layer
giving rise to a finite dc voltage. Recently, inverse VCMA has
been reported as another interesting technique for detecting
resonance signals [88]. The anomalous Hall effect is another
technique to detect FMR signals.

Optical techniques are ideal for the detection of FMR
signals locally in a non-invasive way. Time-resolved mag-
neto-optical Kerr effect (TR-MOKE) is one of the most
sensitive and widely used optical techniques for locally
detecting dynamic magnetic signals from various types of
magnetic nanostructures [12]. In Brillouin light scattering
(BLS) spectroscopy, the inelastic scattering of photons from
the magnons (quanta of SWs) is utilized for detecting SW
signals [89]. The single NV centers in diamond is a phase-
sensitive technique which can locally probe SWs in a very
efficient manner [90]. However, practical application of this
sensitive probing technique would be quite challenging as the
FM films are required to be deposited on a diamond film
containing NV centers, which may significantly increase the
complexity of the device fabrication process. In ME cells, the
inverse of the above discussed process is used for detecting
SW signals. Some of the non-conventional methods for
detecting FMR signals are magnetic resonance force micro-
scopy (MRFM) [91], magnon-induced heat [92], nuclear
resonant scattering [93], and time resolved x-ray magnetic
circular dichroism [94].

3. SWs in confined magnetic media

Investigation of magnetization dynamics in patterned micro-
structures providing spatial confinement to the SWs started in
the late 1990s. In a seminal work, Heibert et al reported the
investigation and imaging of magnetization precession and
relaxation dynamics in an 8 μm wide Py disk [11]. The Py
disk was delineated at the centre of a lithographically
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patterned gold coil which was connected with a biased pho-
toconductive switch made of GaAs. The photoconductive
switch was triggered by a pulsed laser of 2 ps pulse-width to
produce a pulsed magnetic field along the out-of-plane
direction to the Py disk under the application of in-plane bias
magnetic field. The time-varying precessional oscillation was
measured with a time-resolved scanning Kerr effect micro-
scope (TRSKEM) having 0.7 μm spatial resolution. The bias-
field dependence of precession frequency was fitted using the
Kittel formula to extract various magnetic parameters,
including a damping constant of 0.008 for Py. The space-time
evolution of magnetization was imaged by fixing the time
delay and then scanning the disk under a focused probe laser
spot. This yields a non-uniform spatial distribution, indicating
the presence of modal frequencies in this confined structure.
In another interesting work, Jorzick et al used BLS
spectroscopy to measure the SW spectra in rectangular ele-
ments having lateral dimensions of 1×(1–2) μm2 and stripes
with 1 μm×90 μm area [95]. Thermal magnons were
measured in the backscattered geometry. The spectra revealed
a number of eigenmodes in the system consisting of Damon–
Eshbach (DE), backward volume (BV) and perpendicular
standing SW (PSSW) geometry. In particular, they observed
the existence of a new, spatially localized SW mode of
exchange nature in these elements with the localization
caused by the inhomogeneity of the internal field. In 2003,
Barman et al used TRSKEM to study the precessional mag-
netization dynamics of a 10×10 μm2 square permalloy
(Ni81Fe19) element [96]. Time-resolved Kerr rotation signal
measured from the center of the element revealed the presence
of a fourfold anisotropy in the precession frequency due to the
internal field generated by the nonuniform static magnetiza-
tion. The damping was much larger when the static magnetic
field was applied along the diagonals of the square element.
The dynamic images revealed this to be associated with
spatial nonuniformity at the centre of the element. Initially,
the dynamic magnetization was found to be nonuniform at the
edges of the element, slowly extending towards the centre
[97]. These authors thoroughly investigated the dephasing of
SW modes by extensive imaging of the dynamic magnetiza-
tion through the measurement of Kerr rotation signals from
various positions from the element, combined with micro-
magnetic simulations, which revealed various dynamic
modes. The number of antinodes in modal oscillation
extracted from dynamic images was found to be larger along
the diagonal than along the edge of the square causing the
observed increase in damping due to dephasing of modes
(figure 2) [98]. These authors later systematically studied the
anisotropy in the apparent damping in samples with varying
shape [99] and aspect (width/thickness) ratio and found it to
become stronger with decreasing aspect ratio [100]. Extensive
micromagnetic simulation study revealed the spatial profile of
each resonant mode, which showed a uniform centre mode,
localized edge modes (EMs), and other localized modes with
nodal planes oriented perpendicular to the bias magnetic field
[101]. Belov et al studied modal oscillations in a 4 μm
Ni80Fe20 element with a central pinhole to show that the
spatial pattern of the magnetization oscillation response

depends sensitively on weaker variations of the static mag-
netization. They also observed a spatially nonuniform
damping in this sample as a result of conversion of energy
into shorter wavelength modes in the vicinity of the domain
boundaries [102].

Barman et al also studied coherent suppression of pre-
cessional dynamics in circular shaped Ni81Fe19 microdots
with varying aspect ratio with a shaped magnetic field pulse.
To achieve coherent suppression, the static magnetic field was
adjusted in such a way that the effective torque acting upon
the magnetization vanishes after one cycle of precession.
Interestingly, the coherent suppression was found to be more
spatially nonuniform in samples with smaller aspect ratio
owing to the dephasing of multiple SW modes as confirmed
from the measured time-resolved Kerr images and micro-
magnetic simulations [103]. With continuing advancement of
nanofabrication capabilities, the focus in this field gradually
shifted to studying the dynamics of single and arrays of
nanomagnets as described in the following section.

3.1. SWs in single nanomagnets

Investigation of the intrinsic dynamics of single nanomagnet
in the deep nanoscale regime and at extremely fast timescale
is of pure fundamental interest. The spatial confinement
should suppress domain formation in the nanoscale in
accordance with Brown’s fundamental theorem. An indivi-
dual nanomagnet is expected to behave like a macrospin
comprising of a large number of isotropic spins aligned
together. However, apart from strain and magnetocrystalline
anisotropies, nanomagnets with non-ellipsoidal shapes often
exhibit shape anisotropy arising from geometric configura-
tion. Furthermore, the magnetic configuration may vary
depending upon the orientation of an applied magnetic field
with respect to the anisotropy field. Size reduction from
micrometer to nanometer scale results in transitions between
various magnetic microstates, namely multidomain, magnetic
vortex, quasi-single domain and single domain state. Conse-
quently, the magnetization dynamics show a variety of
behaviour, such as domain wall oscillation, vortex core
gyration, radial and azimuthal modes of SWs, confined,
localized and standing SW modes etc.

Despite the experimental studies of SW spectra in arrays
of submicron magnetic structures in early 2000 using FMR
[104] and BLS [105] techniques, the investigation of intrinsic
magnetization dynamics of isolated nanomagnets was miss-
ing. In 2003, Kiselev et al addressed an outstanding question
of the type of magnetic motions that can be generated by
STT. By performing electrical measurement on a magnetic-
multilayer nanopillar structure of 130 nm×70 nm lateral
dimensions (80 nmCu/40 nmCo/10 nmCu/3 nmCo/2 nmCu/
30 nm Pt fabricated on an oxidized silicon wafer), they
showed that the nanopillar can act like a nanoscale motor
which converts energy from a dc electrical current source into
a high-frequency magnetic oscillator. The oscillator may
serve as a microwave source whose operational frequency can
even be tuned over a wide frequency range by the current and
the magnetic field [106]. In 2004, Demidov et al performed
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micro-focused BLS measurement to demonstrate the radiation
of SWs from a sub-micrometer sized Py element into the
surrounding CoFe microstructure [35]. They showed that the
radiation occurs at two discrete frequencies (around
10–12 GHz) which are basically the frequencies of the
quantized SW modes of the magnetic element. This means
when a sub-micrometer sized magnetic element is deposited
on top of another micrometer sized magnetic element with a
copper layer sandwiched in between, it can be used as a
source of microwave radiation. Koch et al investigated time-
resolved STT induced magnetization reversal in nanosecond
timescale in a spin-valve nanomagnetic junctions subjected to
a pulsed bias current with current-perpendicular-to-plane
geometry [107]. In another important work, Krivorotov et al
in 2005, investigated STT driven time-resolved magnetization
dynamics of a Cu/IrMn/Py/Cu/Py/Cu nanopillar system of
130 nm×60 nm lateral dimensions [108]. Their exper-
imental results were in excellent agreement with the predic-
tions of the Slonczewski spin-torque model [109], i.e. STT
reduces the effective magnetic damping for applied charge
currents less than a critical current. At higher currents, STT
was able to drive phase-coherent precessional dynamics. It
could drive precessional switching with switching times less
than 1 ns having narrow statistical distributions, which is a
very exciting result for magnetic-memory applications. Later,
in 2006, x-ray microscopy technique was used to image the
switching process of magnetization in a spin transfer structure
[110]. Switching was found to occur by lateral motion of a
magnetic vortex across a nanoscale element instead of
coherent magnetization reversal.

Optical detection of time-domain magnetization dynam-
ics in single nanomagnets with dimensions well below the
diffraction limit inspired the application of the cavity-
enhanced MOKE (CEMOKE) technique. The ps magnetiza-
tion dynamics of individual Ni nanomagnets with different
sizes was reported by Barman et al in 2006 by exploiting
time-resolved CEMOKE [12]. They observed a sharp and
non-monotonic variation in the precession frequency from
sub-GHz to few GHz range as the magnetic microstates of
cylindrical magnets underwent a transition from multidomain-
to single-domain state (figure 3). Interestingly, the damping
associated with the coherent precessional mode of these
cylindrical nanomagnets decreased rapidly with decreasing
diameter to finally settle down to its intrinsic value in the
single domain regime. The bias field dependence of the pre-
cessional frequency confirmed the presence of an extrinsic
contribution to damping in these micrometer sized magnets
[101]. Around the same time, Laraoui et al reported ultrafast
laser-induced spin dynamics, including demagnetization,
precession [13] and relaxation [111] of CoPt3 single dots with
sub-micrometer dimensions using an all-optical TR-MOKE
set up having high spatio-temporal resolution achieved by
using a reflective confocal Kerr microscope. An initial fast
relaxation time of few ps was observed owing to the energy
exchange of electrons and spins with the lattice, followed by a
slow relaxation time of hundreds of ps originating from the
energy exchange of electrons and lattice with the environ-
ment. Liu et al investigated the time-resolved magnetization
dynamics of single 160 nm wide Py disks in 2008 using time-
resolved Kerr microscopy. A distinct hysteresis of the

Figure 2. (a) The geometry of the experiment is illustrated for the measurement of dynamic images of magnetization (b). The simulated
dynamic images are shown in (c). The simulated static magnetization configuration (d) and corresponding total internal magnetic field (e) are
shown. The grey color scale in all the images represents the out-of-plane components of the magnetization (static and dynamic) and the
internal field. Reprinted (figure) with permission from [98], Copyright (2004) by the American Physical Society.
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fundamental mode frequency was observed as a function of
the in-plane bias field owing to the evolution of the internal
spin configuration from vortex to quasi-single domain states.
The critical fields to trigger the vortex nucleation and anni-
hilation processes were determined in this study [112]. In
2011, remarkable advances in studying single nanomagnet
dynamics were reported, when Rana et al investigated the
time-resolved precessional magnetization dynamics of an
isolated 50 nm wide square Py dot showing a dominant spin
wave edge mode (EM) without the appearance of a center
mode (CM) [14]. The characteristic dynamic frequency of a
smaller dot is generally very different from that of a larger
dot. This allows one to resolve the high-frequency dynamics
of 150 nm sized single magnetic dots against the lower fre-
quency background of larger nanomagnets by overcoming the
optical diffraction limit as shown by Liu et al [113]. Naletov
et al studied azimuthal and radial eigenmodes of Py/Cu/Py
nanopillars with spin-valve like structures using MRFM.
They established a rule for exciting selected resonant modes
by adjusting the excitation geometry [114]. Interestingly, the
EM in an individual nanomagnet can be suppressed by
exciting larger amplitude coherent precession of the CM, as

shown by Keatley et al. This study paved the way for the
development of nanoscale STT oscillators and bi-stable
switching devices where more uniform spin dynamics is
desirable [115].

