Graded magnonic index and spin wave Fano resonances in
magnetic structures: Excite, direct, capture

V. V. Kruglyak,” C. S. Davies,! Y. Au,! F. B. Mushenok,! G. Hrkac,! N. J. Whitehead,*
S. A.R. Horsley,! T. G. Philbin,! V. D. Poimanov,? R. Dost,® D. A. Allwood,?
B. J. Inkson,® and A. N. Kuchko*

1 School of Physics, University of Exeter, Exeter, United Kingdom
2 Donetsk National University, Donetsk, Ukraine

3 Department of Materials Science and Engineering, University of
Sheffield, Sheffield, S1 3JD, United Kingdom

4 Institute of Magnetism of NAS of Ukraine, Kiev, Ukraine

Abstract

Starting from the general topic and fundamentals of magnonics, we discuss and provide
demonstrations of exciting new physics and technological opportunities associated with the
graded magnonic index and spin wave Fano resonances, highlighting them as the next big
thing in magnonics research.

“ Corresponding author: V.V.Kruglyak@exeter.ac.uk



mailto:V.V.Kruglyak@

l. Introduction

Even the most general definition of magnonics,*? as the study of spin waves,>* leaves
a lot of freedom for interpretation and scientific discussion of directions of the field’s further
development. Thus, we have recently seen a number of excellent review papers with
emphasis on different aspects of spin wave research and technology, e.g. magnonic crystals
and metamaterials,>® photo-magnonics,'®!* spin caloritronics,!?> magnon spintronics,**°
nanoscience,'®° and applications of spin waves in microwave signal processing and data
manipulation.?%22 There is however an aspect of magnonics that has been both ubiquitous
and somewhat underrated so far: magnonics is the study not only of spin but also (and most
importantly) of waves, which have an extremely rich and peculiar dispersion that is nonlinear,
anisotropic and non-reciprocal. The spin wave dispersion is very sensitive to the sample’s
magnetic properties and micromagnetic state, including both the internal magnetic field and
magnetisation, so that spin waves are rarely observed to propagate in uniform media.
Inspired by and feeding from other fields of wave physics, such as quantum mechanics,?
graded-index optics®* and transformation optics,®® we have recently tried to formulate the
concept of graded-index magnonics as a unifying theme focusing on general aspects of spin
wave excitation and propagation in media with continuously non-uniform properties.?®2
Graded-index magnonics is the main topic of this Chapter, and is also highlighted throughout
the rest of this Book.

The term “graded-index magnonics” implies existence of a single quantity, often
dubbed magnonic or spin wave refractive index or more simply “magnonic index”, that
describes fully the spin wave dispersion in a (continuous and uniform) sample. Yet, it would
be extremely difficult (if at all possible) to do this, given the plethora of factors that influence
the (already complex) spin wave dispersion, with their sheer diversity necessarily limiting
any definition to special cases and approximations.®* So, we treat the term “magnonic
index” here as merely a tag encompassing the entirety of spin wave dispersion and its

modifications dictated by the variation of the magnetic medium’s properties.

With a historical perspective on graded-index magnonics already presented in Ref. 27,
we limit coverage of this Chapter mostly to our own published and forthcoming results,
which deal with the spatial variation of the magnonic index induced by patterning thin
magnetic films of the same material (Permalloy). Such patterning has been extensively
discussed in the context of spin wave confinement in the previous Book of this series.®® So,

given the additional focus of this Book on spin wave propagation, this leads to another topic
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of central importance for this Chapter — spin wave Fano resonances.®” Resulting from
interaction between systems with a discrete spectrum and continuous spectra, Fano
resonances have been widely studied for other wave excitations® but have been explored and
exploited much less in magnonics.®®4 Here, we will demonstrate retrospectively their

relevance to some of our previous observations.

It is conventional to discuss spin wave phenomena in the context of magnonic
technology, focusing on data and / or microwave signal processing. The areal density of
transistors in integrated circuits was famously conjectured by Moore*! in 1965 to double
every two years as part of “Moore’s Law”. This growth has been consistently observed, and
modern hand-held computing devices can easily contain gigabytes of memory and process
data at GHz rates. However, in the most recent period, the transistor areal density took three
years to double, while the clock rate of modern processers has not advanced since 2004.4243
To safeguard the technological progress, condensed matter researchers are now striving to
develop technologies that will enable computing devices to break past the barriers faced by
electronics, with magnonics being one of such emerging alternatives. More generally,
magnonics is envisioned to become a natural companion to electronic, spintronic and
microwave technologies, which could offer additional functionalities (e.g. non-volatility and

magnetic field tunability/programmability) to the more conventional technologies.

The place of magnonics among its sister fields of research and associated technologies
is illustrated in Fig. 1 (a). Direct current (dc) electricity and conventional semiconductor
electronics use the one-way translational motion of charge to transmit energy and information
across a circuit, while the same goal is achieved using charge oscillations in ac electricity and
electromagnetics.**  Each charged particle in an ensemble can experience a local
electromagnetic oscillation relative to its individual equilibrium position. Collectively, these
phase-coherent oscillations give rise to a net wave-like motion, which transmits energy
(signal) without charge or particle transport. An immediate successor of electronics,
spintronics, instead exploits the translational motion of spins. However, the use of the wave
motion of spins to carry and process information has only just begun to be explored, giving
rise to the recent burst in magnonics research. The relationship between spintronics and
magnonics is analogous to that between dc electricity and electromagnetics,® with an
important difference that spin waves can transfer not only energy but also angular

momentum. 215



(a) translational motion

wave motion

" electronics electromagnetics
o |9 900459 49 Q 09200, 22900
T 0500*333\%)03\3 3‘3)%%&3@?33% I
5 |990-92090g°0Y0 || o 233008008~~~

spintronics

343343

Fig.1 (a) The relationship between magnonics and its sister fields of research and
technology. (b) A block diagram of a generic magnonic device and its constituents.
(After Ref. 46)

