Some Magnetic Reflections

on Wave Dynamics

Alexy D. Karenowska
Magdalen College
University of Oxford



A thesis submitted for the degree of
Doctor of Philosophy

Hilary Term 2011



Acknowledgements

Some very special thanks are due.

Firstly, to my supervisor Prof. John Gregg for his enthusiasm, support, and confi-
dence. And for the many opportunities he has given me over what have been a little
over three years of quite spectacularly rewarding good fun.

To Prof. Dr. Burkard Hillebrands whose inspiration, warmth, and generosity has been
so instrumental in shaping my research and my future.

To the Hillebrands group at the University of Kaiserslautern. A more welcoming
group of people I could not hope to meet. Most especially, I would like to thank
Dr. Andrii Chumak and Dr. Oleksandr Serga from whom I have learned so much over
the last eighteen months.

To Prof. Andrei Slavin, Dr. Mikhail Kostylev, and Dr. Vasil Tiberkevich for their
particular support in connection with all things magnonic crystal.

To Prof. Stephen Blundell, my head of Sub-department, for his support and guidance.

To Dr. Geoffrey Brooker for some of the most illuminating cups of coffee I have had
the good fortune to drink.

And finally, to my parents and to T.K. There is no scale big enough to measure my
gratitude to these three people.

Alexy Karenowska, March 2011.



To the memory of A. and I. L. Davison, and the ducks.

i



Some Magnetic Reflections on Wave Dynamics

A thesis submitted for the degree of Doctor of Philosophy

Alexy D. Karenowska, Magdalen College
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Abstract

This thesis reports on two recent results in the fields of experimental spin- and general
wave dynamics.

Chapter 1 presents an introduction to the dynamics of magnetostatic spin waves:
propagating microwave-frequency magnetic disturbances which can be observed in
ordered magnetic materials.

Chapter 2 builds on the general theoretical description of magnetostatic spin-wave
propagation considered in chapter 1 to present a detailed technical background to
the experimental investigations at the core of the thesis. The experimental mater-
ials and techniques employed are discussed, and the magnonic crystal—the spin-wave
embodiment of a general type of wave transmission structure known as an artificial
crystal—is introduced.

Chapter 3 describes an experimental investigation concerning spin-wave self-oscillators
or ‘active rings’. In the work, a spin-wave active ring incorporating a magnonic crystal
is considered. It is demonstrated that the ring can be forced to excite preferentially at
a mode determined by—and therefore readily predicted from—the geometrical pro-
perties of the crystal.

Chapter 4 describes an entirely general mechanism of spectral conversion and time
reversal (that is, the conversion between a time-dependent signal A(t) and a time-
reversed version of that signal A(—t)) in a dynamic artificial crystal system. The
physical basis of the mechanism is discussed, and theoretical predictions are shown to
be in agreement with experimental measurements performed using a dynamic mag-
nonic crystal.

Concluding remarks are presented in a final short chapter, chapter 5.
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Preface

Notation

Throughout the text, vectors are represented by bold italic Latin characters (@), unit
vectors by bold upright hatted Latin characters (&), matrices by bold upright capital
Latin characters (A), and tensor quantities by bold upright Greek letters (&). The
symbol I is reserved for the identity matrix, the symbol = for the general position
vector r = 21 + yj + zlAc, and the symbol k for wavevector k = kol + kyj + k.k (so
that the wavenumber k = |/k2 + k2 + £2).

Where Cartesian co-ordinates are used, unit vectors in the x-, y-, and z-directions
are denoted by i, j, and k. In cylindrical and spherical co-ordinates, the elevation
angle 6 (unit vector é) is measured increasing from Oz to the zy plane, the azimuthal

angle ¢ (unit vector @) from Oz to Oy.

To B or to H: A prefatory note

The spin waves described in the following are small-signal magnetic excitations which
propagate in magnetically ordered materials.

When describing spin-wave systems we have a choice: we can do so in terms of
magnetic flux density B, or magnetic field H. The two quantities are related by

B = 1o (H + M) where p is the permeability of free space, and M the magnet-



ization vector in the region over which B acts. In materials having no spontaneous
magnetization (i.e. M = 0 for H = 0') the expression above can also be written
B = uo (I+x,,) H, where x,, is the magnetic susceptibility tensor.

The form of the relation between B, H, M, and X,, is a vestige of the early
days of magnetism when H was thought of as a field which arose from and acted on
magnetic ‘poles’, in much the same way an electric field is created by and influences
charges (c.f. D = ¢E + P = ¢ (I1+x,) E, where E is electric field, D electric
displacement, x, electrical susceptibility, and P polarization). Our modern under-
standing of magnetic fields as phenomena brought about by moving charges makes it
more natural to treat B as the fundamental field quantity (in other words, to draw
a parallel between B and E, not H and E). In view of this, it might be argued that
we should use B and not H as the independent variable in any analysis of a magnetic
system. Unfortunately however, if we do so we find that since magnetic susceptibility
relates H and M, not B and M, in all but the trivial case of x,, = 0, considerable
mathematical awkwardness can result.

In what follows we adopt a position of compromise: we specify the magnetic
fields which we apply to magnetic samples in terms of B and, unless to do so would
compromise clarity, refer to B as ‘magnetic field’. However, where we are concerned
with descriptions of magnetic environments inside magnetic samples which involve
manipulations of non-trivial susceptibility tensors, we put aside progressive sentiments

in the interests of mathematical elegance, and work in terms of H.

'For elucidation see Eqn. (1.1), page 10.