In a further study, pure spin current induced antidamping
torque was found to set the magnetization precession into
auto-oscillation mode by compensating for its intrinsic
damping [85]. Investigations showed that spin current
induced spin-orbit torque (SOT), generated by passing a
charge current through a heavy metal layer adjacent to a
nanomagnet, can switch the magnetization of the nanomagnet
in a deterministic way. This can be utilized to develop
nanomagnetic logic and field-free clocking analogous to
current CMOS technology [116]. Hybrid magnonics arising
from strong coupling of magnon with phonon, photon or
other magnons has emerged as an interesting topic for
quantum transduction. One of the important developments in
this direction was the direct observation of strong magnon–
phonon coupling (MPC) in a single nanomagnet by varying
the direction of the applied magnetic field [117]. Surface
acoustic wave (phonon)-induced switching of magnetization
in dipole-coupled nanomagnets also established a successful

Figure 3. Theoretical modelling of the bias magnetic field and diameter dependence of experimentally measured precession frequencies. (a)
The uniform precession mode frequencies measured from uncoated and 70 nm thick SiN-coated magnets are plotted as a function of magnet
diameter and aspect ratio at Hbias=1.68 kOe. The calculated precession frequencies of single magnets are represented by solid line and the
possible range of precession frequencies in arrays of magnets separated by 56 nm are shown by the grey shaded region. (b) Experimental
(solid points) and calculated (curves) precession frequencies are plotted as a function of bias magnetic field (Hbias). (c) The out-of-plane
magnetization component (Mz) and the contributions from various magnetic field terms are plotted as a function of magnet diameter and
aspect ratio. Reprinted with permission from [12]. Copyright © 2006, American Chemical Society.
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Boolean operation recently [118]. More recently, hybrid
magneto-dynamical modes was observed in single magne-
tostrictive Co quasi-elliptical dots deposited on a piezoelectric
substrate using TR-MOKE microscope as described in detail
in section 8.7.4 [119] of part I.

3.2. SWs in 1D arrays of nanomagnets

The study of picosecond magnetization dynamics in periodic
arrays of nanomagnets is motivated by many potential
applications. Such arrays may be thought of as artificial
‘crystals’, known as magnonic crystals (MCs), in analogy
with a material crystal that provides a periodic potential
landscape for an electron wave or a photonic crystal that
provides a periodic refractive index landscape for an
electromagnetic wave. Just as there are electronic band
structures in a material crystal and photonic band structures in
a photonic crystal, there are magnonic band structures in an
MC, which can be tailored by choosing the pitch (or peri-
odicity) of the array, as well as the shapes and materials of the
nanomagnets. The study and control of magnonic band con-
figurations in nanomagnet arrays is very important for
developing various types of magnonic devices such as
microwave filters, attenuators, sensors, transistors, logic gates
and so on. The dynamic behaviour of a single nanomagnet
depends upon the ground state of magnetization, which, in
turn, is determined by the shape, size, material parameters,
strength and orientation of any external magnetic field, strain,
etc. Interestingly, the dynamic behaviour of nanomagnet
arrays is discernibly different from that of the individual
nanomagnets making up the array owing to the magnetostatic
interaction among the nanomagnets. The latter, again,
depends upon the shape, size, material parameters and inter-
element separation, as well as the orientation and strength of
any external magnetic field. Magnonic bands can be engi-
neered by manipulating these parameters. In this topical
review, we will restrict our discussion only to arrays of
magnetic stripes and dots. Discussion of other shapes can be
found in [120].

Gubbiotti et al experimentally investigated collective
magnetization dynamics in 1D periodic arrays of Py nano-
wires of width 175 nm and pitch 35 and 175 nm. For closely
spaced nanowires, the strong dipolar coupling among the
magnetic stripes led to the formation of collective modes in
which the lowest frequency modes were found to be dis-
persive (i.e. the SW frequency depended on the wavevector).
This indicated that the SWs had a non-zero group velocity
because the dipolar coupling allowed the SWs to travel
through the array. For nanowires spaced farther apart, the SW
modes were found to be dispersionless owing to absence of
dipolar coupling among the stripes [15]. In this case, the
group velocity was zero indicating that the weak dipolar
coupling does not allow a SW to travel though the array (from
one nanomagnet to the next). In ensuing studies, they inves-
tigated the collective magnetization switching behaviour and
collective SW modes in 1D arrays of nanowires of alternating
width [16, 121]. The switching mechanism was observed to
be very sensitive to the thickness to width ratio of the

nanowires. A number of collective and dispersive SW modes
were observed whose frequency periodically oscillated with
respect to the wavevector encompassing several Brillouin
zones, induced by the artificial periodicity of the array. The
amplitude of oscillation was larger for the low-frequency
mode and smaller for the high frequency modes. Interestingly,
each mode existed in a range of frequency separated from the
neighboring mode by a prohibited frequency zone, reminis-
cent of ‘bands’ and ‘bandgaps’ [16]. Notably, neighboring
nanomagnets could be coerced into either parallel or anti-
parallel magnetizations by varying a bias magnetic field. The
magnonic bands for ‘parallel’ ground state were markedly
different from those of the ‘antiparallel’ state [122].

Topp et al utilized microwave assisted switching and
minor-loop measurement to prepare various ground states of
magnetization such as ferromagnetic state, multidomain state
and antiferromagnetic states in periodically arranged magn-
etic nanowires [123]. They investigated collective SW modes
in various ground states of magnetization and observed that
the SW dispersion character can be substantially tuned by this
method of arranging nanomagnets into 1D arrays. Kostylev
et al showed that in these types of 1D arrays, the frequency
gaps or band gaps are partial, i.e. the stop bands for SW
propagation along the major axis of nanowires overlap with
the passbands for SW propagation perpendicular to it [124].
However, this feature can be suppressed by using 2D arrays
of nanomagnets. Wang et al investigated magnonic band
structures in 1D MCs formed by magnetic nanostripes made
of alternating materials: namely cobalt and Py. A number of
dispersive SW modes separated by magnetic-field-tunable
band gaps was observed [125]. Interestingly, an increase in
bandgap was observed with the increase of cobalt stripe
width, whereas it decreases with the increase of Py stripe
width (figure 4) [126]. The center frequency bandgap is more
sensitive to the stripe width of Py than that of cobalt. The
reason behind this is the variation of effective saturation
magnetization and exchange length which increases with the
increase of cobalt width but decreases with the increase of Py
width. Gubbiotti et al investigated collective SWs in another
type of 1D MCs where each stripe is made of two magnetic
layers either with the same (rectangular cross section) or with
different width (L-shaped cross section) [127]. For the rec-
tangular cross section, the lowest frequency fundamental
mode originates from the in-phase precession of the magne-
tization in the two layers, whereas the higher frequency mode
is spawned by the out-of-phase precession of the magneti-
zation in the two layers. In the case of L-shaped cross-section,
two dispersive SW modes with a sizable magnonic band
width were observed. One of the modes was the fundamental
mode in the thick segment and another was the fundamental
mode in the thin segment of each nanowire. Moreover, by
carefully tuning the overlayer thickness, the mode frequencies
and their spatial profiles could be significantly tuned [128].

In a very recent study, it has been demonstrated that if the
coupling between the magnetic layers in a multilayered fer-
romagnetic structure can be changed from exchange to
dipolar by inserting a thin metallic layer between consecutive
layers and systematically varying its thickness, then the
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collective magnetization dynamics can be significantly mod-
ified [129]. In fact, it is possible to stabilize the magnetiza-
tions of two neighbouring layers either in the parallel or in the
antiparallel configuration. Several modes can be excited
depending upon the static magnetization configuration as well
as the relative phase (in-phase or out-of-phase) of dynamic
magnetizations between the two layers within the same
nanowire. Saha et al investigated collective SW dynamics of
1D arrays of magnetic nanostripes with varying width down
to 50 nm [17]. For the narrowest stripe with 50 nm width, the
inter-stripe magnetostatic interaction became negligible,
which enabled the detection of magnetization dynamics of a
single stripe. When a magnetic field was applied along the
long axes of the nanostripes, the 50 nm wide stripes showed a
uniform mode and a pure BV-like standing SW mode,
whereas the wider stripes showed a uniform mode, a com-
bination of BV- and DE-like standing SW mode, and a pure
BV-like standing SW mode. However, the collective mode
frequencies and their spatial profiles changed significantly
when the bias magnetic field was rotated along the width of
the nanostripes.

Another interesting type of 1D MC is periodically
arranged corrugated magnetic stripes [18]. The advantage of
these types of MC is that the SW frequencies and corresp-
onding band gaps can be significantly tuned just by rotating

the in-plane bias magnetic field which essentially modifies the
internal magnetization configuration. It was found that the
EMs are more sensitive to the degree of corrugation than
the CMs.

3.3. SWs in 2D arrays of nanomagnets

The study of SW dynamics in 2D periodic arrays of nano-
magnets begun with theoretical investigations of the effect of
inter-dot dipolar coupling on the dynamical behaviour in
different array geometries and under different magnetic field
orientations [130, 131]. Soon thereafter, it was experimentally
demonstrated that a single SW mode, observed in an unpat-
terned magnetic thin film, is split into a number of modes
when the film is patterned into a 2D array of square magnetic
dots, because of the presence of a demagnetization area inside
each dot [132]. Notably, it was observed that the mode fre-
quencies strongly depend on the interdot separation and
orientation of the external magnetic field [104].