This Chapter is organised using the scheme that we introduced earlier in Ref. 1.
Specifically, we consider the generic magnonic device shown in Fig. 1 (b). Then, even
findings of a fundamental nature are convenient to discuss in terms of their relevance to one
of the four main constituents of the device: source, functional medium, output and control
(mechanism). We show that the concepts of graded magnonic index and spin wave Fano
resonances are relevant to each of the constituents. In Section 11, we remind the reader about
the main aspects of the spin wave dispersion. In Sections IlI, IV and V, we discuss how the
graded magnonic index and spin wave Fano resonances could be used to aid spin wave
emission, steering and detection, respectively. In Section VI, we discuss spin wave control

and show some conceptual device designs, for the sake of illustration.

1. Spin wave dispersion

Generally, magnetic systems contain ordered ensembles of tiny magnetic moments -
spins - coupled by the exchange interaction. On a quasi-classical basis, the magnetic

moments are individually capable of precessing about their equilibrium orientation. Due to



the coupling between spins, it is possible to excite phase-coherent precessional waves of
magnetisation — the average magnetic moment per unit volume. It is these waves that are
called “spin waves”, and their quanta are called “magnons”.>* Like other waves, spin waves
are characterised by their amplitude, phase, frequency, wave vector, and group and phase

velocities, each representing a resource for signal manipulation.

The key feature that makes spin waves unique is their dispersion (Fig. 2 (a)), which
can be peculiarly anisotropic depending on the dominant interaction between magnetic
moments.3* There are two main interactions to consider. The quantum-mechanical exchange
interaction (responsible for the magnetic ordering) dominates over nanometre wavelengths
and gives rise to an isotropic, parabolic dispersion of so-called exchange spin waves. In the
wavelength range from hundreds of nanometres and above, spin waves are said to be
magnetostatic (or dipolar) in nature, since their dispersion is dominated by the anisotropic
magneto-dipole interaction. In the intermediate wavelength range, when both exchange and
dipolar energies contribute noticeably to the dispersion, the spin waves are said to be of
dipole-exchange character. In either case, spin waves travel with typical speeds of several
kilometres per second, and so are admittedly rather slow. However, this also means that, at
the same frequency, they have a much shorter wavelength compared to e.g. electromagnetic

waves, paving the way towards device miniaturisation.

The frequency of spin waves with infinite wavelength (and therefore also zero wave
vector) is called ferromagnetic resonance (FMR) frequency, f,,., which corresponds to the

magnon energy gap. An incident microwave at this frequency will couple to the
magnetisation precession in the sample most strongly, exciting its uniform (fundamental)
precessional mode. A constant magnetic field applied to the sample (i.e. bias magnetic field)

shifts f_,,~ up or down, along with the rest of the dispersion. The direction and speed of the

energy transfer by spin waves is determined by their group velocity, defined as the gradient
of the angular frequency in reciprocal space. In addition to the bias magnetic field, the spin
wave group velocity depends dramatically on the angle between the spin wave wave vector
and the magnetisation. In particular, the group velocity is negative (roughly antiparallel to
the wave vector k) for backward volume spin waves, i.e. spin waves with their frequencies

below f_,,» and their wave vectors roughly parallel to the magnetisation. Yet, it is positive

(roughly parallel to k) for Damon-Eshbach spin waves, i.e. spin waves with their frequencies

above f,,- and their wave vectors roughly orthogonal to the magnetisation. In general, the



direction of the group velocity is convenient to predict using isofrequency curves, i.e. curves
of constant frequency.*” The group velocity is always orthogonal to the isofrequency curves
in the reciprocal space, in the same way as the electric field is always orthogonal to the
curves of constant potential in real space. The dispersion anisotropy is strongest for

magnetostatic spin waves, quickly diminishing as the wavelength decreases.
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Fig. 2 (a) The magnetostatic spin wave dispersion plotted in one quadrant of reciprocal
space for a film in the yz-plane with in-plane magnetisation in the z-direction. Above

and below the FMR frequency f.,,;, there is a single and infinite manifold of

dispersion branches, referred to as the surface (Damon-Eshbach) mode and backward
volume modes, respectively. Only the first branch of the volume spin wave modes is
shown, corresponding to the uniform precession across the film thickness. (b) The
isofrequency curves characterising the propagation of magnetostatic spin waves,
where f, > f_, o > f,. (c) The isofrequency curves characterising the propagation of

dipole-exchange spin waves, where f, > f, >f_, .

The main attraction of the spin wave dispersion for wave physicists is the variety of
factors that determine and therefore could be used to tailor its character. The compositional

modulation of magnetic media represents the most obvious (albeit technologically



challenging) way to achieve this. The dispersion of magnetostatic spin waves in thin-film
magnetic samples is also sensitive to the variation of the film thickness. Moreover, the finite
thickness of magnetic film structures leads to quantisation and thus appearance of several
dispersion branches for spin waves (of any sort) propagating within the plane of the film.
The same is true for the effect of the lateral quantisation in waveguides with a finite width.
The dispersion is different for each branch and depends on the film thickness, which suggests
the continuous variation of the thickness and / or width as a means by which to control the

spin wave propagation in patterned magnetic structures.