Fundamental constants

c speed of light in free space 3 x 10®ms™!
e proton charge 1.6022 x 10719 C
Qe electron charge —1.6022 x 107 C
Me electron rest mass 9.109 x 1073 kg
h Planck’s constant 6.626 x 10734 Js
h=h/2r 1.0546 x 10734 J s
kn Boltzmann’s constant 1.3807 x 1078 JK
€0 permittivity of free space  8.854 x 1072 Fm™!
1B Bohr magneton 9.274 x 107 Am? (or JT™)
Lo permeability of free space 47 x 107" Hm™!




Introduction

The investigation of the truth is in a way difficult and in a way easy. An
indication is that no one can worthily reach it nor does everyone completely
miss it ... but the difficulty of grasping the whole and not merely a part shows
how difficult it is. And perhaps its difficulty exists in two ways, not in the things
but in us as responsible for them. For just as bats’ eyes are towards daylight,

so in our soul is the mind towards those things that are clearest of all.

Aristotle, The Metaphysics, Trans. H. Lawson-Tancred, (1998).

This thesis is concerned with wave dynamics in magnetic systems. More specifically,
it focuses on aspects of the dynamics of spin-wave signals: magnetic excitations which
propagate at microwave frequencies in magnetically ordered materials.

The study of spin waves in magnetic thin films and nanostructures—a field which
has latterly come to be known as magnonics? |1|—provides a valuable window into the
underlying mechanisms of static and dynamic magnetism and is increasingly widely
recognized as an area of science with much to contribute to the technological as-
pirations of spintronics [1-3|. Spintronics [3—7|, or ‘spin-transfer electronics’, is the

field of research devoted to the realization of new or enhanced electronic functionality

2 After the spin-wave quantum, the magnon.



through the use of ‘spin’—the quantum mechanical currency of magnetism—to code,
store, and transfer information. The advance of spintronic technologies reliant on the
injection and transport of spin-polarized charge currents is obstructed by the short
spin diffusion lengths which typify metal and semiconductor systems [3-5,8]. The spin
wave’s ability to carry spin angular momentum over macroscopic distances without
charge transfer potentially gives life to a new generation of spintronic devices which
operate with complete freedom from this constraint. Moreover, the relatively slow
group velocities of spin waves (typically of order one ten-thousandth of the speed of
light) and their short wavelengths (nanometres to centimetres) make them well suited
to the demands of nanoscale device development [9, 10].

However, above and beyond its status as an interesting piece of spin physics; the
spin wave is also a very special manifestation of wave physics. In comparison with
the waves which inhabit more familiar physical domains, for example light, radio
waves, and acoustic vibrations, the dynamic properties of spin waves propagating
in thin-film magnetic systems are singularly unusual. The dispersion characteristics
of the waves show pronounced directional anisotropy, and can be radically modified
via the application of small magnetic fields. Moreover, non-linear dynamic effects
can be produced at power levels many orders of magnitude below those required for
observing the corresponding phenomena elsewhere.

At the core of this thesis are two experimental investigations. Though independ-
ent and self-contained, both involve aspects of wave dynamics in thin-film spin-wave
transmission systems incorporating structures known as magnonic crystals. A mag-
nonic crystal is a spin-wave ‘artificial crystal’; a man-made magnetic structure which
features an ‘artificial lattice’ formed by mesoscale spatially periodic modulations in
its magnetic properties. In describing the results of these investigations we hope to
bring into focus their relevance both as specific developments in the field of spin-wave

dynamics and magnonics, and, more generally, as illustrations of the mind broadening



perspective on the wave paradigm which—through its eccentricities—the spin wave
has to offer us.

The thesis is divided into five chapters. Chapter 1 considers the general theory of
spin-wave propagation in thin-film magnetic systems. Building on this background,
chapter 2 presents a technical introduction to the experimental studies presented in
chapters 3 and 4. Chapter 5—a short concluding chapter—briefly reviews the work

as a whole.



Chapter

Principles of magnetostatic spin-wave

dynamics

Introduction

A spin wave is an eigenexcitation of the electronic spin lattice of a magnetically
ordered solid.! The spin-wave quasi-particle—the magnon—is a boson which carries
a quantum of energy hw and possesses a spin h.

Incoherent, thermal spin-wave excitations exist in any magnetically ordered sys-
tem with a temperature above absolute zero. The phenomena at the focus of this
thesis however are not thermal spin waves, but externally excited spin-wave signals:
coherent magnons which propagate over distances which are large in comparison with
their characteristic wavelength. Our particular concern is the propagation of mag-

netostatic? spin waves in thin-film ferri- and ferromagnetic media.?

'In fact the term ‘spin wave’ is used in connection with several classes of magnetic excitation.
This thesis is concerned with electronic spin waves. Although there is some conceptual overlap
between these excitations and other dynamic magnetic phenomena to which the spin-wave label is
applied—for example nuclear spin waves [11], and the spin excitations which arise from quantum
symmetries in low-dimensional magnetic systems [12]—their underlying physics is distinct.

2The use of this term can be a source of confusion since the description magnetostatic seems
in direct conflict with the concept of a magnetic wave. The term is really a shorthand for ‘almost-
magnetostatic’.  As will be discussed in this chapter, magnetostatic spin waves are small-signal
variations in the magnetization of a magnetic material.

3For absolute clarity a few extra words should be said. As will be discussed in §1.5, the elect-
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Chapter 1: Principles of magnetostatic spin-wave dynamics

In this first chapter, we provide an introduction to the physics of magnetostatic
spin waves: small-signal microwave-frequency magnetic excitations with dynamics
governed by the magnetic dipolar interaction. We begin by identifying the particular
subset of magnetic environments which support their propagation, progress through
a general discussion of their dynamics, and finally consider the specificities of their

dispersion in thin-film magnetic systems.