A flurry of experimental investigations followed the early
work, which demonstrated the presence of multiple SW
modes in magnetic nanodots with uniform and nonuniform
ground states of magnetization [105, 133, 134]. It was
observed that the magnetization dynamics became more
nonuniform with reduction in the dot diameter (in the sub-
micrometer size scale) owing to nonuniform ground state of

Figure 4. (a) BLS spectra recorded from 150 nmCo/350 nmPy, 250 nmCo/250 nmPy and 350 nmCo/150 nmPy samples at the first Brillouin
zone boundary q=π/a (where lattice constant a=500 nm). (b) The first bandgap widths and center frequencies (in GHz), measured from
11 MCs studied, are plotted. Reprinted with permission from [126]. Copyright © 2010, American Chemical Society.
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magnetization [135, 136]. Interestingly, low frequency SW
modes were found to originate from the demagnetized edges
of the magnetic dots and became more prominent with
reduction of dot size. The resonance linewidth associated with
the EM is generally higher than that of the CM since the EM
is highly sensitive to imperfections and variations in the shape
and size of the dots [19]. The dynamic modes in arrays of
magnetic dots also show anisotropic behavior in their char-
acteristic frequency as one varies the applied magnetic field
orientation. This behaviour stems from the combined effect of
static and dynamic effective magnetic fields inside the
magnetic dots [20, 137–139]. The number of symmetries in
the anisotropy is determined by the shape of individual dots
and the symmetry of their lattice arrangement [20, 139–141].
The collective magnetization dynamics were extensively
studied for various shapes of the magnetic dots [38, 142, 143]
such as square [14, 138, 144], circular [139, 140, 145, 146],
triangular [147], rectangular, elliptical, diamond, stadium
[148], cross [20, 149–151] etc and were found to be sig-
nificantly affected by the shape of the individual dots. In 2010
Kryuglyak et al first imaged collective modes of magnetiza-
tion dynamics in 2D arrays of magnetic dots with time-
resolved scanning Kerr microscopy [148]. It was observed
that the SWs were confined within the whole array as if the
latter behaved like a single element made of a continuous
material. Micromagnetic simulations have been widely used
to analyze the nature of the collective magnetization
dynamics of magnetic dot arrays. These simulations revealed
that various types of modes appear because of the collective
oscillations of different groups of dots in an array with

well-defined phase relationships which are determined by the
structure and the geometry of the array and its constituent
nanoelements [20, 21, 38, 79, 138–140, 142, 143, 146, 150].
Rana et al studied magnetization dynamics of 2D arrays of
magnetic dots by systematically varying the interdot separa-
tion (figure 5(a)). A smooth transition from strongly collective
magnetization dynamics to non-collective dynamics was
observed with the increase in the interdot separation
(figures 5(b)–(d)) [14, 144]. Surprisingly, strongly collective
to non-collective transition was also observed just by varying
the in-plane bias magnetic field orientation from 0 to 45
with respect to the symmetry axis of the dot array [138]. This
is because the static and dynamic magnetostatic stray fields,
which control the collective precessional dynamics, are also
affected by the in-plane orientation of bias magnetic field.
Arrays of magnetic dots, made of the same element but with
different sizes, show very interesting collective dynamics. A
significant variation in the number of dynamical modes, their
profiles, and slopes of the magnonic bands are observed when
the in-plane orientation of the bias magnetic field is varied
[152–154]. In nanometer scale magnetic dots, defects in the
form of edge roughness, local thickness variation, etc can
generate new resonant modes and quench the existing modes
in isolated as well as arrays of magnetic dots [155].

3.4. SWs in connected nanomagnets

Connected nanomagnets have attracted interest over the last
two decades because of their intrinsic large shape anisotropy
which aids an efficient transfer of energy in space
[18, 21, 156]. A MC is said to be a connected dot (CD) if all

Figure 5. (a) Scanning electron micrographs of the arrays of 200 nm wide (W), 20 nm thick permalloy dots with varying interdot separation
(S). (b) Experimental time-resolved Kerr rotations and (c) corresponding fast Fourier transform (FFT) spectra are plotted for the permalloy
square dot arrays. (c) FFT spectra of simulated time-varying magnetization data obtained from 7×7 array of permalloy dots with same
specifications as in the experiment. Reproduced from [144]. © IOP Publishing Ltd. All rights reserved.
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the magnetic nanodots are physically connected. A CD sys-
tem can display properties characteristic of dots and/or
antidots (AD). Antidot arrays typically exhibit higher SW
propagation velocity and hence longer propagation wave-
length at a given frequency. However, the primary difference
between a CD array and an AD array is that the latter gen-
erally does not have regular shaped connector channels. The
CDs have rarely been studied in the context of magnonics.
The 1D bicomponent magnonic CD system with uniform
width has been studied both experimentally and theoretically
[125, 157]. SW dynamics in 1D magnonic quasicrystals
arranged in a Fibonacci sequence with Py NWs of two dif-
ferent widths have been used to precisely tune SW spectra.
This system shows a two-step hysteresis loop and its field
dispersion shows two discontinuities at the transition points
between ferromagnetic order and antiferromagnetic order.
The observed properties of the Fibonacci structures are pro-
mising for applications in magnonic devices for data pro-
cessing and wave-based computing [158].

More recently, an analytical model of a graded-index
(GRID) 1D slab, with a finite spatial gradient of saturation
magnetization or anisotropy, predicted phase coherent
refraction of SW at desirable angles. The fundamental SW
mode can be guided coherently in the GRID slab along a bend
in a magnonic WG [159]. Subsequently, an alternative way
was discovered where the 1D stripe or nanowire was replaced
by a connected pseudo-1D MC with tilted rectangular and/or
rounded rectangular shape [18, 21]. This system is capable of
magnonic band structure reconfiguration via subtle tuning of
the external magnetic field orientation. It has the potential for
implementing logic gate functionality by virtue of the aniso-
tropy in SW dispersion and bandgap. At the first Brillouin
zone boundary, the magnonic bandgap can show an asym-
metric dependence on the azimuthal angle of the bias
magnetic field [160]. In another connected tilted rectangular
nanodot system, the magnonic band structure and bandgap
were observed to depend strongly on the magnetic history
driven spin texture [21]. Depending upon the magnetic his-
tory, leaf-, S-, and shifted-core vortex states could be stabi-
lized, which presented drastically different potential
landscapes to the propagating SWs passing through the
nanochannels (NCs) connecting the dots. More importantly,
at the same bias field value, two different spin textures were
obtained as a consequence of magnetic field-induced bifur-
cation giving rise to a reconfigurable magnonic band struc-
ture. In square nanodots connected by rectangular NCs, the
SW modes are affected by magnetic coupling as well as by
selective channeling of SW modes [161]. The selective
channeling of SW modes through NCs may be utilized to
develop an electronic demultiplexer [162]. On the other hand,
artificial spin-ice structures formed of connected nanobars or
nanoelements arranged in a square or honeycomb (Kagome)
lattice are also interesting due to their metastable ground-state
spin configuration. Because SWs are very sensitive to internal
fields, SW dynamics can also be affected by the creation of
monopole-anti-monopole pairs and Dirac strings in these
systems [156, 163].

3.5. Spin-wave dispersion in nanomagnet arrays

During the last two decades, the field of reconfigurable
magnonics has increasingly focused on 1D and 2D MCs,
including pseudo-1D MC [18, 125, 157, 164]. The SW
dynamics in these systems can be efficiently reconfigured by
tuning active parameters such as magnetic field strength and
orientation, magnetic history, electric field, strain, spin tex-
ture, etc, as well as passive parameters such as size, shape,
lattice constant, lattice symmetry, and constituent materials.
SW dispersion is usually measured with BLS [165] and
analytically investigated with the help of PWM [166], dyna-
mical matrix method [167], micromagnetic simulation soft-
ware such as OOMMF [168] and Mumax3 [169]. The
magnetostatic SW dispersion relation is primarily governed
by the long wavelength magneto-dipole interaction and the
short wavelength exchange interaction. In the following
subsection, we illustrate the PWM for calculation of SW
dispersion in some model nanostructures.

3.5.1. Plane wave method (PWM). In this method, the
Landau–Lifshitz (LL) equation is solved for a magnetic
structure (MC in this case) using Bloch’s theorem [166, 170]
assuming 0 K temperature when no thermal noise is present.
The temporal evolution of the magnetization vector (M(r,t))
in the structure is described by:
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The quantities Hd(r) and hd are the static and the dynamic
dipolar field components, and they satisfy the magnetostatic
Maxwell’s equations. The quantities H and Hex are the
applied magnetic field and the exchange field, respectively,
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exchange length, and A(r) is the exchange stiffness constant.
Under the linear approximation, the component of the
magnetization vector (Ms(r)) along the static magnetic field
direction (i.e. along z-axis) can be considered to be
independent of time, and its magnitude is much larger than
that of the perpendicular component m(r, t), so that:
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To obtain a solution of the LL equation, the Bloch’s
theorem with lattice constant a can be used, so that: m
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where, t is the filling fraction of magnetic material in the
lattice and MS A, and MS B, are saturation magnetization of two
magnetic materials A and B, respectively. Finally, I(G) is a
function that is specific to the nanodot structure used in this
calculation.

3.5.2. Calculation of spin-wave dispersion relation in 2D
MCs. In the case of a 1D MC, there is only one symmetry
axis with the corresponding lattice symmetry. However, in the
cases of a 2D MC and a pseudo-one-dimensional MC, the
lattice symmetry can be varied by arranging nanomagnets in
different periodic patterns. The 2D MC category can be
divided into three sub-categories: (a) physically isolated
ferromagnetic dot lattice, (b) antidot lattice and (c) bi-
component MC. There are numerous reports of the study of
2D MC with varying magnetic properties and geometric
architectures. Recently, ferromagnetic nano-cross structures
have attracted interest owing to some remarkable properties,
including magnonic mode softening, mode splitting and
strong magnon-magnon coupling induced avoided crossing of
SW branches in Ni80Fe20 nano-cross arrays [151]. Hence, we

focus on arrays of nano-cross structures as a case study for the
calculation of SW dispersion.