The presence of lateral boundaries leads to a non-uniform demagnetising field and
internal magnetic field (and therefore graded magnonic index) in their vicinity.® The non-
uniform internal magnetic field can lead to a non-uniform configuration of the magnetisation.
Furthermore, the magnetisation is almost necessarily non-uniform in samples with a
significant antisymmetric exchange interaction (Dzyaloshinskii-Moriya interaction)*®4° and
those with spatially varying directions of the easy and / or hard magnetisation axes of the
magnetic anisotropy.®* The field and magnetisation non-uniformity can also be delivered by
a non-uniform bias magnetic field, which in addition offers an opportunity to study magnonic
phenomena in time-varying graded-index magnonic landscapes.?>  The non-uniform
magnetisation textures modify the magnonic index not only through the dispersion anisotropy
(Fig. 2) but also via modification of the demagnetising field®® and emergence of topological
effects, such as Berry phase,* geometrical anisotropy®:*2 and topological protection.>*** The
non-uniformity breaks the translational invariance, limiting the use of the wave vector and
therefore the notion of wave dispersion. The notable exceptions are given by the periodic and
slowly varying (spatially) non-uniformities, the former giving rise to magnonic crystals!2>°

and the latter allowing the use of the geometrical optics (quasi-classical) approximation.?-2

II1.  Spin wave excitation

To excite propagating spin waves, it is necessary to perturb the magnetisation both
quickly and locally, so that the frequency and wave vector of the spin wave to be excited are
covered by the spectrum of the perturbation. Conventionally, this is done using microwave
microstrips®’ or spin-transfer torque techniques.**'* Another promising mechanism of spin
wave excitation involves coupling free-space microwaves waves to spin waves through the

use of local magnetic inhomogeneities, which can have the form of either a graded magnonic



index®>% or Fano resonators.?561¢3 The main idea behind the method is that the spatial non-
uniformity breaks the translational symmetry in the system, thereby enabling coupling

between the microwave magnetic field and spin waves irrespective of their wavelengths.

In the most basic case, the FMR frequency of magnetic samples depends on the
saturation magnetisation of the material, the sample's dimensions and the applied bias
magnetic field. The same is true for spin wave (higher-order) resonances. It is possible to
design a system of two neighbouring (or connecting) magnetic elements that have different
dominant resonance frequencies for a given bias magnetic field value / orientation. When the
entire system is pumped by a harmonic microwave magnetic field at the higher resonance
frequency, the resonance is excited in one element only (the "transducer™). The coupling
between the magnetisations of the two elements then leads to injection of spin waves into the
second element (the "waveguide"), with their spin wave vector dictated by the magnonic
dispersion in the waveguide. Such a resonance, in which the energy from one resonantly
excited element with a discrete spectrum is “leaked” into wave modes propagating in the

element with a continuous spectrum, is an example of a Fano resonance.3"%8

This Fano resonance assisted mechanism of spin wave excitation is illustrated in
Fig. 3 with the help of micromagnetic simulations®* (see Ref. 62 for associated experimental
results and specific simulation parameters). The sample consists of two cuboidal magnetic
elements, aligned orthogonally and overlaid with a vertical separation of 10 nm (Fig. 3 (a)).
Both the Fano transducer and waveguide are made of Permalloy but differ in thickness and
width. When no bias magnetic field is applied, the shape anisotropy of the two elements
compels the magnetisation to align along each element’s long axis. The frequency spectrum
of the sample is shown in Fig. 3 (b), from which the resonance frequencies of the transducer
and waveguide are identified as fi=11.5 GHz and fwg =9 GHz, respectively. A global
microwave magnetic field of 11.5 GHz frequency applied along the x-axis resonates with the
transducer only. The precessing magnetisation of the transducer generates an oscillatory

stray magnetic field that excites propagating spin waves in the waveguide (Fig. 3 (c)).
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Fig. 3 (a) The geometry of the transducer—waveguide Fano resonance system. The arrows
show the orientation of the static magnetisation within each element. (b) The
frequency spectrum of the sample. (c)-(d) Snapshots of the out-of-plane component
of the magnetisation of the waveguide are shown for time steps of 22 ps, when the
entire sample is excited at 11.5 GHz. The Fano transducer is magnetised (white
arrows) parallel and antiparallel to the y-axis in panels (c) and (d), respectively.
(After Ref. 46)

-3

The Fano transducer has two roles in the design. Firstly, it localises the high
frequency magnetic field to the nanoscale, enabling coupling to short wavelength spin waves.
Secondly, it resonantly amplifies the incident field,®® helping achieve a stronger spin wave
emission. In addition, the orientation of the transducer’s magnetisation has a marked impact
on its functionality. When the transducer is excited at resonance, its magnetisation precesses
with a well-defined chirality. The handedness of this chirality leads to the unidirectional
excitation of propagating spin waves, similar in manner to the water flow generated by a
rotating water mill. In Fig. 3 (c), the magnetisation in the transducer is parallel to the y-axis,
and spin waves are excited towards the negative x-direction. However, if the direction of the
transducer’s magnetisation is flipped (Fig. 3 (d)), the spin waves instead propagate towards
the positive x-direction. Several periodically spaced Fano transducers create a periodic high-
frequency magnetic field,% leading to the idea of a resonant grating coupler discussed in
detail in Refs. 63,66,67 (and also another Chapter of this Book).

