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Abstract

Magnonics, a burgeoning field within nanomagnetism, focuses on utilizing spin waves
(SW) or magnons for information transmission, storage, and processing. Magnonic
crystals, typically composed of periodic and aperiodic arrangements of nanomag-
netic entities with varying shapes, sizes, and materials, can be tailored to explore
unique properties such as negative group velocity, anisotropic dispersion relation,
nonreciprocity, and reconfigurability. These properties hold promise for developing
next-generation information processing and storage technologies. To create reconfig-
urable magnonic devices, precise control over SW behavior and seamless integration
with spintronic and electronic systems are essential. Artificial spin ice (ASI) and
non-collinear magnetic textures emerge as promising candidates for achieving these
objectives. ASI consists of engineered arrays of dipolar-coupled single-domain fer-
romagnetic nanomagnets, mimicking frustrated spins found in rare earth titanate
pyrochlores like Ho,TisO7; and Dy, TisO7. Originally designed for studying geo-
metrically induced magnetic frustration, phase transitions, and emergent magnetic
monopoles, these structures offer multiple degenerate microstates, enabling the ma-
nipulation of SW excitations. Despite recent interest in SW behavior within these
arrays and clusters of dipolar-coupled nanomagnets, a comprehensive understanding
of SW excitation, propagation, and its coupling with other excitations in the presence
of emergent magnetic monopole and bound monopole-polaron states remains elusive.
Additionally, non-collinear magnetic textures such as radial vortex, skyrmions, etc.,
arising from the intricate interplay of fundamental magnetic interactions, includ-
ing symmetric Heisenberg exchange, perpendicular anisotropy, and antisymmetric
Dzyaloshinskii-Moriya (DM) interaction, offer advantages over simpler counterparts
like nanomagnets with single-domain states in terms of reconfigurable magnonics.
The SW excitations in these textures feature shorter wavelengths, non-linearity, and
non-reciprocity. Exploring these properties involves stabilizing novel textures across
diverse magnetic and geometrical parameter ranges and investigating their corre-
sponding SW responses.

In this thesis, we provide an in-depth analysis of SW behavior in the building block of
square ASI, finite-size square ASI, and square ASI array using micromagnetic simu-
lations and Time-resolved magneto-optic Kerr effect (TR-MOKE) spectroscopy. We

delve into the influence of magnetoelastic coupling on SWs, through the concurrent



excitation of phonons induced by laser pulse irradiation on the square ASI array
using TR-MOKE spectroscopy. Finally, we explore the non-trivial SW behavior in
a novel non-collinear magnetic texture within a confined nanodisk with interfacial
DM interaction.

Firstly, we investigated the collective SW response in the square ASI and its building
blocks using micromagnetic simulations. Our study reveals key features associated
with magnetization reversal in constituent nanomagnets during the evolution of mi-
crostates at varying external magnetic fields in the respective excited SW spectra.
Analysis of the spatial distribution of power profiles associated with excited SW
modes shows the significant influence of local magnetic charges, i.e., local converg-
ing and diverging magnetic flux lines, in the inhibition and facilitation of specific SW
modes. Our comprehensive analyses of the building block and square ASI structure
demonstrate that the collective excitation of SWs and their behavior in square ASI
can be understood by examining their corresponding building blocks. Further, we
demonstrate that limited efficient and anisotropic transmission of SWs can occur
between nanomagnets solely due to the dipolar interaction inherent in square ASI
configurations. Our study underscores the critical role of local magnetic charges in
facilitating this anisotropic transmission of SWs to neighboring nanomagnets when
a spatially localized magnetic field perturbation is applied at the magnetically un-
charged vertex. Our findings reveal distinctive features in the spectral attributes of
SWs when magnetically charged states, such as emergent magnetic monopoles and
anti-monopoles, and bound monopole-polaron states, are present within finite-size
square ASI systems.