The parameters used in the above calculation are:
Ms,Co=1.15 × 106 Am−1, ACo=28.8 pJm−1, Ms,Py=0.78
× 106 Am−1 and APy=13.0 pJm−1 in the ferromagnetic
regions, whereas very small Ms and A values were assumed for
the nonmagnetic regions to avoid nonphysical SW frequencies.
We have calculated SW dispersion in DE geometry for (a) square
dot array, (b) CD structure, and (c) BMC structure for a fixed
lattice constant of 700 nm and square dot width of 400 nm as
shown in figures 6(a)–(c). The calculated dispersion of the Co dot
array shows four SW modes, of which three modes F2, F3 and
F4 are weakly dispersive in nature. To get deeper insight into the
nature of these modes, we have calculated the spatial profiles of
SW modes at k=1.6 radμm−1 as shown in figure 7. The
nondispersive mode F1 has its power concentrated at the centre
of the square dot. The modes F2 and F3, which show weakly
positive dispersion, exhibit different spatial characters. The power
of mode F2 is primarily concentrated at two horizontal edges of
the dots (EM), while the F3 shows standing wave pattern in the
DE geometry with quantization number m=5 as shown in
figure 7. The F4 mode is a negatively dispersive mode with
standing wave character in the BV geometry with quantization
number n=3. In the CD array, we have considered Co square
dots of size=400 nm, lattice constant=700 nm and connector
dimensions (length×width) of 300×100 nm2. In this case,
three modes are observed, out of which the mode F1 is weakly
dispersive in nature and one band gap is opened at the 1st

Brillouin zone (BZ), as shown in figure 6(e). This mode shows
DE character with m=4. The modes F2 and F3 are
nondispersive in nature and the power of F2 is concentrated in
the horizontal connector channel with m=2. The power in

Figure 6. (a)–(c) represent the structure of three model 2D MCs, namely, square dot array, connected dot (CD) array and bi-component
magnonic crystal (BMC). (d)–(f) Calculated magnonic band structures for the above three different MCs, i.e. square dot array, CD array and
BMC, respectively.
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mode F3 is mainly concentrated at the four corners of the square
dot with quantization number (n,m) of (2, 2). The BMC structure
is identical to the CD array except for the fact that the blank
regions are now filled with Py. In this case, two dispersive modes
are observed and an indirect type band gap is present between F1
and F2 modes, as shown in figure 6(f). Figure 7 shows that the
two lower frequency dispersive modes F1 and F2 are located
inside the Py regions with mode quantization numbers (n, m)
being (3, 1) and (7, 3), respectively. A higher frequency
dispersive mode F3′ also appears with prominent intensity in the
2nd BZ, which again shows power in the Py region with mode
quantization number (2, 7).

3.6. Effects of geometric parameters on SWs in nanomagnet
arrays

Geometric parameters of magnetic dots such as shape, size,
aspect ratio (thickness/diameter) and the arrangement of the
dots in lattices, have significant impact on the isolated and
collective magnetization dynamics of magnetic dots. These
geometric parameters basically control the magnetostatic
energy inside individual dots and the stray field distribution
within the array. Therefore, controlling isolated and collective
magnetization dynamics by varying the geometrical para-
meters have been thoroughly investigated over the last two

decades. Barman et al investigated the magnetization
dynamics of isolated magnetic dots with sizes varying from
5 μm down to 125 nm as described in section 3.1 [12]. A
significant variation of the effective damping with the dot size
was also observed [171]. Gubbiotti et al have shown that in
1D periodic arrays of magnetic stripes, the periodic variation
of stripe width can be a very useful tool for producing rich
magnonic spectra [16]. Later, Tacchi et al also reported that
the magnetization ground state in a similar type of stripe array
can be either tuned to the ferromagnetic or to the anti-ferro-
magnetic type of arrangement by judiciously choosing the
applied magnetic field. The magnonic spectra can be drasti-
cally different in these two cases of magnetic ground states
[122]. The precessional dynamics of magnetization in 2D
arrays of magnetic dots made of two different dot sizes have
also been studied [153, 154]. Effort has been made to prepare
1D nanomagnet array by step modulated thickness either
made of a single material [172] or two different materials
[128, 173]. In the latter case, the height of the top layer
strongly affects the magnonic band structures. Saha et al have
shown that the precessional magnetization dynamics in 1D
arrays of stripes strongly depends on the width of the stripes
as a result of the variation of interdot magnetostatic interac-
tions. In the case of 2D arrays of magnetic dots, the magne-
tization dynamics become more nonuniform with the

Figure 7. Spatial profiles of selected SW modes at k=1.6 rad μm−1 for three different MCs, namely, square dot array, CD array and BMC.
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reduction of dot diameter [135, 136] and low frequency SW
modes, originating from the demagnetized edges of the
magnetic dots, become more prominent with the reduction of
dot size. Zivieri et al [174] and Kostylev et al [175] inves-
tigated the magnetization dynamics in 1D arrays of rectan-
gular magnonic dots arranged in various ways: such as along
long axes, along short axes, in a non-collinear fashion, etc.

Mahato et al investigated collective magnetization
dynamics of square arrays of magnetic dots made of different
shapes [38, 142]. The dot shapes not only affect the dynamics
of individual dots, but also significantly modify the collective
dynamics of the array (figure 8(a)). The number of resonant
modes and the configurational anisotropy strongly depend
upon the shape of the dots [38, 142]. Saha et al have
demonstrated that when circular magnetic dots are arranged in
various lattice geometry the collective SW spectra is sig-
nificantly modified with the variation of lattice arrangement
(figure 8(b)) [139, 140]. This is solely due to the distribution of
the magnetostatic stray field among the dots, which sig-
nificantly varies with the lattice arrangement of the dots
[139, 140] and also interdot separation [145, 176] (figure 8(c)).

4. External control of nanomagnet dynamics

4.1. Bias magnetic field control

The magnetization dynamics in nanomagnets is mainly decided
by the internal magnetization configuration, which can be

controlled by the strength and orientation of an external magnetic
field. As a result, a bias magnetic field can significantly control
the precessional magnetization dynamics of isolated nano-
magnets. When the nanomagnets are arranged in a periodic
manner, they are coupled via magnetostatic stray field if the
interelement distance becomes comparable to the nanomagnet
dimension. The magnetostatic coupling can suppress the
dynamics of individual nanomagnets leading to the collective
dynamics of the array. Therefore, the bias magnetic field strength
and orientation can also affect the collective dynamics of the
array. A number of reports are found in the literature about bias-
field-dependent magnetization dynamics in single magnetic dot,
as well as 1D arrays and 2D arrays of magnetic dots. Barman
et al demonstrated that the precessional frequency of circular
shaped single magnetic dots monotonically increases with
increasing bias magnetic field, and the nature of the increment of
precessional frequency is different for dots of different size owing
to different ground states of magnetization [12]. The effective
damping constant, on the other hand, either decreases or remains
unchanged as the size of the dots is decreased [171]. Notably, in
the case of circular dots, the precessional frequencies may also
show an abrupt change due to the change in the magnetization
state [112]. In isolated magnetic dots, two types of resonant
modes are generally observed—one of which originates from the
central part of the dot and other from the oscillation of magne-
tization taking place at the demagnetized edges perpendicular to
the bias magnetic field direction. However, the EM can be
suppressed by exciting large amplitude magnetization dynamics

Figure 8. (a) Experimental SW spectra for arrays of Ni80Fe20 (Py) nanodots with varying shapes as shown in the inset. Reprinted from [142],
with the permission of AIP Publishing. (b) Experimental SW spectra for circular shaped Py nanodots arranged in varying lattices [139]. (c)
Simulated magnetostatic field distributions for arrays of Py nanodots arranged in variable lattices at H=1.3 kOe. The small arrows inside
the dots denote the magnetization distribution within the dots and the colour bar given at the lower right corner of the figure represents the
strengths of the stray magnetic fields. [139] John Wiley & Sons. Copyright © 2013 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.
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[115]. Kostylev et al have shown a systematic variation of the
frequencies of the precessional modes in 1D arrays of magnetic
stripes with the magnetic field orientation [124]. Similar types of
studies were carried out for 1D MCs made of periodic arrays of
nanostripes with alternating widths [122], and nanostripes whose
dimensions vary from 200 to 50 nm [17]. For 2D arrays of
magnetic dots, an anisotropic variation in precessional fre-
quencies was observed where the degree of anisotropy was
determined by the lattice symmetry in the magnetic dot array as
well as the symmetry in the shape of the individual dots
(figures 9(a), (b)) [20, 38, 120, 137–139, 147, 154, 177]. As a
general rule, the in-plane magnetic field dependent anisotropy in
the resonance frequency is dominated by the dot shape when the
dots in the array are well separated, and by the lattice symmetry
of the array when the dots are placed sufficiently close to each
other to have strong magnetostatic coupling. The magnetic field
can not only systematically tune the collective mode frequencies
[38, 133, 135, 139, 144, 145, 147–151, 154, 172, 173, 176, 177],
but also the magnonic band structures, as well as the band gap
widths in 1D [125, 127] and 2D arrays [105, 133] of magnetic
dots. Moreover, frequencies of isolated and collective dynamics
can change dramatically with the bias magnetic field because of
the change in the ground state of magnetization, which can show
a transformation from nonuniform state to uniform state with
increasing bias magnetic field strength [21, 112, 133, 149]. Rana
et al observed that the uniform collective magnetization
dynamics in an array of closely shaped square magnetic dot is
gradually transformed to the non-collective dynamics when the
in-plane bias magnetic field is rotated from 0° to 45° relative to

the symmetry axis of the square lattice (figures 9(c), (d))
[79, 138].

4.2. Electric field based control

In this section, we will mainly confine our discussion to the
control of nanomagnet dynamics by VCMA followed by a
short description of other electric field-based methods. The
mechanisms of VCMA and other electric field-based methods
have been discussed earlier in section 8.6 of part I of the
topical review. The SW frequency, damping, and band
structures in ultrathin ferromagnetic (FM) films strongly
depend on the interfacial PMA. Therefore, an electric field
applied at FM/oxide interfaces can significantly tune the
FMR and SW properties of the FM via VCMA. While
studying electric field induced modification of PMA, Nozaki
et al [178], Skowroński et al [179] and Kanai et al [180] have
experimentally demonstrated a significant modulation of
FMR frequency in ultrathin FM films upon the application of
an electric field (figure 10(a)). The VCMA induced modula-
tion of SWs was first reported by Nagaoka et al [181]. It was
shown that the resonance fields of magnetostatic surface SWs
in a 5 nm thick Fe film possessing PMA can be controlled
using VCMA. As a thicker FM film was used in this
study, the change in the resonance field was smaller, most
probably because of weaker PMA. Later on, Rana et al
experimentally reported the VCMA induced manipulation
of FMR and dipole-exchange SWs frequency in ultrathin
CoFeB films with varying thicknesses down to 1.6 nm [8].
A significant modulation in the SW frequency was observed,

Figure 9. (a) Scanning electron micrograph (SEM) of 200 nm wide square permalloy dots with 20 nm thickness and 50 nm interdot
separation. (b) Evolution of the collective mode frequencies with the in-plane orientation of the bias magnetic field. (c) Simulation results
show the evolution of collective modes with gradually varying azimuthal angle of the bias magnetic field. (d) Simulated spatial profiles of the
collective resonant modes. Reprinted from [138], with the permission of AIP Publishing.
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particularly in a 1.6 nm thick CoFeB film, where the inter-
facial PMA is almost compensated by the demagnetizing field
(figure 10(b)). Okada et al demonstrated that an electric field
applied at a FM/oxide interface not only modulate the PMAs,
but also modulates the damping constant of FMR and the
latter modulation is linearly proportional to the applied elec-
tric field [182]. Interestingly, a negligible modulation of the
damping constant by electric field was observed for CoFeB
films thicker than 1.5 nm. However, the reason behind this
remains unknown. Later, Rana et al demonstrated nonlinear
variation of damping constant with electric field, especially in
ultrathin CoFeB films (figure 10(c)) [51]. It was theoretically
explained that the nonlinear behavior of damping originates
from the electric field dependence of the coefficient of Rashba
SOC present at the CoFeB/MgO interface (figure 10(d)),
which was confirmed by studying other reference samples.
Recently, Fulara et al have demonstrated VCMA induced
modulation of effective damping in a spin Hall nano-oscil-
lator. Basically, the mode volume of nano-constriction in the
oscillator device and its coupling to propagating SWs are
drastically modified by the VCMA induced modulation in the
auto-oscillation frequency, resulting in a huge variation (42%)
of the effective damping over a moderate range of applied
gate voltage [183].