9



In a graded magnonic medium, one could consider the incident microwave magnetic
field as tuned in frequency to some of its regions better than to others. One could therefore
tune the microwave frequency so as to excite certain (specifically targeted) regions of the
medium at resonance. The resonantly-driven magnetisation precession could then launch
spin waves of finite wave vector into the adjacent regions, if such propagating spin wave
modes are at all allowed by the dispersion relation in those regions. In this so-called
Schiémann mechanism of spin wave excitation,>®® the resonating regions of the sample do
not confine spin waves and therefore are not characterised by a discrete spectrum. Hence, the
mechanism is free from reliance on the resonance with discrete normal modes of well-defined
parts of the sample, inherent to the case with Fano resonances. This means that the frequency
tuning range of the emitted spin waves is no longer limited by the resonance linewidth of the
Fano transducer. Instead, the tuning is determined by the graded magnonic index leading to a
continuous distribution of the local FMR frequency, femr(r), assigned to each and every point
of the sample under the assumption of negligible impact of magnetisation gradients on the
precession frequency.®® In other words, the local FMR frequency is defined by setting the
wave vector to zero in the spin wave dispersion relation, with the latter defined by the local

values of the magnetic parameters, field strength and static magnetisation orientation.

The mechanism is illustrated in Fig. 4. Specifically, we have studied a 10 um wide,
100 nm thick stripe of Permalloy, magnetised along its width. The magnetic charges
dynamically induced at the stripe’s left end by the magnetisation precession create a local
increase in frmr(r), which then gradually decreases to the bulk value (i.e. the value far from
the stripe ends) as the distance from the end increases (Fig. 4 (2)). The different values of
femr(r) correspond to different propagating spin wave modes, the dispersion of which is
shown in Fig. 4 (b). Hence, when the stripe is excited by the uniform microwave magnetic
field with a frequency matching frmr(r) at a particular distance from the end, the
magnetisation at the distance gets resonantly excited and becomes a source of spin waves
propagating into the stripe. The spin waves are imaged using the time-resolved scanning
Kerr microscope (TRSKM),?561 with the acquired images presented in Fig. 4 (c) and (d) for
the excitation at frequencies of 5.76 and 7.52 GHz, respectively. Further measurements (not
shown here) have demonstrated successful excitation of spin waves across a frequency range
of more than 4 GHz, which far surpasses in bandwidth the Fano resonance assisted
mechanism from Refs. 61,62.

10



Jowr (GHZ)

0 1 2 3 4 0 05 I 15

» (um)

y (um)

0 10 20 30
x (um)

Fig. 4 (a) A cross-section of the calculated frmr(r) profile along the length of the stripe is
shown for the first 5 um from its left end and y=5pum. (b) The spin wave
dispersion calculated from simulations of an infinitely long stripe is shown by
greyscale, with the overlaid red circles showing the points deduced from the
measurements of the finite length stripe. For the dispersion calculation, the results of
the simulations were spatially smoothed so as to mimic the experimental resolution.
The horizontal dashed lines extending from panel (a) to (b) illustrate the
correspondence between the source region and wave number of propagating spin
waves excited at frequencies of 5.76 and 7.52 GHz, Kerr images of which are shown
in panels (c) and (d) respectively.

A peculiar example of a graded magnonic landscape is given by magnetic domain
walls, i.e. boundaries between regions of different magnetisation orientation. In particular, it
has been recently shown that a domain wall can generate spin waves when excited by an
external magnetic field or a spin-polarised current,*"* while arrays of domain walls were
proposed as spin wave grating couplers.”” The spin wave emission has traditionally been
attributed to the effect of the domain wall oscillations. However, at least in two of the studies
referenced above, the spin waves were observed to have the frequency of the driving stimuli,
rather than twice its value (as one would expect for a nonlinear process of interaction
between two oscillatory modes). So, to uncover the mechanism of the emission, we have
developed a linear analytical theory in the exchange approximation using the formalism from
Ref. 58.

11
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Fig. 5 (a) Geometry of a thin film extending infinitely in the y-z plane with blue arrows
showing the calculated magnetisation of a domain wall (centred at y =0) and
adjoining antiparallel domains. The driving magnetic field is aligned along the y
direction. (b) Calculated magnetisation vectors at phase values of 0 (main plot) and
7 (inset), showing spin waves emanating from the domain wall in (a).

Fig. 5 (@) shows a domain wall excited by a uniform microwave magnetic field
oriented perpendicular to the magnetisation in both the domain wall and domains. Our
calculations show that propagating spin waves at the frequency of the incident field are
emitted from the domain wall (Fig. 5 (b)), as a result of a linear process. The underlying
mechanism is similar to that proposed by Schlémann,® except the domain wall creates a
natural graded magnonic index landscape with a reduction of the local FMR frequency. This
reduction prevents the incident microwave field from matching the local FMR frequency in
any point of the sample. Although our theory is developed in the exchange approximation,
we believe the described mechanism for spin wave generation is general and therefore

applicable to the experimental observations referred to above.
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Curiously, we find that the graded magnonic index profile induced by a domain wall
(that of the Pdschl-Teller potential well [76]) is naturally sized so that spin wave emission
does occur and is locally optimised. For other values of the profile’s aspect ratio, the
emission could be suppressed or even completely eliminated, i.e. although a graded magnonic
index may be able to generate spin waves, their emission is not guaranteed. As a final note of
this section, we point out that the distinction between the spin wave emission mechanisms
due to Fano resonances and graded magnonic index is very subtle. Indeed, depending on
their taste, one could also consider the continuously varying local FMR frequency as an array
of coupled Fano resonators, each with a slightly different yet discrete spectrum. At the same
time, the spin wave emission from a domain wall could still be argued to be of resonant
character, albeit with a large detuning from the domain wall resonance. A more detailed
discussion of this will be presented elsewhere.