Based on our simulation findings, we explore the collective SW response in a square
ASI lattice using TR-MOKE spectroscopy. Here, we employ a highly focused pump
pulse to excite a single ASI vertex during irradiation. Our experimental investigation
reveals that in large arrays of such ASI vertices, viz., square ASI lattice, magnetoe-
lastic coupling emerges as a critical factor influencing the collective SW response.
Magnetoelastic coupling arising due to the concurrent excitation of phonon modes
through pump pulse irradiation results in the observation of non-dispersive SW
modes, which are independent of the magnetic field due to magnetoelastic coupling.
We show that the influence of magnetoelastic coupling can be tuned by controlling
the underlying magnetic state through external magnetic orientation relative to lat-

tice symmetry or by introducing defects like misaligned nanomagnets to break the



symmetry of the square ASI lattice. To corroborate our experimental findings, we
employ a multistep modeling approach to simulate coupled magnetoelastic modes
induced by ultrafast laser pulse irradiation on square ASI samples. Details of the
multi-step model and its outcomes are presented alongside the experimental find-
ings.

Finally, we present our analysis of SW modes in non-collinear magnetic textures
by conducting detailed micromagnetic simulations in Co/Pt bilayer nanodisks. The
simulated ferromagnetic/non-magnetic bilayer nanodisks exhibit interfacial DM in-
teraction, thereby facilitating the stabilization of non-collinear magnetic textures
with specific chirality. Our study demonstrates the stabilization of a novel magnetic
texture through a series of magnetic texture transitions induced by sweeping an
external magnetic field. The SW studies conducted in these textures highlight the
non-reciprocal nature of the excited SW mode, which is exclusively observed in the
novel texture. Furthermore, our study demonstrates efficient switching of this novel
state into a target-skyrmion state within a few nanoseconds timescales by resonating
the equilibrium magnetic state at the eigenfrequency of its radial SW mode. This

finding holds promise for developing power-efficient spintronic memory devices.
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Red color rings in (a) encircle the four outer vertices which are la-
beled as V1, V2, V3, and V4. Here, the red arrow in (b) represents
the direction of an external field applied before reaching the rema-
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(a) Schematic of OE-square ASI vertex with different cutlines shown
as black and red dashed lines along the easy and hard axes of con-
stituting nanomagnets. These cutlines are labeled as C1, C2, C4,
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Power profiles of the excited SW modes in logarithmic scale at 6.34
and 10.4 GHz, respectively. (d, e) Corresponding line scan of power
profiles along the two orthogonal directions, i.e., C1 and C4 cutlines
shown in the schematic of Fig.4.13(a). Highlighted regions in (d,
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the central vertex subjected to pulse-field excitation. . . . . .. . ..
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(a) Power profile of the excited SW modes in logarithmic scale at
9.9 GHz. (b) Corresponding line scan of power profiles along the two
orthogonal directions, i.e., C1 and C4 cutlines shown in the schematic
of Fig. 4.13(a). Highlighted regions in (b) indicate nanomagnets at the
central vertex that are subjected to pulse-field excitation. . . . . . . .
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nence when an initial bias field is applied along the easy axis of one of
the sublattices, specifically at 0° (a) and at 45° (b) from the easy axis
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vertices within the blue highlighted region of (a) illustrate the charged
vertices displaying a type-III macrospin configuration. The red and
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net local diverging flux (Q,,) and converging flux (-Q,,), respectively.
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regions in Fig.4.18 of square ASI array at remanence for (a) 0 = 45°
and (b) # = 0°. Here, 6 denotes the angle subtended by the initial bias
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the highlighted regions in panels (a) and (b) of Fig.4.18. The high-
lighted regions in panels (a) and (b) correspond to the nanomagnets
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(a, b) The dependency of SW modes’ frequency on the magnetic field
is depicted as a 2D surface plot, along with a normalized magnetiza-
tion (M,) vs. bias field strength plot during the down-sweep for OE
and CE-square ASI vertices. The power of the SW mode is repre-
sented in dB to enhance the visibility of weaker SW modes against
the stronger ones, with the intensity displayed in a colorbar on the
right. The white arrow indicates the direction of the bias field sweep
(down-sweep). Insets in (a) and (b) provide schematics of OE and CE
vertices. SW spectra for CE and OE vertices at remanence (c), and
at Hexy = 150mT (d) when the external bias field is applied along the
easy axes of half of the nanomagnets is shown. An inset in (a) illus-
trates the macrospin arrangement and the presence of uncompensated
charges at odd coordination vertices for the CE vertex at remanence.
Power profiles of the excited SW modes at (a) remanence and (b)
He = 150mT applied along the x-axis for OE and CE vertices. (c,
d) Macrospins configuration of underlying magnetic state for OE and
CE vertices, respectively, at remanence. The insets on the bottom
right corner of (b) show the colorbar and filed direction on the XY
Cartesian plane. For H. = 150mT, the equilibrium magnetization
direction in each nanomagnet of the OE and CE vertices is pointed
along the field direction, i.e., the x-axis. . . . . . . . ... ... . ...