VCMA can also be used to form MCs by periodically
modifying the PMA of an ultrathin FM film. Wang et al
proposed that reconfigurable MCs can be formed with VCMA
by periodically arranging stripe-like gate electrodes on top of
an ultrathin FM waveguide [184]. When a dc voltage is
applied across gate electrodes and the WG, the PMA of the
FM is modulated only underneath the gate electrodes, which
then results in the formation of an artificial MC with a lattice
constant equal to that of the gate electrodes. These VCMA
induced MCs significantly modify frequency versus wave-
vector band structures of SWs, i.e. magnons, opening a
magnonic band gap at the BZ boundary, where the propa-
gation of SWs is prohibited. The width of the band gap and
transmission of SWs at BZ boundary in these VCMA induced
MCs can be tuned by simply varying the gate voltage mag-
nitude. In a pioneering work, Chaudhury et al experimentally
demonstrated the formation of periodic arrays of parallel
nanochannels (NCs) by VCMA [185]. These NCs were cre-
ated by applying dc voltages across the periodically arranged
stripe-like gate electrodes delineated on an ultrathin CoFeB
film (figure 11(a)). When no gate voltage is applied, a single
SW mode with monotonic variation of frequency with the
wavevector is observed (figure 11(b)). This SW dispersion
looks similar to the SW dispersion of a stand-alone CoFeB

Figure 10. (a) Homodyne-detected FMR spectra measured from an ultrathin CoFeB film in presence of an in-plane magnetic field of 44 mT
under bias voltage steps of 40 mV. Reprinted from [180], with permission of AIP Publishing. (b) SW signals measured from a 1.6 nm thick
CoFeB film with inverse spin Hall effect and spin pumping technique at various values of gate voltage. Reprinted (figure) with permission
from [8], Copyright (2019) by the American Physical Society. (c) Dependence of damping constant on gate voltage in a Ta/CoFeB/MgO
heterostructure with 1.6 nm CoFeB film thickness. The solid curve represents fitting with a quadratic function. (d) Schematic illustration
represents the relaxation mechanism of spin angular momentum in Ta(or, Cu)/CoFeB/MgO/Al2O3 heterostructure through two major
processes. Reprinted (figure) with permission from [51], Copyright (2020) by the American Physical Society.
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film without any gate electrodes. When a moderate gate
voltage (−4 V) is applied, i.e. when a periodic array of NCs is
formed, two SW modes appear with a bandgap (figure 11(c)).
Interestingly, the bandgap can be tuned just by changing the
gate voltage. After performing a PWM calculation and ana-
lysis, it was found that the mode 2, i.e. the higher frequency
mode is confined within channel 2 underneath the gate elec-
trodes, while mode 1, i.e. the lower frequency mode is con-
fined within channel 1 interposed between the gate electrodes
(figures 11(d), (e)).

5. Spintronic effects in nanomagnets

5.1. Spin current and magnetoresistance

Spintronics utilizes spin current for device operation, i.e. the
flow of spin polarized electrons, which requires creation of a

nonequilibrium spin population. This can be achieved in
many ways. Circularly polarized photons have been used to
transfer their angular momenta to electrons and produce a
spin-polarized population of electrons in semiconductors
[186], but for device applications such as spin transistors,
electrical spin injection is preferred. The latter is usually
achieved by connecting a ferromagnetic contact to a sample
and then injecting electrons from the contact into the sample
by connecting a voltage source across the interface between
the contact and the sample. A ferromagnet has a spin-split
conduction band where the densities of states of electrons at
the Fermi level are different for spins parallel and antiparallel
to the direction of magnetization. Since the electrons mostly
come from around the Fermi level in the contact, the injected
current naturally has majority spins and minority spins. The
spin injection ratio is defined as h = -

+
,

n n

n n
maj

maj

min

min
where nmaj is

the population of majority spins and nmin is the population of

Figure 11. (a) Schematic diagram illustrates the device structure of a VCMA induced NC. A static potential is applied across the periodically
arranged gate electrodes and the WG, which gives rise two regions: region outside of top electrodes (i.e. region 1) and region underneath the
top electrodes (i.e. region 2). Measured frequency versus wavevector data points at VG=0 V (b), and −4 V (c) under the application of 200
mT bias magnetic field [185]. (c) Solid symbols represent measured SW frequencies and the blue curves represent SW intensities calculated
by PWM. Inset shows the corresponding colour map. The position of anticrossing is indicated by a vertical dotted line, and the magnonic
band gap is shown by the grey region. (d)–(e) Calculated SW mode profiles for wavevector k=7.1×106 rad m−1 under the application of
VG=−4 V at μ0H=200 mT are presented. Mode 1 is confined in region 1 and mode 2 is confined in region 2. From [185]. Reprinted with
permission from AAAS.
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minority spins in the injected current. Other methods, which
do not require magnets but require such constructs as
quantum point contacts, have also been demonstrated for spin
injection [187]. In the ferromagnetic contact method, the
efficiency of spin injection is increased by interposing a
tunnel barrier between the ferromagnet and the non-magnetic
sample to overcome the so-called resistivity mismatch pro-
blem if the resistivities of the contact and the sample are
significantly different [188]. A spin current can also be gen-
erated by microwave excitation and by harnessing various
spin–orbit effects such as spin pumping, SHE, spin caloric
effects (e.g. spin Seebeck and Nernst effect), etc.

Historically, generation of spin polarized current was first
demonstrated by Jullieré in 1975 in an experiment involving
tunneling of electrons between two ferromagnetic films sepa-
rated by a spacer layer interposed between them [189]. This tri-
layer construct is called a ‘spin valve’ and it led to the concept
of tunneling magnetoresistance TMR=(RAP− RP)/RP=
2P1P2/(1 − P1P2); P1 and P2 being the spin polarizations of
the two ferromagnetic layers, while RAP is the resistance of the
spin valve when the polarizations of the two layers are
mutually antiparallel and RP is the resistance when they are
parallel. The notion of TMR is a key concept in modern
spintronics and is a metric used to gauge the degree of spin
selective injection from one layer, and spin-polarized extraction
by the other layer, in a spin valve structure. In other words,
TMR is a measure of the quality of the ‘spin polarizer’ layer
and the ‘spin analyzer’ layer. The MTJ is also a spin valve and
there, TMR is again a measure of the quality of spin selectivity
in the tunneling between the hard and the soft layers.

With the observation of significant room temperature
TMR in spin valve structures in 1995 [190, 191], this field has
grown substantially leading to the development of magne-
toresistive random access memory (MRAM) based on MTJ
[192]. Introduction of perfectly ordered (100) oriented MgO
tunnel barrier as the spacer layer interposed between CoFeB
electrodes as the ferromagnetic layers showed giant TMR
value of 220% at room temperature (RT) [193] and even
higher value of 604% in Co20Fe60B20/MgO/Co20Fe60B20/Ta
at RT demonstrated by Ikeda et al [194].

The giant magnetoresistance (GMR) effect was dis-
covered in 1988 by Fert [195] and Grunberg [196] in metallic
Fe/Cr multilayers. The effect is manifested as a giant change
in the electrical resistance of a device in a magnetic field. The
GMR typically occurs due to spin dependent scattering of
electrons at the interface, although it can also occur because
of other reasons [193]. In analogy with TMR, one defines
GMR=(RAP− RP)/RP, where RP and RAP correspond to the
resistances of the multilayer structure in parallel and anti-
parallel magnetization configuration between two FM layers,
respectively. GMR is observed both in current-in-plane (CIP)
and current-perpendicular-to-plane (CPP) geometries, i.e.
when current flows parallel and perpendicular to the hetero-
interfaces, respectively. Its magnitude depends both on the
ferromagnet FM (e.g. Fe) and normal metal NM (e.g. Cr)
layer thicknesses as given by the Valet-Fert model [197]. In
1998, IBM introduced a low field GMR sensor which is a key

component for data reading in magnetic hard disk drives
today.

In early 1993, a pioneering work on lateral spin valve
was reported [198], which spurred intense interest in early
2000 when Jedema et al demonstrated diffusive spin-injection
in a nonlocal geometry from a Py nanowire electrode fol-
lowed by spin accumulation in a Cu nanowire and subsequent
spin detection by another Py nanoelectrode [199]. An esti-
mated spin diffusion length in Cu of 350 nm at room temp-
erature was obtained. Later they demonstrated electrical spin
injection and detection in diffusive metallic conductor from
metallic FM electrodes through Al–O tunnel barrier and stu-
died controlled spin precession of the injected electrons [200].
An increasing spin signal due to ballistic spin injection was
reported. Efforts on increasing spin injection efficiency con-
tinued and an efficiency up to 27% was reported using half-
metallic Co2FeSi FM electrode [201] (figure 12), and a
temperature independent 70% spin injection efficiency in a
CoFe/MgO/GaAs device [202] were reported.