IV.  Spin wave steering

The functional medium element of the generic magnonic device shown in Fig. 1 (b)
has two main purposes: to deliver the signals from the input to the output and, as magnonic
devices can have multiple inputs and outputs, to steer the signals between them. A graded
magnonic index between the inputs and outputs can be used to channel’’%° or focus® /
defocus® spin waves, or to “cloak” an object from them,3 in analogy to a similar research
topic in electromagnetics.?®> Spin wave steering is the key prerequisite for creation of
efficient magnonic interferometers,®>8 Boolean and analogue computing primitives,.:86-89

splitters (demultiplexers and inverse multiplexers)?$°%-°2 and combiners (multiplexers).3-%

Fig. 6 demonstrates the function of a magnonic inverse multiplexer formed by a
Permalloy T-junction with 5 um wide features.?® The spin waves are excited in the central
“leg” of the T-junction by a uniform microwave magnetic field through the Fano resonance
assisted mechanism, as described in the previous section. The frequency of the incident
microwave field is tuned to frmr Of the leg, which acts as an element with a discrete spectrum.
The sample was biased by a uniform in-plane static magnetic field, Hg, of 500 Oe strength,
applied either parallel to or slightly tilted from the long axis of the leg. Due to the magnetic
shape anisotropy, the arms of the T-junction have a lower frmr compared to the leg. So, the
resonantly excited magnetisation of the leg launches propagating magnetostatic spin waves

into either one or both of the T-junction’s arms, which act as elements with a continuous
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spectrum. The spin waves were imaged by the TRSKM and modelled using micromagnetic

simulations.
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Fig. 6 Snapshots of spin waves propagating in the arms of the T-junction (after Ref. 26).
The 500 Oe bias magnetic field Hg is applied (a) parallel to and at angles of (b) -15°
and (c) +15° relative to the leg of the junction. In each case, the top and bottom
panels show results of the TRSKM imaging and micromagnetic simulations,
respectively. The frequency of the continuous wave (cw) pump was 8.24 GHz for
experiments, while for simulations it was 7.62 GHz in panel (a) and 7.52 GHz in
panels (b) and (c). In panel (c), the extracted directional vectors of the incident
(index “i”, solid lines) and reflected (index “r”, dashed lines) group velocities v and
wave vectors k are shown for k« = 0.94 um. (After Ref. 26)

The observed switching of the spin wave propagation in the arms of the T-junction via
the tilting of the in-plane bias magnetic field is a direct result of the graded magnonic index
in the patterned structure and an excellent illustration of the opportunities in graded index
magnonics in terms of spin wave steering. Firstly, Fig. 6 (a) shows that the phase fronts of

the spin waves in the arms are somewhat tilted relative to their symmetry axis, even though
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the bias field is applied symmetrically. This is because the bias magnetic field does not fully
saturate the magnetisation in the arms, which therefore tilts from their symmetry axes. At the
same time, the energy flow along the arms dictates the direction of the group velocity, which
is therefore bound to be parallel to their horizontal symmetry axis. Hence, the anisotropic
dispersion of the magnetostatic spin waves (Fig. 2) leads to a small, non-zero angle between
the directions of the group velocity and wave vector (phase velocity), explaining the tilt of the
phase fronts. The same explains the tilts of the spin wave phase fronts observed in
Fig. 4 (c) and (d). When the bias magnetic field is rotated from the symmetry axis by just
+15°, we observe only one spin wave beam propagating into one of the arms
(Fig. 6 (b) and (c)). The direction of the propagation is "switched" between the two arms by
the sign of the tilt angle. In each case, the spin wave beam (emitted from the leg-arm
junction) propagates at an oblique angle to the arm's axis, hits its edge, and is reflected into a
much broader beam, propagating approximately along the arm's length. The incidence and
reflection angles are different, again resulting from the anisotropy of the magnetostatic

dispersion relation and the tilt of the static magnetisation.

We interpret our observations in terms of the graded magnonic index induced by the
spatial variations of the orientations of the magnetisation and the value of the internal
magnetic field in the sample. Using the convincing agreement between the measured and
numerically simulated results, we apply the theory from Refs. 96,97 to the numerically
computed static magnetisation and field distributions (Fig. 7 (2)) to derive the local directions
of the wave vectors and group velocities of the propagating spin waves (shown Fig. 6 (c)).
The confinement of the precessing magnetisation to the width of the T-junction’s leg results
in a broad kx spectrum (Fig. 7 (c)). For each ky value, the isofrequency curve corresponding
to the frequency of the incident microwave field returns allowed (by the magnetostatic
dispersion relation) values of ky, while the normals to the isofrequency curves show the group
velocity directions (Fig. 7 (d)-(h)). The field and magnetisation distributions in the arms are
quite uniform along the x-axis starting from about 1 pm from the leg-arm boundary, which
ensures conservation of the ky value of the spin wave propagating across the arm's width. In
contrast, the values of ky and the group velocity adjust adiabatically to the variation of the
internal field magnitude and direction of the magnetisation.®® The non-uniformity also leads
to a distributed partial reflection of the spin wave amplitude, with the group velocity
directions of the reflected waves also shown in Fig. 7(c)-(h). The overall wave field is given