Schematic depiction of (a) a single square ASI vertex and (b) a defec-
tive square ASI vertex with closed edges, presenting a tilted nanomag-
net at 20° deviation from the y-axis. The dimensions of the nanomag-
net are illustrated in the schematic. Scanning electron micrograph
displaying the (c) square ASI vertex array and (d) defective square
ASI vertex array with misaligned nanomagnets at alternating ver-
tices. (e) Schematic representation of the TR-MOKE measurement
configuration featuring an square ASI vertex as the sample. . . . . . .
Line plot shows the experimental TR-MOKE signal of the (a) ref-
erence permalloy (NiggFeyo) film and (c) square ASI lattice. Corre-
sponding fast Fourier transform of the TR-MOKE signal is shown in
(b, d) for reference permalloy (NigoFey0) film and square ASI lattice,
respectively. The magnetic component of the TR-MOKE signal and
its corresponding FFT are shown in a black solid line, whereas the
nonmagnetic component is shown in a red dashed line in the plot. The
inset in (d) depicts the schematic of the square ASI configuration and
applied field orientation. . . . . . . .. ... ..o
Magnetic field dependence of the excited fundamental SW mode (red
circular dots) for the reference permalloy film as measured from TR-
MOKE spectroscopy. The Kittel fit of the experimentally measured
signal is shown using a blue dashed line. . . . ... ... ... .. ..
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(a) Magnetic moment (M) as a function of the applied magnetic field
(110 Heyxt ), measured for the reference permalloy film at room temper-
ature using a SQUID magnetometer. Measurements were conducted
with the magnetic field applied both in the IP and OOP orientation
of the sample. (b) M-H within a small field range of +£15mT.
Normalized Fourier power spectra obtained from the measured Kerr
(a) and reflectivity (b) signal, plotted against the external magnetic
field for square ASI lattice. Identified dynamical modes are repre-
sented by distinct color markers on top of the 2D image plot in (a).
The colorbars on the right of the 2D image plots show the intensity of
the power spectra signal. The bottom left inset shown in (a) depicts
the external magnetic field configuration in the square ASI lattice. .
(a-b): Simulated geometry of the square ASI vertex composed of
nanomagnets with sharp (a) and corrugated edges (b) as present in
the fabricated (real) samples. Zoomed images of individual nanomag-
nets within the square ASI vertex are provided inside the red dashed
box. The right panel displays the simulated magnetization state at
remanence corresponding to each case. (¢) AFM image of the square
ASI vertex with its corresponding MFM image scanned at the rema-
nent state is presented. Constituent nanomagnets are outlined with
red dashed lines in the MFM image, and the magnetization in each
nanomagnet is represented by arrows. . . . . .. ..o
Magnetic field dependence of the simulated SW modes for square ASI
vertex when edge corrugation is considered (a) and neglected (b) in
the simulation geometry. . . . . . .. ..o
Simulated power profiles (top panel) and corresponding phase pro-
files (bottom panel) of the SW modes excited at frequencies of 9.5
and 16 GHz are depicted. The simulations are conducted under the
influence of an external magnetic field of 192mT applied along the
x-axis. The colorbars on the right side of the figure are shown to
quantify the power and phase. . . . . . . . ... ... ..
(a) Temporal evolution of temperature associated with electron, lat-
tice, and spin bath after the irradiation of laser pulse, computed uti-
lizing the three-temperature model within COMSOL Multiphysics en-
vironment. The inset on the top right position illustrates a zoomed
image of the temperature evolution within the first 5ps. (b) Vol-
ume distribution of temperature of electron bath at t = 2ps after
laser pulse incident. A color bar indicating the temperature scale is
presented on the right. . . . . . . ... ... o000
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(a) Temporal evolution of the phonon bath (77) at three specific lo-
cations within the nanomagnet, denoted by black, red, and blue dots
in the schematic of the nanomagnet shown in the inset at the bottom
right corner. (b) Temperature distribution of Tj, representing the lat-
tice temperature profile across the thickness of the nanomagnet after
2 ps of the laser pulse irradiation. An inset in the bottom left corner
illustrates the cut-line traversing the nanomagnet, along which the
variation of Ty is depicted. . . . . . . .. ...
(a) Temporal evolution of the displacement component (u,) follow-
ing the incidence of a laser pulse at the center of the top surface of
the nanomagnet. (b) Spatial distribution of the volume displacement
field at specific time instances, namely, t = 4, 20, 36, and 300 ps,
subsequent to the laser pulse incidence. . . . . . . . .. ... .. ...
(a, b) Temporal evolution of the x and y components of the displace-
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(a) FFT power spectra of the time-varying displacement component
(u,), revealing the existence of multiple phonon (elastic) modes in
the square ASI lattice. The inset in the top right corner illustrates
the simulated geometry, highlighting a specific point location on the
top surface of the nanomagnet where the displacement component
is measured. (b) Representative time-response of the x, y, and z
components of the calculated ME field at the same point location,