5.2. Spin transfer torque (STT)

The STT effect, mentioned earlier in this review, requires spin
polarized injection of current into or extraction of current from
the soft layer of an MTJ to reverse its magnetization. Here, the
MTJ’s hard layer acts as the spin polarizer. STT was demon-
strated first in a point contact [203] and subsequently in CPP-
GMR [204] and TMR nanopillars. There is a critical current
density in STT below which magnetic reversal does not take
place in the soft layer. Jiang et al found a way to reduce the
critical current density in a CPP pseudo-spin-valve nanopillar.
They showed that the critical current density for STT can be
reduced by an order of magnitude through the insertion of a
spin-scattering ultrathin Ru layer and an additional FM layer
[205, 206]. More recently, Vautrin et al reported the angular
and thickness dependence of the magnetocurrent of hot elec-
trons in a magnetic tunnel transistor (MTT) with crossed
magnetic anisotropies. They showed an increase in magneto-
current up to 85% with the variation of FM layer thickness,
which is very close to the theoretical maximum value of 100%
for MTTs [207]. Spin-polarized current driven magnetic
switching in nanoscale MTJ with Al–O barrier showed TMR
up to 30% at current densities less than 107 A cm−2 [208].
Introduction of a MgO barrier and post-processing annealing in
low-resistance Co40Fe40B20/MgO/Co40Fe40B20 MTJs showed
reduction of critical current density JC to as low as
7.8×105 A cm−2 (TMR=49%) and increase of TMR ratio
to as high as 160% (JC=2.5×106 A cm−2) [209]. The
improved scalability of ultrasmall out-of-plane magnetized
MTJs for STT-MRAM cells has been made possible by using
magnetic shape anisotropy in combination with interface
anisotropy [44]. Recently, insertion of a double tunneling
barrier in a double MTJ has led to the formation of a resonant
tunnelling junction, which showed TMR oscillation up to
12 nm thick FM layer [210]. More recently, quantum resonant
tunneling has been observed in a double MTJ incorporating a
double quantum well [211]. In recent years spintronics has
branched off into new areas by merging with various ancillary
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fields, namely magnon spintronics [5], spin–orbitronics [212],
antiferromagnetic spintronics [213], topological spintronics
[214], flexible spintronics [215], organic spintronics [216],
spin-based quantum [217, 218], neuromorphic [219] and
probabilistic computing [220], and so on. The overriding goals
are: further miniaturization, faster operation, greater function-
ality, energy efficiency, integration on flexible substrate etc.

5.3. Spin orbitronics

In STT, the exchange interaction between injected electron
spins and resident spins in magnetic materials mediates transfer
of spin angular momenta from the injected spins to the resident
spins. Spin-orbitronics is a new avenue of spintronics, which
relies upon the SOC in nonmagnetic materials instead of the

exchange interaction in magnetic materials for the generation,
detection and use of pure spin currents. This opens the pathway
to building magnetic materials less spin-based devices which
can be operated without magnetic fields. A number of effects
originating from SOC are important in the fields of nano-
magnetism and spintronics. These range from the fundamental
magnetic anisotropy energy, namely magnetocrystalline
anisotropy to more advanced topics such as anisotropic mag-
netoresistance, SHE, Rashba effect, Edelstein effect, SOT, spin
pumping effect, DMI, spin caloric effects etc. Two of the most
important aspects arising from the above effects are the gen-
eration of pure spin current, i.e. the so-called spin-charge
interconversion and appearance of chiral spin textures.

The intrinsic SOC is a fundamental interaction occurring
between an electron’s spin and its orbital motion around the

Figure 12. Enhanced nonlocal spin valve effect. (a) SEM image of the fabricated Co2FeSi(CFS)/Cu lateral spin valve (LSV). (b) Schematic
diagram of a nonlocal spin valve measurement is presented where spin polarized electron is injected into Cu through contact 2, and a nonlocal
voltage between contact 3 and contact 4 is measured. (c) A measured nonlocal spin-valve signal at room temperature for the CFS/Cu LSV,
together with that for the Py/Cu LSV is shown. As illustrated in the inset, the spin-valve signal varies according to the relative orientation of
magnetization in two wire-shaped CFS electrodes. (d) Local spin-valve signals measured from the Py/Cu and CFS/Cu LSVs at room
temperature. The inset shows the current (I)–voltage (V ) probe configuration. The low and high resistance states are associated with the
parallel and anti-parallel magnetization alignments, which agree well with those observed in the nonlocal spin valve signal. (e) Injected
current density dependent nonlocal spin signalΔRS, normalized byΔRS at a small bias current density of J0∼109 A m−2, are plotted for the
CFS/Cu LSV (red solid squares) and the Py/Cu LSV (blue open circles). (f) Evolution of ΔRS with the measurement temperature,
normalized by ΔRS measured at 20 K, for the CFS/Cu LSV (red solid squares) and the Py/Cu LSV (blue open circles). The inset shows a
nonlocal spin-valve effect of the CFS/Cu LSV at T=70 K. The scale bars in (c), (d), and the inset of (f) are 1, 2 and 5 mΩ, respectively.
Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, NPG Asia Materials, [201], Copyright ©
2012, The Author(s).
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nucleus. Hence it is sometimes called ·L S coupling. An
electron moving around a nucleus experiences an electric field
due to the positively charged nucleus and this electric field
Lorentz transforms into a magnetic field in the rest frame of
the electron. The interaction of this magnetic field with the
spin angular momentum of the electron gives rise to SOC.
The SOC increases as Z4 (Z is the atomic number) in
hydrogen-like atom [64]. The general derivation of SOC
starting from the Dirac equation for an electron of charge −e
and mass m under an external electrical field E(r)=−∇f(r)
yields:

 
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where

P and ŝ are the momentum operator and the Pauli spin

matrix, respectively. In addition to the intrinsic SOC or ·L S
coupling, there may be other types of SOC. Two major
contributions to such SOC in the conduction band of semi-
conductor crystals with direct band gap are: (a) the Dressel-
haus contribution occurring in crystals with bulk inversion
asymmetry, leading to a net electric field along specific crystal
directions [221] and (b) the Rashba SOC occurring in systems
with net electric field due to structural inversion asymmetry
[222]. The intrinsic SOC is usually absent in the conduction
band of direct gap semiconductors since the electron orbitals
are S-type (L = 0) but it can be present in the conduction
band of indirect gap semiconductors like Ge where the elec-
tron orbitals are not S-type. The Rashba and Dresselhaus SOC
can produce momentum-dependent splitting of spin bands in
bulk material and low-dimensional condensed phase systems
such as surface and interface states. The splitting occurs due
to the SOC and asymmetry of the crystal potential,
perpendicular to the 2D plane. It can also give rise to the spin-
momentum locking. The spin–momentum locking in 2D
geometries can influence the interplay between the charge and
spin transport. The Edelstein effect is an intrinsic charge to
spin conversion mechanism. When a charge current flows
through the spin-polarized surface states, a spin accumulation
occurs [223]. In the case of a 2D Rashba electron gas, where
this spin-dependent band splitting occurs [224], this effect is
known as Rashba–Edelstein effect.

Topological insulators (TI) exhibit a spin-split linear
dispersion character on their surfaces, while showing a band
gap in the bulk. This spin-split surface states occur due to the
presence of surface topology, irrespective of the Rashba
effect. Besides, they also exhibit spin-momentum locking
[225]. When a charge current flows through the spin-polar-
ized surface states of a TI, a spin accumulation is generated
and the effect is called the Edelstein effect [223].

The SHE acts as the leading mechanism for the conver-
sion of charge to transverse spin current inside a nonmagnetic
metallic system with large spin-charge conversion ratio (spin
Hall angle or SHA). Dyakonov and Perel first proposed this
phenomenon in 1971 [226] which was later expounded by
Hirsch [227]. Subsequently, optical and electrical measure-
ment techniques were used to study SHE and inverse SHE in
different non-magnetic systems [228–230]. Its origin lies in
the intrinsic effect, namely Berry curvature effect associated

with the spin dependent band structure of the crystalline
material and extrinsic mechanisms associated with the
asymmetric scattering of conduction electrons from impurity
potential, namely skew scattering and side-jump mechanism.
There is also an intrinsic universal SHE that is due to spin-
orbit interaction in a 2D system which yields a universal spin
Hall coefficient of q/8π (q=electron charge) [231]. Among
nonmagnetic metals, heavy metals like Pt, Ta, Ir, Hf, W show
large SHA, with W and its oxides exhibiting the highest value
of ∼0.5 for the SHA [232]. On the other hand, TIs show giant
SHA with spin Hall angles well above unity associated with
the topological surface state and unique valley degree of
freedom [233].

Spin pumping is another efficient method for generating
pure spin current. It is a non-local effect, which refers to the
flow of pure spin current generated by the precession of
magnetization, from a ferromagnet (FM) into a normal metal
(NM). The magnetization precession results in spin accumu-
lation at the interface of NM/FM heterostructure. The accu-
mulated spins then enter into adjacent NM layer through
diffusive motion. The NM layer plays the role of a spin sink
to absorb the spin current through spin-flip scattering. This
leads to an increase of the Gilbert damping coefficient of the
FM layer. Tserkovnyak, Brataas and Bauer theoretically for-
mulated the spin pumping led increase in damping in NM/
FM heterostructures in 2002, using time-dependent adiabatic
scattering theory [234]. There, time dependent magnetization
in the presence of spin pumping can be expressed by a
modified LLG equation as [235, 236]:
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where Is is the total spin current, γ is the gyromagnetic ratio,
Heff is the effective magnetic field, α0 is the intrinsic Gilbert
damping parameter, V is the volume of the FM and Ms is the
saturation magnetization of the FM. The spin current Is
generally consists of three terms: a direct current contribution
( )I ,s

0 spin current ( )Is
pump pumped from the FM to NM, and

spin current backflow ( )Is
back into the FM due to reflection

from the NM/substrate interface assuming it as a perfect
reflector. This can be written as:

= + + ( )I I I I . 10s s s s
0 pump back

The contribution Is
back is determined by the spin diffusion

length of the NM layer. The spin transport through NM/FM
interface is determined by the spin-mixing conductance,
which is nothing but the conductance properties of the spin
channels at the NM/FM interface. The spin mixing con-
ducatnce can be of two types: (a) the intrinsic spin-mixing
conductance (G↑↓), where the contribution of spin angular
momentum backflow is ignored, and (b) the effective spin-
mixing conductance (Geff), where the backflow contribution is
included [237]. The interfacial spin transparency (T) takes
into account various effects leading to the reflection of elec-
trons from the interface instead of transmission during
transport [238]. Moreover, T also depends upon intrinsic and
extrinsic interfacial factors, for instance, Fermi velocity,
band-structure mismatch, interface imperfections, structural
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phase etc [239, 240]. Panda et al showed a giant value of T
exceeding 80% in a W(t)/CoFeB(d) heterostructures, which
strongly depends on the structural phase of W. A subtle
variation of W thickness across 5 nm exhibited a sudden
change of structural phase from β-W (t�5 nm) to mixed
α+ β−W (t>5 nm) and an ensuing decrease in Geff

(figure 13) and T value from 0.81±0.03 to 0.60±0.02
[240]. Analyses showed that the contribution of spin pumping
(SP) is heavily dominant over other possible contributions
like two-magnon scattering (TMS) and spin memory loss
(SML) to damping.