1.1 The manifestation of magnetism

All materials belong to one of two magnetic camps: those which do not contain
atoms, ions, or molecules with permanent magnetic moments, and those which do.
Those which do may sub-divided into two further groups according to whether or not
their permanent moments order spontaneously,? that is, even without encouragement
from an applied magnetic field. A final level of detail categorizes the small group of
materials which exhibit spontaneous magnetic order according to the particular form
that this order takes.

Magnetism in meso- and macroscopic pieces of solid material is an electronic
conspiracy. Although protons and neutrons—and therefore atomic nuclei—possess
magnetic moments, those which arise from the orbital and spin angular momenta of
electrons are approximately three orders of magnitude larger and are the driving force
behind all types of long-range magnetic order.

Electronic magnetism (henceforth, ‘magnetism’) is a symptom of quantum mech-
anical correlations which exist between electron spin states. Permanent magnetic

moments are associated with systems of atoms or molecules which, when assembled,

ronic spin-wave spectrum is traditionally divided into two: a short-wavelength region of waves with
dynamics dominated by the magnetic exchange interaction and longer-wavelength band of dipolar
waves. In the past, some considered only the first category of exchange-dominated excitations to
be true ‘spin waves’ and used the term ‘magnetostatic waves’ to describe the second. Here—in line
with modern convention—we treat both as fully paid-up members of the spin-wave club and refer
to the latter class as ‘magnetostatic spin waves’.

4Below a certain critical temperature.



Chapter 1: Principles of magnetostatic spin-wave dynamics

have electronic configurations that include unpaired electrons; that is, electrons pos-
sessing a spin and/or orbital angular momentum which is not compensated by a
partner electron of the opposite spin. However, the interplay between the electronic
structure of real magnetic materials and their magnetic properties is one of formidable
complexity. If we wish to model the magnetic behaviour of a new material there is
no universal theory of electronic magnetism to which we can appeal. Instead, we
must intuit—or else try to deduce—which of a number of possible approaches is most
appropriate.

Conceptually, we can make a clear distinction between two different accounts
(or models) of permanent magnetic-moment formation in magnetic substances. In
the local-moment account, the permanent moments are those of spatially localized
electrons which can be considered to ‘belong’ to individual orbital energy levels of
specific atoms. Band magnetism on the other hand, involves the moments of spa-
tially delocalized® itinerant electrons which occupy not distinct energy levels, but
interaction-broadened energy bands. As we might anticipate, the band model is of
greatest relevance to metallic and intermetallic systems, while the local-moment pic-
ture is widely applicable to magnetic insulators. However, the two models are by no
means mutually exclusive, making a neat division of magnetic substances into ‘band’
and ‘local-moment’ types impossible.

The spin waves which interest us are particular to magnetic systems containing
permanent magnetic moments. Fortunately for the spin-wave dynamicist, the over-

" can be understood using models of the

whelming majority of spin-wave phenomena
magnetic materials in which they propagate which hold independently of the mech-

anism by which their magnetic moments arise from their electronic structure.

50r at least imperfectly spatially localized.

5For very readable introductions to the origins of electronic magnetism, the reader is referred to
Refs. [13] and [14].

"That is, phenomena related to the dynamics of propagating, externally excited spin-wave sig-
nals.



Chapter 1: Principles of magnetostatic spin-wave dynamics

1.1.1 Describing the behaviour of magnetic materials

As a first step toward an understanding of the spin wave, we identify the formalisms
used to quantify and categorize electronic magnetism and magnetic order.

The magnetic moment per unit volume or magnetization M of a material subject
to a magnetic field® H is determined by its spontaneous magnetization My, and its

magnetic susceptibility x,,,

M = M, +x,, H, (1.1)

where M, H, and My, are three dimensional vectors, and x,, is a 3 X 3 tensor.

Magnetic field, magnetization, and magnetic flux density B are related by

B =y, (H+M), (1.2)

where 1o = 47 x 107" Hm ™" is the permeability of free space. Equation (1.2) can also
be written

B =uH, (1.3)

where u the permeability tensor which for My, = 0 is given by

H=po I+ Xn)- (1.4)

In general, the magnetic response of a piece of magnetic material is both directionally
dependent and non-linear; in other words, the susceptibility tensor is asymmetric and
its elements vary with H.

When considering the origins and implications of asymmetry in x,, it is helpful
to distinguish between two sources: intrinsic asymmetry, and that which (as a conse-
quence of the aforementioned non-linearity) may be brought about by an applied B.

Intrinsic asymmetry in x,, arises from the fact that the energy required to magnet-

8See prefatory note, pages 1-2.
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Chapter 1: Principles of magnetostatic spin-wave dynamics

ize a magnetic sample is influenced by its shape and underlying magnetic structure.
The difference between the energy required to align M parallel to the directions
associated with highest and lowest energy expenditures (the ‘hard’ and ‘easy’ axes
respectively) is termed the magnetic anisotropy energy.

The total magnetic anisotropy energy is commonly dominated by two contribu-
tions: magnetocrystalline anisotropy and shape anisotropy. Magnetocrystalline an-
isotropy is related to the atomic- or molecular-scale geometry of the material from
which a magnetic sample is composed; for example, almost all crystalline materials
have a susceptibility which depends on the direction of the applied magnetic field
relative to the crystal axes. Shape anisotropy on the other hand arises from any
effect (e.g. through boundary conditions) of the macroscopic structure (e.g. thin film,
sphere, or cube) of the sample on its M or internal field. In certain materials and /or
geometries, the anisotropy energy can also be influenced by factors such as surface
effects [15] and/or externally applied strains and stresses.