computed from the time-varying magnetization and strain components.173

Frequency response of the simulated ME modes (a) and experimen-
tally observed modes (b) in TR-MOKE spectroscopy as a function
of the applied magnetic field. Inset in (b) shows the unit cell of the
simulated square ASI configuration, opted for the calculation of ME
modes. The colorbar on the right shows the intensity of the power
spectrasignal. . . . . .. ..o
(a) Measured frequency response of TR-MOKE signal as a function
of the angle (0) of applied magnetic field (pgHexye = 145mT) for
square ASI lattice is shown as 2D image plot. Identified dynami-
cal modes that exhibit linear dispersion with field are shown as pink
circular markers, whereas simulated dynamical modes exhibiting sim-
ilar characteristics with field are shown concurrently by black and red
diamond markers. The inset shows the schematic of the magnetic field
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of the measured TR-MOKE signal against magnetic field amplitude
for # = 45° is shown as a 2D image plot. Experimentally identified
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image plot, whereas simulated dynamical modes are shown in yellow
diamond markers. The colorbar on the right shows the intensity of
the power spectra signal. . . . . . .. .. ... ... ... ...
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(a) Simulated frequency response of excited SW modes as a function

of the angle (0) of applied magnetic field (g Hex = 145 mT) for square

ASI lattice is shown as 2D image plot. (b) The frequency response of

the simulated SW modes against magnetic field amplitude for § = 45°

is shown as a 2D image plot. The colorbar on the right shows the
intensity of the power spectra signal. Note that these simulations
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red dashed line in the plot. Inset in (b) depicts the SEM image of the
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Normalized power spectra obtained from the measured Kerr (a) and
reflectivity (b) signal, plotted against the external magnetic field for
defective-square ASI lattice. Identified dynamical modes are repre-
sented by distinct color markers on top of the 2D image plot in (a).
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Representative 2-dimensional magnetization profiles of the observed
magnetic states within their stability regime, as highlighted in Fig. 6.2.
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direction, viz., £z-axis, respectively. Other colors represent magne-
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(a-c) 2-dimensional spatial distribution of the phase of the excited
SW modes (shown in Fig.6.7) in RV, E-SKY, and novel magnetic
state along with their respective line power (LP) profiles across the
geometrical center below each spatial phase distribution image. . . .
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the dm, component across the geometrical center (radial direction)
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nance frequencies of a radial vortex (RV) state (290 mT). The profile
is shown at distinct time instances with a time-stepping of 1/f. The
blue dotted line represents the z-component of normalized magneti-
zation in the equilibrium state (¢ = 0). The zero axis for both norm.
M, and dm, is shown using a red dotted horizontal line. Bottom:
the image (surf plot) below each line profile displays the snapshot
of instantaneous magnetization oscillation in the Co/Pt nanomagnet.
The colorbar in copper indicates the time parameter, while the BWR
(blue-white-red) colorbar represents the amplitude of the magnetiza-
tion oscillation. . . . . . .. Lo