Another important effect arising from SOC is the DMI.
This has its root in the seminal work in 1958, when the
phenomenological theory of antisymmetric exchange cou-
pling between spins to explain the phenomenon of weak
ferromagnetism in antiferromagnetic compounds [241] was
developed. In 1960 Moriya derived this interaction as a SOC
between electrons within the framework of super-exchange
theory [242, 243]. This anisotropic exchange interaction, i.e.
DMI arises in the materials that lack inversion symmetry in
the presence of strong SOC. This spans over non-cen-
trosymmetric bulk ferromagnets, multiferroics, perovskites
and cuprates. Interfacial DMI, which is observed in FM thin
film heterostructures, helps to stabilize various chiral spin
textures, for example, skyrmions, skyrmion lattices, magnetic
helices and chiral domain walls. Early theoretical effort

considered the RKKY interaction, i.e. spin–orbit scattering of
the conduction electron gas from the heavy metal impurities
to explain DMI [244]. Later, proximity induced magnetic
moment in heavy metal was claimed to be responsible for
DMI [245], which was immediately contradicted and was
found to have no role to play in Co/Pt [246]. The sign and
magnitude of DMI depends upon the degree of 3d–5d orbital
hybridization around the Fermi level [247]. It depends on
filling of 5d orbitals (electronegativity) in heavymetals (HMs)
[248]. DMI is driven by spin-flip transitions between 3d states
(in the FM) involving intermediate states (from the adjacent
layer) with strong SOC strength [249] and is correlated with
spin-mixing conductance. BLS has emerged as one of the
most popular and reliable techniques to investigate interfacial
DMI in various HM (or other NM)/FM heterostructures from
the asymmetric spin-wave dispersion (figure 14) in the DE
geometry [21, 250, 251].

The SOC related effects are generally studied in HM
systems but other candidates like TI and 2D materials are
gradually making inroads. For example, the SOC magnitude
for the sp2 bonded structure of pristine graphene is quite
small (about 10 μeV) [252]. However, SOC can be sig-
nificantly enhanced by some techniques, for instance, by
proximity effect and hybridization with adjacent materials.
The SOC can also be enhanced by introducing in-plane and
out-of-plane deformations that mix the sp2 and sp3 orbitals in

Figure 13. (a) X-ray diffraction (XRD) data measured at 2° grazing incidence angle for varying thicknesses of W are plotted. (b) Variation of
the inverse of sheet resistance with W thickness. (c) Variation of effective spin-mixing conductance (Geff) with the thickness t of W layer
(symbol). The solid line represents a guide to the eye. (b) Contributions of spin pumping (SP), two magnon scattering (TMS) and spin
memory loss (SML) to the modulation of damping for different Co20Fe60B20 layer thicknesses d (symbol). The solid lines represent a guide
to the eye. Adapted from [240] with permission from the American Chemical Society.
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strained or buckled graphene and also by employing inter-
actions with adatoms and electric fields. SOC-induced split-
ting of graphene bands further leads to the spin–momentum
locking and chiral spin orientations; for example, the large
SOC splitting (∼100 meV) in graphene on Au originates from
the strong hybridization between the Dirac-cone states and the
d states of Au [253].

5.4. Spin mechatronics

Spin mechatronics utilizes mechanical motion of nano-
magnets for generation and control of spin currents. The
angular momentum conservation between mechanical motion
and spins triggers the spin current generation by mechanical
motion [254]. To understand this phenomenon, a spinning top
driven by external torque can be considered. When mechan-
ical rotation is applied to this system, the rotation axis of a
spinning top aligns with the axis of external torque due to the
Coriolis force given by: W= - ·H L ,Cor where L represents
the mechanical angular momentum of the spinning top andW
represents the angular velocity of the applied rotation field.
Analogously, classical Coriolis force can be replaced by
quantum mechanical spin-rotation coupling (SRC), i.e. cou-
pling between spin angular momentum S and mechanical
rotation given by: W= - ·H S .SRC In 1915, Barnett dis-
covered a gyromagnetic effect known as Barnett effect, which
stipulates that when a magnetic element is rotated, the spins
inside the element are aligned along the rotation axis, i.e. the
element is magnetized (figure 15(a)) [255]. This is caused by
the Zeeman coupling of S with the emergent magnetic field

g= WWB created by the rotation of the element, where g is
the gyromagnetic ratio.

The converse phenomenon of the Barnett effect is known
as Einstein–de Haas effect. Einstein and de Haas experi-
mentally demonstrated that a freely suspended FM starts to
rotate under the application of an external magnetic field
(figure 15(b)) [260]. Basically, the magnetic moment in the
FM is changed once the magnetic field is switched on. This
triggers a mechanical angular momentum to compensate the
modulation of the spin angular momentum of the FM because
of angular momentum conservation principle. In the Barnett
effect, the mechanical rotation not only couples to the elec-
tronic spin system, but also couples with the nuclear spin
system. Chudo et al measured the Barnett field in non-fer-
romagnetic system by observing the shift of the nuclear
magnetic resonance (NMR) frequency due to the SRC
between nuclear spin and mechanical rotation [261]. By
measuring the induced magnetic moment in a polycrystalline
Gd (paramagnetic) sample, Ono et al also estimated the
Barnett field [262]. Interestingly, SRC not only modulates
spin angular momentum, but also can generate spin current by
two routes: first, mechanically induced SOC due to the rigid
motion, and second, coupling of spin with vorticity due to the
local rotational motion of elastic or fluid materials. In the first
case, SHEs can be induced by rigid [263] and vibrational
[264] mechanical motion even in the absence of conventional
SOC, which enables spin current generation. As an example,
if a Pt film vibrates at 10 GHz frequency with an amplitude of
0.1 nm, then the amplitude of the generated ac spin current
can be estimated as 105 Am−2 [264]. In the second case, the

Figure 14. (a) BLS spectra measured at SW wave vector k=2.04×107 rad m−1 from a Ta(2 nm)/CoFeB(t)/TaOx(0.5 nm) sample for two
counterpropagating directions. The corresponding CoFeB thicknesses are indicated in each panel. The solid curves represent the fit with the
Lorentzian function. (b) Plot of frequency difference (Δf ) between two counterpropagating SWs as a function of k for Ta(2 nm)/CoFeB(t)/
TaOx(0.5 nm) samples with various values of t. Solid symbols represent the experimentally obtained values and solid lines are the theoretical
fits. Inset: Schematic of the film stack and measurement geometry of BLS. Adapted from [251] with permission from the American Physical
Society.
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vorticity gradient gives rise to a spin-dependent force given
by w= ·F S ,S where w is the gradient of vorticity. This
shows that spin current can be generated along the vorticity
gradient. When SAWs propagate through a nonmagnetic film,
the atoms attached to the lattice points oscillate around their
equilibrium position and a gradient of vorticity is established
across the thickness of the film. This generates a spin current
across the thickness [265–267]. Interestingly, this mechanism
allows one to utilize materials with relatively small SOC (e.g.
Cu, Al and even carbon nanotubes) to generate spin current
with reasonable density. Takahashi et al demonstrated that the
spin-vorticity coupling caused by the gradient of vorticity
field in a liquid metal flow, such as flow of GaInSn or Hg in a
fine quartz pipe, can also generate spin current [268].

In spintronics, the spin current, i.e. flow of spin angular
momentum is utilized for transmission and processing of
information. Either the translational motion of conduction
electrons or the SWs can be used to carry spin angular
momentum. A spin-flip or spin-transfer process always
involves a change in the angular momentum, which can
induce a mechanical torque and hence mechanical oscillation
to the nanoelement attached to the system. Based on this
principle, Mohanty et al proposed a spin-mechanical device
for the manipulation and detection of spin currents by
mechanical torque [269], which was experimentally demon-
strated later [257]. It was demonstrated that when a spin-
polarized current flows through a metallic nanowire, half of
which is made of FM and other half is made of nonmagnetic

material, the spins of the conduction electrons are ‘flipped’ at
the interface between the two materials, which then produces
a nanomechanical torque (figure 15(c)). The spin torque was
determined from a measurement of the magnetic field
dependence of the magnetomotive voltage. That enables
nanomechanical detection of spin flip phenomenon. This idea
was later extended for nanomechanical detection of the spin
Hall coefficient. Recently, Harii et al have experimentally
demonstrated transmission of mechanical angular momentum
and force generation due to SWs injected into a yttrium iron
garnet (YIG) film by the spin-Seebeck effect [258]. The SW
current, transmitted through a YIG microcantilever, was
observed to create a mechanical force on the cantilever as a
nonlocal reaction to the spin-Seebeck effect (figure 15(d)).
Karenowska et al proposed a hybrid spin mechatronic struc-
ture in which information encoded in the phases and ampli-
tudes of propagating SWs are written and read by resonant
magno-mechanical elements [259]. The principle of operation
is very similar to MRFM, where short wavelength, highly
spatially localized standing SWs are detected by a cantilever
tipped with a ferromagnetic particle. They have proposed to
use a YIG waveguide for SW transmission and a magnetic
cantilever suspended above the film as a micromechanical
probe (figure 15(e)). The probe is movable in the x-, y-, and z-
directions. An optical vibrometer having resolution of 0.1 nm
is used to detect the displacements of the cantilever due to the
stray field generated by propagating SWs. This magnetic

Figure 15. (a) Schematic illustration of the Barnett effect. The magnetic moments in a FM material are aligned along the rotation axis of the
external mechanical rotation due to spin-rotation coupling [254, 256]. (b) Einstein–de Haas effect, the converse of the Barnett effect, which
causes mechanical rotation owing to magnetization, is illustrated. When a suspended magnetic material is magnetized, the spins are aligned
along the direction of the external magnetic field, leading to the induction of mechanical angular momentum to compensate the modulation of
spin angular momentum. Reproduced from [256] with permission of Frontiers Media. (c) SEM image of a nanomechanical device along with
the enlarged image showing the FM/NM interface (cobalt and gold are represented by red and yellow colors, respectively). The structure is
fully suspended and rigidly clamped at the large support pads. Reproduced from [257] with permission of Springer Nature. (d) The schematic
illustration of a YIG cantilever connected to one edge of a YIG film. A heater is placed on top of the YIG film. When electric current is
applied to the heater, heat current is generated, which creates SW (i.e. magnon) accumulation at the top and bottom surfaces of the YIG film.
The accumulated magnons then inject spin current into the YIG cantilever. Reproduced from [258] with permission of Springer Nature. (e)
The schematic diagram of the experimental setup that demonstrated the feasibility of utilizing mechanical coupling to propagate
magnetostatic SWs through a YIG waveguide. The amplitude modulated SWs, excited by a microstrip antenna, are used to generate out-of-
plane oscillations of a magnetic micro-mechanical probe (nickel, diameter 10 μm) suspended above the surface of YIG film. A laser
interferometric vibrometer is used to measure the displacements of the probe. Reproduced from [259] with permission of the authors.
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cantilever movement can even perturb the SW amplitude and
phase at sub-millimeter approach distances.