In principle, we can incorporate intrinsic anisotropy into a model of a magnetic
sample directly via the susceptibility tensor. However, in practice it is often preferred
to perform the accounting using anisotropy fields: equivalent additive contributions
to the total magnetic field vector H. This approach has the advantage that changes in
the geometry of the sample can be accommodated by modifying a three-dimensional
vector, rather than the nine elements of a 3 x 3 tensor.

The second type of asymmetry in x,,, alluded to above—the field induced variety—

plays a central role in the physics of spin-wave phenomena; we shall return to it later.

1.1.2 Classes of magnetic order

In the absence of anisotropy, the magnetization acquired by a magnetic material in
response to an applied static uniaxial magnetic field is parallel to that field. When

the amplitude of the field is small, the induced magnetization AM, is characterized

11



Chapter 1: Principles of magnetostatic spin-wave dynamics
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Figure 1.1: The magnetic characteristics of a material are dependent on the arrangement
of and interaction between the magnetic moments of its constituent atoms, ions, or mole-
cules, represented by the grey arrows in diagrams (a) to (d). (a) Diamagnetic materials do
not contain permanent magnetic moments, their induced magnetization opposes an applied
magnetic field. (b) Paramagnets contain permanent magnetic moments which do not spon-
taneously order, but will partially align with an applied magnetic field. (c¢) Ferromagnetic
materials exhibit spontaneous long-range magnetic order, their magnetic behaviour can be
understood with reference to a spin lattice of strongly coupled permanent magnetic mo-
ments. (d) Ferrimagnets, like ferromagnets, contain permanent magnetic moments and can
be modelled in terms of a spin lattice comprising two anti-aligned sub-lattices. When the
material is exposed to a magnetic field, the induced magnetic moments arising from these
sub-lattices oppose and the resulting behaviour depends on their relative magnitude.

by a field-independent ‘initial’ susceptibility xmo = AMy/AH,.
Four general classes of magnetic behaviour may be identified with reference to the

distinctions described in the first paragraph of §1.1 and the value of y0:

e Diamagnetism. Materials which do not possess permanent magnetic moments
are characterized by a negative initial susceptibility ymo < 0 and are known as dia-
magnets (Fig. 1.1(a)). Though quantum mechanical in origin, diamagnetism can
be thought of as a microscopic manifestation of Lenz’s law: in the presence of an
applied magnetic field, the motion of electrons orbiting a material’s atomic nuclei is
perturbed in such a way as to produce a net opposing magnetization. Compared with
other types of magnetism which involve the interplay between permanent magnetic
moments, diamagnetism is a weak effect.

e Paramagnetism. Paramagnets contain permanent magnetic moments which

do not spontaneously order but may be drawn into partial alignment by an applied

12



Chapter 1: Principles of magnetostatic spin-wave dynamics

magnetic field. Paramagnetic materials have a positive initial susceptibility xmo > 0
(Fig. 1.1(b)).

e Ferromagnetism. Ferromagnetic materials contain permanent magnetic mo-
ments which—below a certain critical temperature—exhibit spontaneous long-range
order (Fig. 1.1(c)). The physical effect responsible for this order is the magnetic
exchange interaction; a quantum mechanical phenomenon which emerges from the
rules which govern the symmetries of overlapping electron wavefunctions. The mag-
netic behaviour of a ferromagnet can be thought of as arising from a spin lattice
of strongly coupled permanent electronic moments. Like paramagnets, ferromagnets
have a positive initial susceptibility (xmo > 0).

e Ferrimagnetism. Ferrimagnets, like ferromagnets, contain permanent mag-
netic moments, and can be understood with reference to a coupled spin lattice. The
spin lattice of a ferrimagnetic material has a sub-structure comprising two anti-aligned
sub-lattices? (Fig. 1.1(d)). The induced magnetic moments arising from these sub-
lattices oppose and the resulting behaviour depends on their relative magnitude. In
the special case of identical sub-lattices, no net moment results and the material is

said to be antiferromagnetic.

It is magnetic systems which exhibit the final two classes of magnetic order de-
scribed above: ferromagnets and (non-antiferromagnetic) ferrimagnets which provide
the physical stage upon which the magnetostatic spin-wave phenomena that we shall

consider play out.

Note that true anti-alignment (i.e. sub-lattices whose magnetization vectors are m radians apart)
is a special case. More generally, the local magnetization vectors of the sub-lattices are separated by
some angle £ < 7. Lattice geometries vary from the simple case of two inter-locking cubic structures
to complex symmetries in which the magnetizations of the sub-lattices twist along helical paths
through the material.

13



Chapter 1: Principles of magnetostatic spin-wave dynamics

1.2 The ferro- and ferrimagnetic spin-wave
environments

As described in §1.1.2, the magnetic behaviour of ferro- and ferrimagnets can be
understood with reference to a spin lattice of coupled permanent magnetic moments.
In this section we shall explore the spin-lattice concept in more detail and use it to

obtain a qualitative picture of spin-wave propagation.

1.2.1 The spin lattice

A spin lattice is a magnetic model of a ferro- or ferrimagnetic material comprising a
three-dimensional array of magnetic moments. The symmetry of the lattice (i.e the
spatial arrangement of the lattice sites) is determined by the physical structure of
the particular material to which it corresponds. The moment associated with each
lattice site may be that of a single electron (a ‘spin’), or several (a ‘macro-spin’). The
moments on the spin lattice are coupled via two magnetic mechanisms: the dipolar
interaction and the exchange interaction.