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dm, component across the geometrical center (radial direction) result-
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is shown using a red dotted horizontal line. (Right) The image (surf
plot) below each line profile displays the snapshot of instantaneous
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resulting from sinusoidal magnetic field wave excitation at SW reso-
nance frequencies of a skyrmionium (-135mT). The profile is shown at
distinct time instances with a time-stepping of 1/f. The blue dotted
line represents the z-component of normalized magnetization in the
equilibrium state (¢ = 0). The zero axis for both norm. M, and dm,
is shown using a red dotted horizontal line. Bottom: the image (surf
plot) below each line profile displays the snapshot of instantaneous
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colorbar represents the amplitude of the magnetization oscillation. .
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(a-c) Top: the line profile illustrates the magnetization oscillation
in the dm, component across the geometrical center (radial direc-
tion) resulting from sinusoidal magnetic field wave excitation at SW
resonance frequencies of an E-SKYm state (-140mT). The profile is
shown at distinct time instances with a time-stepping of 1/f. The
blue dotted line represents the z-component of normalized magneti-
zation in the equilibrium state (t = 0). The zero axis for both norm.
M, and dm, is shown using a red dotted horizontal line. Bottom:
The image (surf plot) below each line profile displays the snapshot
of instantaneous magnetization oscillation in the Co/Pt nanomagnet.
The copper colorbar indicates the time parameter, while the BWR
(blue-white-red) colorbar represents the amplitude of the magnetiza-
tion oscillation. . . . . . . ..o
(a-c) top: the line profile illustrates the magnetization oscillations,
i.e., dm,, across the geometrical center (radial or x-direction) result-
ing from sinusoidal magnetic field excitation at frequencies of excited
SW modes for a novel magnetic state (-275mT). Magnetization os-
cillations are shown at distinct time instants with a time-stepping
of 3/10f. The blue dotted line represents the z-component of nor-
malized magnetization in the equilibrium state (t = 0). The copper
colorbar on the right indicates the time parameter, while the BWR
(blue-white-red) colorbar at the bottom represents the magnitude of
the magnetization oscillations (6 m,). The zero axis for both norm.
M, and dm, is shown using a red dotted horizontal line. (bottom)
Snapshot of the corresponding instantaneous magnetization oscilla-
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(a) The average magnetization oscillation (dm,) resulting from a si-
nusoidal magnetic field at a frequency of 0.8 GHz, applied along the
z-axis, indicates the transition from a novel magnetic state to a SKY
state. The inset depicts the magnetization configuration before and
after the transition caused by the sinusoidal magnetic field applica-
tion. (b) The average magnetization oscillation (dm, ) resulting from
a sinusoidal magnetic field application at a frequency of 2.5 GHz, ap-
plied along the z-axis, indicates the transition from a skyrmionium to
a novel magnetic state. The inset depicts the magnetic configuration

before and after the transition caused by the sinusoidal field application.215

The frequencies of excited SW modes vs. pgHey during downsweep
of the external magnetic field. The static properties, including topo-
logical charge and susceptibility, of these states are presented below. .
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