by the superposition of the incident and scattered waves.
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Fig. 7 (a) The calculated distributions of the static magnetisation (arrows) and the
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projection of the internal magnetic field onto the magnetisation (colour scale) are
shown for the magnetic field of Hg = 500 Oe applied at 15° to the vertical symmetry
axis. Each arrow represents the average of 5 x5 mesh cells. (b) The calculated
distribution of frmr(r) across the T-junction. (c) kx spectra of the dynamic
magnetisation distributions across the leg and along the arms (amplified x5) of the T-
junction excited at 7.52 GHz are shown by the dotted and solid curves, respectively.
(d)-(h) Constructions of the isofrequency curves and the group velocities of the
incident (index "i") and reflected (index "r') beams are shown for the pixels boxed in
(a), for the transverse wave vector components kx = +0.94 um™ (as indicated by the
dashed grey lines). (After Ref. 26)



Apart from the small region at small wave vectors, the spin wave isofrequency curves
depicted in Fig. 7 (d)-(h) consist of nearly straight lines. This leads to virtually the same
direction of group velocity for a wide range of wave vectors, giving rise to the formation of
spin wave caustic beams.*"%%" This explains the strongly directional beam emitted from the
leg-arm boundary for the tilted bias magnetic field, but not the absence of the other beam.
Due to the inhomogeneities of the internal field and magnetisation (Fig. 7 (a)), the beam
curves slightly and experiences distributed scattering, with the group velocities of the
scattered waves being roughly aligned with the arm's length (Fig. 7(d),(e)). The group
velocity of the reflected beam switches direction near the far edge of the arm (Fig. 7 (f)),
leading to the phenomenon of "back reflection".%® The reflected beam is confined by the non-
uniform demagnetising field and magnetisation near the arm's edge. In addition to this, some
spin waves with small (negative or positive) kx values are not supported in parts of the
magnetic landscape at all. In Fig. 7 (h), for example, there is no intersection between the line
kx = 0.94 um™ and the isofrequency curves, giving rise to a “forbidden" path for spin waves
of certain wave vector. Finally, and quite surprisingly, we find that the beam formed from
spin waves with negative ky values cannot possibly propagate into the left arm of the junction
(for the bias field direction in Fig. 7). Indeed, the beam is curved into the nearest edge of the
left arm from which it is then scattered backwards into the right arm (Fig. 7 (g)). The
observed complete disappearance of one of the two beams in favour of the other one would
be impossible without the graded distribution of the magnonic index. The anisotropic
dispersion is also required for the effects to take place, but on its own it could only lead to a

tilt of both beams and asymmetry of their intensities.*?

Fig. 6 clearly shows that the spin wave beam initiated near the leg-arm boundary then
propagates along the arms of the structure as prescribed by the direction of the bias magnetic
field. However, due to the same widths of the leg and arms of the structure, the beams are
also quite wide and not as distinct as one could wish. So, Fig. 8 presents results of
simulations for a Permalloy T-junction that has a narrower (1 um wide) leg, which leads to a
better-defined spin wave caustic beam propagating into one arm of the structure. The smaller
width of the leg leads to the higher frequency of its quasi-uniform mode and to the observed
smaller cross-section of the spin wave beam excited at the frequency into the right arm of the
structure. Notably, the observations and interpretations developed for the wider leg sample

also remain valid here.
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Fig. 8 (a) A numerically calculated snapshot of the dynamic out-of-plane component of the
magnetisation in the T-junction. The bias magnetic field Hg = 500 Oe is applied at
an angle of a =15° relative to the leg of the T-junction driven by a microwave
magnetic field of 10.3 GHz frequency. (b) An example isofrequency curve
calculated for the frequency of excitation and with the internal field and
magnetisation corresponding to the region at the centre of the arms (above the leg).
The arrows represent examples of the wave vector (k) and group velocity (vi)
vectors: the mutual collinearity of the group velocity vectors gives rise to the spin-
wave caustic beam observed in panel (a). (After Ref. 26)

The non-uniformity of the magnetisation and internal magnetic field plays the key
role in defining the spatial variation of the graded magnonic index and thereby in steering the
direction of the spin wave propagation in the T-junction. However, the other key ingredient -
the anisotropy of the magnetostatic spin wave dispersion - is only (strongly) present at
micrometre to millimetre length scales, impeding miniaturisation of any magnonic devices
that would exploit the type of spin wave steering discussed here. In contrast, the non-
uniformity of the internal magnetic field and the magnetisation persists to much shorter
length scales and could still lead to useful device concepts. Moreover, on the nanometre
length scales, the non-uniform exchange field (completely neglected here) becomes more
important and could therefore be exploited, while additional opportunities arise from the use
of the highly localised magnetic field due to magnetic domain walls.”®"># In this context,

the main challenge is that the configurations of the internal magnetic field and the static
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magnetisation in magnetic nano- and micro-structures are not arbitrary but are determined by
the magnetostatic Maxwell equations. This limits the range of magnetic configurations that
could be exploited and favours alternative pathways to creation of the graded magnonic

index.