The exchange interaction is an orientation dependent contribution to the energy
of coupled moments which comes about as a result of the restrictions imposed by
quantum mechanics on the symmetries of overlapping electron wavefunctions. The
strength of the exchange interaction is quantified in terms of a material dependent
parameter known as the exchange stiffness.!® Exchange is by far the dominant inter-
action between moments occupying adjacent sites on the spin lattice and underwrites
its spontaneous magnetic order.

The dipolar interaction energy between two moments fi; and fi; separated by a

10The exchange stiffness has units of energy per unit length.
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Chapter 1: Principles of magnetostatic spin-wave dynamics

vector distance R;; is given by

Eq = 4:;3% (ﬁz‘ Ry Rifj (i - Rij) (; - R,-j)) :
This energy is small; as a guide, for moments of magnitude one Bohr magneton (a
single electron dipole moment ug = eh/2m,) separated by a distance of 1A, it is of
order 10723 J, which equates to roughly 1K in temperature. However, in comparison
with the exchange interaction, which is generally only significant between nearest-
neighbour lattice sites, the dipolar interaction is a relatively long-range effect. The
magnetostatic spin-wave excitations of interest to us have wavelengths which are
approximately five orders of magnitude larger than the characteristic dimension of
the spin lattice. As a result, although the exchange interaction plays a crucial role
in the organization of the magnetic environment in which the waves propagate, it is

this dipolar interaction which dominates their dynamics.

1.2.2 Domain formation, magnetic saturation, and a

qualitative description of the spin wave

In §1.1.1, we introduced magnetic anisotropy: a directional dependence in the energy
expenditure associated with magnetizing a given piece of magnetic material. Were an-
isotropy the only cost consideration relevant to the magnetization process, we might
expect all pieces of ferro- and ferrimagnetic material having finite anisotropy to spon-
taneously magnetize uniformly along their easy axis. However, a given orientation M
also has an energy overhead by virtue of the magnetic field it produces outside of the
material (Fig. 1.2(a)). In the absence of an applied or anisotropy field of sufficient
strength to provide this energy, ferro- and ferrimagnets split into domains; mesosco-
pic regions of material having net magnetic moments oriented in different directions

(Fig. 1.2(b)). Adjacent domains are separated by domain walls: narrow regions of

15



Chapter 1: Principles of magnetostatic spin-wave dynamics

(a) (b)

Figure 1.2: (a) A thin ellipsoidal sample of ferro- or ferrimagnetic material having negligible
magnetocrystalline anisotropy has, by virtue of shape anisotropy, an easy direction along
its major axis. However, the energy gain from spontaneous magnetization of the sample
along this direction may be outweighed by the energy cost of the associated magnetic field.
(b) In the absence of an applied or anisotropy field of sufficient strength to ‘repay’ the field
energy associated with magnetization along its easy axis, a ferro- or ferrimagnet splits into
domains: mesoscopic regions of material having net magnetic moments oriented in different
directions. In the ‘closure’ type domain structure depicted here, the external field is reduced
to zero.

material over which the magnetization vector rotates. There is a per-unit-area energy
outlay associated with the formation of a domain wall which is dependent upon the
magnetic anisotropy and exchange stiffness of the magnetic sample it inhabits; the
balance between the domain-wall energy, the anisotropy energy, and the field energy
determines the detailed domain structure.

If a sample of ferro- or ferrimagnetic material having negligible shape and mag-
netocrystalline anisotropies is exposed to a small static magnetic field B,pp,'' its
magnetic response parallel to the field direction is, as outlined in §1.1.2, character-
ized by an initial field-independent susceptibility xmo. Under these conditions, the
magnetization AM, acquired by the sample is due to a small reversible net growth in

domains with moments oriented near-parallel to the applied field. If the amplitude of

UNote that Bapp here is the magnetic flux density applied to the magnetic material which,
depending on the geometry, may or may not be equal to the magnetic flux density B inside it.

16



Chapter 1: Principles of magnetostatic spin-wave dynamics

Xm(): A]\40/A]¥0

—
0 Hy g

Figure 1.3: If a small uniaxial magnetic field Bypp is applied to a sample of ferro- or ferri-
magnetic material (see Fig. 1.1) having negligible shape and magnetocrystalline anisotropies,
its magnetic response in the direction of the field is approximately linear, independent of
Bapp, and characterized by an ‘initial” susceptibility xmo = AMy/AHy. As B (and there-
fore H) inside the sample increases, energy consuming reorientation and reorganization of
the domain structure occurs and the susceptibility is substantially modified from this initial
value. Eventually a state of saturation B = Bg, H = Hg is reached at which the material is
mono-domained and has a magnetization Mg in the field direction. These conditions result
in a small-signal magnetic response with a strong directional dependence.

Bapp (and therefore of B and H inside the sample) is increased, the domain structure
undergoes more significant transformation and the susceptibility becomes both sub-
stantially modified from the initial value, and strongly field-dependent. Eventually a
condition of saturation B = Bs, H = Hg is reached in which the material consists
of a single domain. The net magnetization takes a maximum value Mg parallel to
the field so that—though it remains finite in directions away from the direction of
the applied field—the differential susceptibility dM/dH along the field direction is
reduced to zero. This is an example of the field-induced anisotropy in x,, alluded to
in §1.1.1. The corresponding state of the spin lattice is one in which—throughout the
whole volume of the material—the moments on the lattice sites are aligned with the
applied field.