6. Future perspectives and challenges

The field of magnonics offers the tantalizing possibility of
replacing traditional charge-based logic, communication and
information processing approaches with an alternate paradigm
that may eclipse the traditional paradigm in many aspects
[270]. As magnonics is a young and rapidly evolving research
field, it naturally faces many challenges. Successful applica-
tion of nanomagnets in future magnonic devices has to con-
tend with many obstacles, and strategies for overcoming them
can be broadly classified into three major tasks as discussed
below.

6.1. Searching for new nanomagnets

Nanomagnets are proven to be the backbone of magnonics.
Various types of nanomagnets have been tested as dynamical
systems. The SW properties and various operations of mag-
nonic devices have already been demonstrated in those
nanomagnets as discussed in this topical review. However,
the quest for new types of nanomagnets with emerging
properties and new functionalities is still ongoing [271–274].
The recently discovered 2D materials with spontaneous
magnetization below and above room temperature have ush-
ered in a renaissance in this field. A huge variety of 2D
materials such as metals, semimetals, TIs, semiconductors
and insulators have been discovered so far. The breakthrough
occurred in 2017 when ferromagnetism in atomically thin
CrI3 [275] and Cr2Ge2Te6 [276] layer were experimentally
demonstrated. This was quickly followed by the discovery of
magnetism in Fe3GeTe2 [277, 278] and FePS3 [279]. How-
ever, the Curie temperature for all of them is well below room
temperature. Very recently, magnetism has also been dis-
covered in 2D layers of MnSe2 [280], VSe2 [281] and
Fe5GeTe2 [282] at room temperature. Due to very weak van
der Waals (vdW) interaction, the single layers of 2D materials
are easily cleavable from bulk materials and the absence of
any dangling bond allows one to stack 2D materials in any
sequence with almost perfect interfaces. This creates vast
opportunities to study various fascinating phenomena origi-
nating at the interfaces, such as PMA [283], Rashba SOC
[284] and DMI [285–289]. Being low dimensional systems,
the magnetic 2D materials have always become a popular
platform to study various quantum aspects of magnons. Also,
topological magnonics is another vibrant research field
drawing more attention over the past few years [290–292].
All these reports prove that the new materials can show some
intriguing properties of magnons and also demonstrate a
potential for application in future magnonic devices. How-
ever, as of this writing, investigation and control of the SW
properties in magnetic 2D materials, especially, in the form of
nanostructured arrays, has not been done.

Three-dimensional (3D) nanomagnetism [293] has the
potential to revolutionize ultrahigh density data storage

devices, neuromorphic computing, and 2.5D spintronic
devices. However, the major challenges in this field are the
difficult fabrication and characterization techniques. A com-
bination of various 3D patterning techniques including two-
photon lithography, focused electron beam-ion deposition
with other physical and electrochemical deposition techniques
are being used to grow different kinds of 3D nanomagnets
[294, 295]. Investigation of high frequency spin-wave
dynamics is another major challenge in these systems and
recently TR-MOKE [296] and BLS [297] techniques have
been successfully used to investigate the confined and
extended SWs in different kinds of 3D magnetic nanos-
tructures. The field is still wide open with huge opportunities
both from fundamental and application perspectives and will
be a subject of intense interest in the coming years.

Apart from the conventional materials, efforts have also
been made to explore new type of materials such as complex
organic molecules. They have already been tested for the
generation of spin current [298], spin-charge interconversion
[299] and for controlling localized spin [300]. In this regard,
single molecule magnets have been very popular owing to
various potential applications in spintronics [300]. Chiral
molecules are promising as another potential candidate for
spintronics and possibly for magnonics applications as well. It
has been demonstrated that chiral molecules can transport
spin current with chosen spin polarization depending upon the
handedness of the molecule [301]. This phenomenon, popu-
larly known as chiral-induced spin selectivity (CISS), origi-
nates from the centripetal force experienced by the spins of
electrons moving through the curvature of the potential
energy associated with the chiral molecule. The CISS effect
can be used to create magnetic material free magnetic mem-
ory [302] and an efficient source of spin current [303]. When
chiral molecules are deposited on top of magnetic materials,
they can switch the magnetization without the requirement of
charge current and magnetic field [304]. The spin current
generated by the CISS effect can also be utilized to effectively
amplify SWs and to implement STNOs.

Antiferromagnets are also drawing attention because of
their huge potential in ultrahigh-frequency spintronics.
Although antiferromagnetic materials and their properties
drew attention a few decades ago, they were initially thought
to be useless due to zero net magnetic moment which makes
them invisible to common magnetic probes. However, this
common perception has recently been changed after dis-
covering its several advantages over ferromagnetic materials
related to spintronics, especially in magnonics [213]. Anti-
ferromagnetic thin films have been tested as efficient spin
current generator [305]. Coherent propagating SWs with very
short wavelength and very high frequency up to THz can be
excited in antiferromagnetic materials [306, 307], which
offers the development of ultrafast miniaturized magnonic
devices. Moreover, magnon transport up to several micro-
meters has also been reported in van der Waals antiferro-
magnets [308]. One interesting advantage of antiferromagnets
over ferromagnets is that they can accommodate SWs with
both right and left circular polarization. Hence an anti-
ferromagnetic domain wall can be used as the polarizer and
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retarder of SWs [309]. Despite all these promises, the study of
SWs in aniferromagnetic nanostructures like single and per-
iodic arrays of dots, stripes, wires, antidots have not been
done as of this writing. Moreover, suitable methods for
controlling, detecting SW and demonstration of SW logic
operations in antiferromagnetic materials are still lacking and
will be the subject of intense interest in the coming years.

6.2. Hybrid magnonics

The quest for ever increasing functionality of magnonics
demands the hybridization of magnons with other entities
such as phonons (i.e. lattice vibration in solid), skyrmions,
superconducting qubits, fluxons and magnons themselves
[310]. The interaction of magnons with phonons, i.e. MPC
can give rise to novel device functionalities such as non-
reciprocal transport, efficient excitation of magnons, manip-
ulation and amplification of magnons, spin current generation
due to lattice vibration and magneto-elastic antennas. The
current challenge is to enhance the coupling efficiency
between magnons and phonons such that the information can
be exchanged back and forth without losing information
[311]. The phonons can propagate over much longer distances
than magnons and hence can act as pilot waves to steer
magnons. Thus MPC can significantly increase the magnon
propagation distance or magnon lifetime. Being topologically
protected objects, skyrmions can store data with a very high
density, carry information and serve even as microwave
oscillators. Moreover, periodic arrays of skyrmions can serve
as refractor or MCs where the propagation direction and the
propagation properties of magnons can be reconfigured.
Therefore, presence of skyrmions in a lattice form can sig-
nificantly influence the magnon properties. Moreover, the
study of magnon interaction with other magnetic structures
such as magnetic domain walls, magnetic vortices, etc are
equally important. Magnon-magnon coupling is another form
of hybrid magnonic phenomena having potential in quantum
information processing where quantum states can be coher-
ently transferred from one medium to another. Despite the
initial progress in magnon-magnon coupling in ferromagnetic
heterostructures [312], little has been done to study this
phenomenon in arrays of ferromagnetic nanostructures. This
is more challenging since the coupling strength varies as the
square root of the number of spins in the system, which falls
off drastically in nanoscale systems. However, the recent
demonstrations of dipolar-coupling mediated moderate to
strong magnon-magnon coupling in ferromagnetic nanos-
tructures raise hope in this field [151, 313].

Spin polarized current and pure spin currents have tra-
ditionally been used for the amplification of SWs, where the
spin polarized current is generated by sending a charge cur-
rent through ferromagnetic materials and a pure spin current is
generated by utilizing the SHE. The orbital angular momen-
tum of electrons has always been neglected. However, the
recently discovered orbital Hall effect which represents the
generation of a transverse flow of orbital angular momentum
by a longitudinally applied electric field can add some new
insights in this direction [314, 315]. The orbital torques may

be utilized for amplifying SWs and can have great importance
for developing novel spin-orbitronic devices.

6.3. Emergent properties and new functionalities of magnons

Another new direction of research in this area is to explore
emergent properties of magnons in nanomagnets and
demonstration of new functionalities of magnons. The Bose–
Einstein condensation of magnons [316, 317], excitation of
nuclear SWs, excitation of ultrashort wavelength SW, appli-
cation of SWs in neuromorphic computing, i.e. the human
brain inspired alternative computing architectures, etc are
some of those classic examples. Nuclear SWs are a new type
of SWs excited in anisotropic antiferromagnet using nuclear
magnetic resonance by utilizing the Suhl–Nakamura interac-
tion mechanism [318]. This nuclear SWs can even generate
pure spin current into an adjacent metallic layer. It is expected
that more studies in this direction will be performed in the
near future to show the potential of these nuclear SWs.

Excitation and detection of SWs with shorter wavelength,
especially, with the sub-100 nm wavelength and study of their
properties are of great importance owing to possible techno-
logical applications in faster and miniaturized magnonic
devices. However, excitation and detection of exchange
dominated shorter SWs has always been very challenging.
Several approaches, such as ferromagnetic antennas [319],
magnonic nanogratings [320, 321], spin textures [322],
parametric pumping [323] etc have been adopted to excite
SWs with wavelength below 100 nm. The recent report on the
excitation and directional emission of short wavelength
exchange SWs by magnetic nanostructures such as skyrmions
has fueled interest in this direction [324]. It is anticipated that
magnetic nanostructures such as arrays of magnetic dots,
antidots, wires and topological spin structures such as sky-
rmions, domain walls, vortices, etc can be used for the
excitation and directional propagation of SWs.

Recently, it has been proposed that SWs can be used in
neuromorphic computing by utilizing oscillator, interference
and propagation properties [325–327] although actual
implementation has remained elusive. Additionally, the study
of the quantum properties of SWs in superconductor/ferro-
magnet hybrid structures [328, 329] and exploring topological
magnons [290, 292, 330] are also very interesting new
directions of magnonic research. In summary, magnonic
devices based on magnetic nanomaterials is a very promising
and active research field bristling with the possibility that it
may eventually surpass the performance of modern CMOS
based electronic devices in some respects. Although many
challenges remain, the excitement that permeates this field is
likely to propel and take this field to new heights.
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