V. Spin wave output

In research labs, the spin wave outputs from magnonic devices are often detected
using Kerr microscopy'’26:3361-63.72 and Brillouin light scattering,®16:22°9.77.91-93 (the two most
popular magneto-optical techniques in magnonics). However, the outputs of realistic
magnonic devices will need to be more congenial to logic circuitry of interest, with their
nature depending on the envisaged purpose of the magnonic chip. For example, spin waves
can be interfaced with high frequency electrical signals inductively’® or
magnetoresistively,'>* or their action could be encoded into the micromagnetic configuration
of domain walls®® or magnetic nanoelements,®%1" or both.’®® For example, propagating spin
waves have been demonstrated to be able to drive domain walls across magnetic samples,®

which could be used either to toggle binary logic states or for a memristor-type function.

Arguably, the most important missing element in the technological toolbox of modern
magnonics is the direct interfacing of two or more magnonic devices in series. The only
demonstration of this kind was done using micromagnetic simulations in Ref. 86, with none
reported experimentally. It is more challenging to realise the fan-out function, whereby the
output of one device (e.g. a logic gate) is connected and can drive the input of more than one
identical devices. However, the expanding use of ultrathin films of yttrium-iron garnet
(Y1G),%” which have naturally low magnetic damping,'%? and the recent demonstration of low
damping in metallic CoFe alloys'®1%* should help further experimental progress in this

direction as well as in magnonics, in general.

In the context of detection of output signals from magnonic devices, the graded
magnonic index could be used to fine-tune the wavelengths of propagating spin waves to the
range of values optimal for a specific output detection method. Indeed, in a reverse process
to the Schlémann excitation mechanism, an increase of the local FMR frequency frvr(r) in a
medium with a positive dispersion results in an increase of the spin wave wavelength.%1%

Thus, a scheme can be realised in which the data or signal processing is done by spin waves

19



of shorter wavelength that are then upscaled to a larger wavelength, e.g. about twice the size

of the detector, thereby optimising the spin wave coupling to the external circuitry.

In the same spirit, we have shown in Ref. 106 that the transducer—waveguide Fano
resonance system shown in Fig. 3 can be used in the reverse direction: to couple an incident
propagating spin wave to the uniform precession in the “transducer”, with the latter acting in
this case as a receiving antenna. As a result, the spin wave can be fully absorbed, leading to a
pronounced uniform precession of the receiving element. This uniform precession could then
be more easily outcoupled to the external circuitry, in a function that is similar to that of the
case of the graded magnonic index discussed in the previous paragraph. The only
experimental demonstration of this kind was reported in Ref. 67, albeit without a detailed

discussion of the detection mechanism.

VI.  Spin wave control and magnonic devices

The magnonic dispersion itself and the spin wave excitation, steering and detection
mechanisms discussed in the preceding sections of this Chapter are all determined by the
internal magnetic field and magnetisation texture in the sample. Hence, the mechanisms lend
themselves readily to external control, which could be realised through application of the bias
magnetic field or even the history of its application. The former can enable construction of
magnetically tuneable magnonic devices, while the latter property describes devices
reprogrammable by the applied (and eventually removed) magnetic field. However, the
physics of magnetic switching and control of micromagnetic textures (either by a magnetic
field or otherwise, e.g. electrically, optically, acoustically, spintronically etc) forms a separate
and extremely broad research field, which is beyond the scope of this Chapter. So, in this
section, we discuss only a few examples of magnonic devices that exploit the graded
magnonic index and / or Fano resonances and can be controlled either by the applied

magnetic field or by switching their micromagnetic configuration.

The results of our TRSKM imaging experiments and micromagnetic simulations
presented in Fig. 6 demonstrate the efficiency by which an external bias magnetic field can be
used to steer magnetostatic spin waves across a T-junction.? When the bias magnetic field is
applied symmetrically along the leg, the T-junction acts as a magnonic inverse multiplexer,

i.e. a spin wave splitter.®® The demonstrated magnetic field control of the spin wave beam
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enables the T-junction to be also used as an analogue time division demultiplexer, i.e. a
device that can steer time-separated signals between different outputs. The switching of the
500 Oe magnetic field from +15° to -15° is equivalent to applying a constant bias field of
486 Oe along the leg and toggling a control magnetic field of £117 Oe to switch the signal
between outputs. A similar device fabricated from YIG could be switched by a control field
of +127 Oe for the constant bias magnetic field of 1153 Oe.%?

W
(

mm
e e-mrafinr -

Fig. 9 (a) The Fano control element is positioned 5 nm above the waveguide. A spin wave
(SW) excited elsewhere propagates along the waveguide in the negative x direction.
(b) The first (top) snapshot shows the out-of-plane component of magnetisation (m,)
when the control element is absent. The second (middle) and third (bottom)
snapshots show m, with the control element present and magnetized parallel and
antiparallel to the y-axis, respectively. (c)-(d) The same as (a)-(b) but for the control
element positioned 20 nm above the waveguide. (After Ref. 46)

Magnetically reprogrammable magnonic devices can be built using Fano resonances,
the function of which could be “programmed” by switching the magnetisation of the Fano
resonator (above a magnonic waveguide) discussed earlier in the context of spin-wave
excitation and detection, i.e. the magnonic transducer from Fig. 3. In particular, this Fano
resonator can act as a control element performing the function of either a valve or phase
shifter, depending on the distance between the element and waveguide (Fig. 9).1% For one
orientation of the element’s magnetisation (the bottom images in panels (b) and (d)), the
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element does not couple to the propagating spin wave at all. However, for the opposite
orientation of the magnetisation (the middle images in panels (b) and (d)), the stray magnetic
field generated by a spin wave passing underneath can resonantly excite its precession. This
precession is then partly re-emitted (in the same manner as the process shown in Fig. 3) as a
spin wave propagating in the same direction as the originally incident wave, but with
opposite phase. For the 20 nm element-to-waveguide separation, the partly transmitted
original and the re-emitted spin waves have similar amplitudes and opposite phases. Thus,
they nearly cancel each other, yielding the observed valve functionality. For the 5nm
element-to-waveguide separation, the incident spin wave is first fully converted into the
element’s precession and then fully re-emitted with a 180° phase shift. In this case, no
interference occurs, since there is no directly transmitted wave, and only the observed phase
shifter functionality is observed.