The magnetostatic spin-wave signals with which we are concerned are perturb-

ations to the magnetization of a magnetically saturated material. The waves are
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Figure 1.4: A magnetostatic spin-wave is a spatial and temporal variation in the phase of
magnetic precession across a spin lattice. In this schematic the small arrowed dots represent
precessing magnetic moments. The dotted grey line is a wavefront i.e. a line of constant

phase. The blue bar indicates the spin-wave wavelength and the red arrow the direction of
the wavevector k.

characterized by small-signal variations in magnetization which can be described in
terms of a precession of the magnetic moments on the spin lattice about the saturation
direction. A bulk (or £ = 0) magnetostatic spin-wave mode corresponds to a condi-
tion known as ferromagnetic resonance (FMR) characterized by in-phase precession
of individual spins on the lattice sites about the applied magnetic field—i.e. a small-
signal variation in the components of the magnetization perpendicular to the zero
differential susceptibility direction. Finite k excitations are those in which the phase
of the precession varies over the lattice. This concept is illustrated schematically in
Fig. 1.4, where precessing moments are represented by small arrowed dots (note that
the arrowed dots are not intended to represent individual sites on the spin lattice,

were this the case the wavelength of the wave would be grossly under-represented).
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1.3 Elementary magnetic dynamics

In the previous section we arrived at a qualitative description of a magnetostatic spin
wave. Here, we move towards a description of its physics by examining the general

principles of electron spin dynamics.

1.3.1 Single-spin dynamics

Questions about the dynamics of an isolated electron spin can only be meaningfully
posed in the language of quantum mechanics. As we have established however, a spin
wave is not a phenomenon associated with an isolated spin, but with the collective
dynamics of a spin lattice: a large spin or macro-spin ensemble. This distinction
allows us—provided we exercise a little caution—to describe a spin-wave excitation
by treating each participant spin as a quasi-classical object. As well as providing a
route to quantitative results which are consistent with physical reality, this approach
also offers conceptual traction on a piece of physics which—when approached from
a purely quantum mechanical perspective—presents a formidable challenge to our
intuitions. In line with the standard treatment (see for example Ref. [16]), we shall
compare the dynamics of a single electron spin having angular momentum J and a
magnetic moment & subject to a magnetic field B, with those of a classical spinning

top.

1.3.1.1 The spinning top

The rate of change of angular momentum of a mechanical spinning top of angular
momentum J; (magnitude |J;| = J;) is equal to the torque due to the effect of gravity

g on its mass m

dJ,
Tt:d—tt:r/\mg (15)
which has magnitude
7, = m|r||g|sind = mrgsin 6, (1.6)
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(a)
> Y
Ap¢=(dg/dt)Atd

AT =(dJ,/dt)At

(c) A J=(1/y)p

Figure 1.5: (a) A spinning top, mass m, represented by the conical volume in the diagram,
experiences a force due to gravity g which acts vertically downward through its centre of
mass. The centre of mass is located at a point identified by the vector r relative to the
origin of the co-ordinate system. The top spins at an angular rate w; about its own axis and
precesses about the z-axis at an angular frequency w, at a constant angle . The vector r is
always parallel or antiparallel to the angular momentum vector of the top J;. Both J; and
r have constant magnitudes, constant z-components, and vary in z- and y- as sin € cos ¢
and sin @ sin ¢ respectively. (b) The precessional frequency wp, = d¢/dt can be derived by
considering how the system evolves in a small increment of time At¢. (c) In the magnetic
case, the top in (a) is replaced by a magnetic moment & having angular momentum J. The
moment experiences a torque g A B, under the influence of a magnetic field B, and precesses
at an angular frequency wg. The precession is clockwise (wp negative) about the z-axis when
the vectors i and J are parallel (v positive) and counter-clockwise (wp positive) when they
are antiparallel (v negative).
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where the vector r (length r) is between the origin of the co-ordinate system and
top’s centre of mass, and the angle 6 is that between 7 and the vertical (Fig. 1.5(a)).
Considering the evolution of the system in a small increment of time At, we can relate
dJ;/dt to the top’s precessional frequency w, = dy/dt with the aid of the geometrical

construction shown in Fig. 1.5(b)

dJ . do
d_tt = Jy sin Gd—f(p (1.7)

so that, from Eqns. (1.5) and (1.6),

mrg

wp = T (1.8)

Since J; and r are either parallel or antiparallel, Eqn. (1.8) allows us to write

Eqn. (1.5) in the form

dJ
d_tt == Qt N Jt, (19)
where
T'Jt ~
Q) =w,——k.
t wp|’r-Jt|

1.3.1.2 The spinning spin quasi-top

In the magnetic case, we replace the real mechanical top of §1.3.1.1 by a ‘spin quasi-
top’: a magnetic moment & having angular momentum J under the influence of a
magnetic field B. As with the angular momentum and position vectors J; and r in
the mechanical case, the vectors @& and J are always either parallel or antiparallel.
The effects of gravity can be considered negligible, so that the total torque acting on

the magnetic moment is

T=—=uNB=~vJA\B, (1.10)
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where 7 is the gyromagnetic ratio (ft = ~vJ).
Following the treatment of the spinning top, we can derive an expression for the

precessional frequency wg of the moment

wy = —B (1.11)

where B = |B|. Equations (1.10) and (1.11) lead to

dJ
— =QAJ 1.12

where 2 = —yB. Comparing the results of the mechanical and magnetic analyses
we note that in the magnetic case the precessional frequency wy is solely determined
by the magnetic field; it is independent of the angular momentum J. This is due to
the fact that, unlike the moment and momentum of the mechanical top, those of the

spin system are linearly related.