The described methods of spin-wave excitation, control and detection can be used to
construct a complete magnonic logic architecture. The simplest of logic gates is the NOT
gate, and this can be straightforwardly realised using the scheme discussed in Fig. 9 (d). The
binary input, which can take the values 0 or 1, is assigned to the polarity of the valve’s static
magnetisation to be respectively towards negative and positive y. A spin wave detector,
positioned on the waveguide past the valve, records an output of 1 if non-zero (i.e. above a
set threshold) spin-wave amplitude is detected, or O if spin waves are absent. Hence, the
valve can act as a simplistic magnonic NOT gate, as an input of O generates an output of 1,
and vice versa. Of course, this will require a subsequent amplification stage if the output is to

be used in another magnonic logic gate.

Gates more sophisticated than a NOT gate require two input signals. This can be
implemented by considering either two control elements, or two input transducers with a
shared waveguide. For example, a XNOR gate can be constructed using two spin wave phase
shifters combined to form a magnonic interferometer shown in Fig. 10 (a). Here, the two
phase shifter elements are positioned 5 nm above each branch of the interferometer. The
magnetisation follows the twists of the interferometer, the symmetry of which causes the
propagating spin wave to split equally between its two branches. If the magnetisations in
both phase shifters are parallel, i.e. input (0,0) or (1,1), the spin waves from the branches will
interfere constructively upon recombination. Hence, a spin wave will be observed by the

detector, i.e. output of 1. If instead the phase shifters are antiparallel in the magnetisation
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polarity, i.e. input (0,1) or (1,0), the phase of one spin wave is shifted by 180°. So, the spin
waves interfere upon recombination destructively, generating an output of 0. This action is
shown in Fig. 10 (b), where the results of micromagnetic calculations are presented for the
(0,0) and (0,1) inputs.

Zky phase Inpuch
X shifter 2
7 /

(b) A=0 A

output =10

B=1

Fig. 10 (a) Magnonic XNOR gate realised as a spin-wave interferometer. The directions of
the static magnetisation and spin wave (SW) propagation in the interferometer are
shown. The magnonic phase-shifter elements are positioned above each branch of
the interferometer. (b) Snapshots of the out-of-plane component of magnetisation
(mz) are shown for two of the four possible XNOR gate input combinations, as
calculated using micromagnetic simulations. (After Ref. 46)

Fig. 11 (a) shows a magnonic NAND gate constructed using two input transducers.
Similar to the encoding used in Fig. 10 (a), the transducers’ static magnetisation polarity, at A
and B, is encoded by 0 when the magnetisation is aligned along the positive and negative y
directions, respectively, and encoded by 1 for the reversed case. The entire sample is excited
globally by a harmonic microwave field. As shown in the calculated snapshots of spin wave

propagation in Fig. 11 (b), spin waves are only absent from the centre of the waveguide when
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an input of (1,1) is used. The NAND gate functionality is therefore obtained, as

demonstrated in the truth table shown in the inset of Fig. 11 (a).

detector
m, (G)

(b) S 3

output =0

Fig. 11 (a) Magnonic NAND gate realised as a pair of two transducers positioned on a
shared waveguide. (b) Snapshots of m, corresponding to the same moment of time
are shown for the four possible NAND gate input combinations. (After Ref. 46)

VI1I. Conclusions and outlook

As conventional electronics is beginning to become restricted in its potential for
growth, the research and development of technologies that use alternative means of data
processing and communication is gathering significant attention. Among others, magnonic
technology promises devices that will have a low footprint, moderately high operational
frequencies and intrinsic non-volatility, with scope for efficient interfacing with electronic
and other emerging research devices. However, in order to advance the development of spin
wave devices, research should not just focus on the design, experimental construction and
miniaturisation of prototype magnonic devices within existing paradigms. While deepening
our understanding of known, fundamental spin wave concepts, we should also proactively
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search for novel spin wave phenomena and use this knowledge to imagine new devices,

which are designed to harness the unique properties of spin waves.

In this Chapter, we have attempted to demonstrate the interesting physics and
highlight technical opportunities associated with the graded magnonic index and spin wave
Fano resonances. The research into these two exciting (yet underexplored in magnonics)
wave phenomena is rapidly gaining momentum, as evidenced by the increased attention they
receive throughout this book. We foresee three main research avenues for further advances
and the ultimately bright future of these fields. First, the science of spin wave propagation in
media with a graded magnonic index and / or Fano resonators is unchartered territory in
terms of mathematical physics, with lots of challenges and surprises awaiting theoreticians’
attention.  Second, similarly vast opportunities will open to experts in numerical
micromagnetic simulations that will venture into the world of media and devices including
compositionally modulated structural elements that extend into three dimensions. And last
but not least, the continuing progress in nanotechnology and materials science and the most
recent advances in reducing the magnetic damping hold promise for the latter exciting
phenomena to be observed experimentally and implemented within realistic magnonic device

architectures.
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