1.3.1.3 Electronic momenta and the gyromagnetic ratio

The angular momentum J and magnetic moment & of an electron are—as indicated

in the analysis above—related by the gyromagnetic ratio v,

o=ndJ. (1.13)

In general, the angular momentum J of a bound electron has two components, an
orbital contribution L (magnitude L = |L|), and an intrinsic spin angular momentum
S (magnitude S = |S|). Orbital angular momentum is equivalent to the quasi-
classical momentum

L =1r Amev, (1.14)
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induced by the notional current loop described by the electron (mass me, charge ge)
as it orbits the nucleus at radius r = |r| and speed v, = |v|. The magnetic moment
of the loop is

o =1ids (1.15)

where ds is the elemental area of size 772 enclosed by the current ¢ = gv./27r. The
direction of ds is determined by the direction of conventional current (i.e. the opposite

direction to the associated electron motion) so that Eqn. (1.15) can be written

1
o= §qer/\ve. (1.16)

Combining the result of Eqn. (1.16) with Eqn. (1.14), the orbital gyromagnetic ratio

is then

= % - 23; — _14GHz TV (1.17)

The spin angular momentum S eludes description in classical terms, but its gyro-

magnetic ratio can be shown to be approximately twice the orbital value

vs =2y = £ — 98 GHzT . (1.18)
m

(S

Returning to Eqn. (1.13), magnetic systems flavoured by both orbital and spin angular

momentum are conventionally described in terms of an ‘effective’ gyromagnetic ratio

Qe
2me

T=g (1.19)

where ¢ is the Landé g-factor, equal to 1 for pure orbital angular momentum, 2
for pure spin. For electrons g is almost always positive and therefore ~y is generally

negative.
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1.3.2 From single-spin to magnetization dynamics

Substituting for J in terms of @ from Eqn. (1.13), the equation of motion for a single
quasi-classical spin obtained in §1.3.1.2 (Eqn. (1.12)) can be written

ldp _

=pn AN B.
~v dt H

From this relationship, and the fact that the magnetization produced by an ensemble
of identical magnetic moments is equal to the product of their number density and
their individual moments

M =Ng,

we can write a general expression for the magnetization dynamics of a meso- or

macroscopic magnetic system, the Landau-Lifshitz equation:

dM

Equation (1.20) implies that once perturbed, the magnetization precesses indefinitely
about the field B. In real systems, coupling between the spin lattice and the mech-
anical structure of the material (mediated principally by phonon vibrations and the
spin-orbit interaction) causes a loss of energy from the spin system which drives it
back towards a relaxed state with M parallel to B. Damping can be introduced
into the model by adding a term which acts to minimize the precessional angle 6 (see
Fig. 1.6). Such a phenomenological damping term may be defined in a number of
ways but perhaps the most widespread approach (originally proposed by Landau and
Lifshitz) is to use the triple product M A (M A B) to give a damped equation of the
form
dM el

—=yMANB—-a—MANMANB 1.21
e oM A (M A\ B) (121)

where « is a material dependent damping constant.
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Figure 1.6: All real magnetic systems have intrinsic magnetic damping. This damping
comes from a variety of sources but the main contribution in the systems relevant to expe-
rimental spin-wave studies is coupling between the magnon and phonon structures of the
material brought about by vibrational modulation of the dipolar field of the spin lattice
and/or the spin-orbit interaction. Damping causes the spin system to relax to an equi-
librium state with the magnetization parallel to the applied field and can be modelled by
introducing a phenomenological damping parameter proportional to —M A (M A B).

1.3.3 Small-signal characteristics of magnetically saturated

media

Building on the analysis of §1.3.2, in this section we determine the physical parameters
which characterize the small-signal response of a magnetically saturated ferri- or ferro-
magnetic medium under conditions relevant to magnetostatic spin-wave propagation.
For simplicity we neglect damping and assume zero shape and magnetocrystalline
anisotropies.'?

We divide the magnetic flux, magnetic field, and magnetization inside the material

into static and small-signal components:
B:BO—Fb(t), H:Ho—i‘h(t), M:Mg+m(t),

with b = b,i + byj + bk, h = hyi + hyj + hk, m = m,i+ myj + m.k, and assume
a system biased to or beyond saturation parallel to ﬁ, i.e. By = BOIE with By > B,
H, = Hok with Hy > Hs, M, = Mgk, and m, = 0. Under these conditions, ignoring

121t is important to note however that the analysis we present is equally valid for systems having
finite magnetic anisotropy; anisotropy may be straightforwardly ‘added’ through the anisotropy field
approach described in §1.1.1.
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products of small terms, Eqn. (1.20) becomes

dM

The static field and magnetization components are parallel so that the first term in
the brackets on the right-hand side of the expression above is zero and the equation
can be reduced to

dm

For the case that m(t), b(t) < e 7!, Eqn. (1.23) becomes
—iwm +~vBk Am = yMgk A b (1.24)

which can be written

1 [ b 1 vBy +iw My

Ho b, poyMs —iw ~By m,

(1.25)

Substituting for b in terms of h and m (b = py (h 4+ m), Eqn. (1.2)) into (1.25) we

arrive at
hy 1 wg  Hw My
= (1.26)
hy M\ iw wy my
where
wy = —yuoHy, (1.27a)

We note that since v is almost always negative in the systems of interest to us

(see §1.3.1.3), wy and wy are both positive. By inverting Eqn. (1.26) we derive a
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relation of the form

m =%,h (1.28)

where x,, is the small-signal (Polder) susceptibility tensor [17]

’

Xm = | +ixo, X, O (1.29)
0 0 0

the components of which are the differential susceptibilities dm;/dh;:

/ WHWM
Xm — wIQ{ _ wQJ (130&)
” WM
= ——. 1.30b
Xm e (1.30b)

Note that the singularities in x,, and X, at w = wy only exist in the (non-physical)
case of a magnetic system with zero damping. The resonance at w = wy is genuine,
but in real magnetic systems it will always be of finite height and width.
Combining Eqn. (1.29) with Eqn. (1.4), we can define a small-signal permeability
tensor [
1+x, —ix, O
m=po (T +Xm) =t | +ix,, 1+x, 0 (1.31)
0 0 1

and hence relate b to m through a small-signal version of Eqn. (1.3)

b = fih. (1.32)
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1.4 Maxwell’s equations in the magnetostatic limit

In this section, we turn to the Maxwell equations to understand the dynamic pro-
perties of spatially and temporally varying magnetic excitations in an environment
characterized by the small-signal parameters derived in §1.3.3. We arrive at a descrip-
tion of a magnetostatic spin wave as a solution to these equations in the so-called

‘magnetostatic limit’.

In their most general form, Maxwell’s four relations are:

D
VAH:JmLaa—t, (1.33)
OB
E=-2" .
VA o (1.34)
V-D=p, (1.35)
V-B=0, (1.36)

where the magnetic quantities are as already defined and J. is current density, p is
charge density, D is electric displacement and E is electric field. In a linear medium
D and E are related by

D=¢(I+x,)E (1.37)

where ¢y = (1/oc?) ~ 8.854 x 1072 Fm™" is permittivity of free space, and x, the
electrical susceptibility tensor. The equation above can also be written in terms of a

permittivity tensor €:

D =¢E. (1.38)

In line with the analysis of §1.3.3 we shall assume that all fields may be separated
into static (By, Hy, Dy, Ey) and small-signal components (b(t), h(t), d(t), e(t)) and
focus our attention on the latter.

We simplify our analysis by restricting the electrical properties of the wave medium
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to the subset which are of particular relevance to the experimental investigations of
later chapters; electrically isotropic, source free insulating media. We define a scalar
permittivity

e =¢l (1.39)

and assume that this holds both for small and large signals. Under these conditions

Eqns. (1.33) to (1.36) become

Je
VAh=cs (1.40)
0
V/\e:—,uoa(frl—m), (1.41)
V-ee =0, (1.42)
V.o (h+m)=0. (1.43)

where we have used Eqn. (1.2) to substitute'® for b in terms of h and m. For
plane wave solutions of the form e*7~“ the differential operator V = ik so that

Eqns. (1.40) to (1.43) reduce to

kN h = —wee, (1.44)
kne=wuy(h+m), (1.45)
k-ce=0, (1.46)
k-py(h+m)=0. (1.47)

Equations. (1.44) and (1.45) can be combined to yield

kA (kAR)=—wuge(h+m). (1.48)

Following the treatment of Stancil [16], the vector cross products can be removed by

13See prefatory note, pages 1-2.
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defining a skew-symmetric matrix K

0 —k. ky
K=k 0 —k, (1.49)
—ky kg 0

such that for a general vector a, Ka = k A a, and KK = kkT — k%I, so that

(kk" — k’I) h = —w’poe (b + m) = —w’efih. (1.50)

We now consider two possible solutions to Eqn. (1.50).

e Solution 1: m =0

If the small-signal magnetization m = 0 (i.e. X,, = 0), Eqn. (1.47) implies k- h =0
and thus Eqn. (1.50) leads to

k = ko = wy/poe, (1.51)

which is the familiar dispersion relation for plane electromagnetic waves in an iso-
tropic, source free, electrically insulating medium.

e Solution 2: m # 0

This second family of solutions is the one which is of interest to us in the context
of spin-wave dynamics. When the small-signal magnetization is non-zero Eqn. (1.50)

can be written

(kk" — KT+ w’efi) h = 0. (1.52)

The equation above is of the form Ah = 0, non-trivial solutions therefore satisfy

det A = 0, which in the case that a saturating (or super-saturating) magnetic field is
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present parallel to k is (from Eqn. (1.31))

kyk, 4 k23X k(14 xy,) — k2 — k2 kyk. = 0. (1.53)
k. kg k.k, kg — k2 — k2

We shall explore this solution by first investigating a particular case: one in which
the wave propagates parallel to the bias field i.e. k = k.k. Under these conditions,

Eqn. (1.53) simplifies significantly:

k2 (1+ xm) — k2 —ik2x 0
ViR K1) k2 0 | =0 (1.54)
0 0 k2

Solving the determinant equation above leads to a quartic expression for k,, the roots

of which are

k2, =k2 (1+ Xom + Xm) - (1.55a)

k2. =k (14 X — Xom) - (1.55b)

Equations (1.55) can be written explicitly in terms of wy and wy (substituting from

Equs. (1.30)):

R, =k (14 o), (1.56a)
K2 =2 (1 + w:%) . (1.56b)

Functions k., and k,_ are plotted in Fig. 1.7, in blue and red respectively, for the
case wy/wy = 1, w" = w/wy, and kf = k,w*/ky. The black dashed line plotted on

the same axes is the dispersion relation for plane electromagnetic waves (Eqn. (1.51)).
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Figure 1.7: Dispersion relations of Eqns. (1.56a) (blue) and (1.56b) (red) for wy/wy = 1
normalized to w* = w/wy and k} = k,w*/ko. The black dashed line is the electromagnetic
solution (Eqn. (1.51)).

The functions have several interesting features. Firstly, we note that the k., solution
interacts more strongly with the medium than the k,_ solution, which is not sub-
stantially different from the kg case. This difference arises because the electric and
magnetic fields associated with the two differ in polarization. Those corresponding to
k.. are both right circularly polarized, to k,_, left circularly polarized. The fields as-
sociated with a right circularly polarized wave propagating in the direction of positive
k rotate with the same sense as the natural precession of the magnetization (as defined
by Eqn. (1.20)) and thus the k,, solution has substantially greater leverage on the
magnetic system than its counter-rotating k,_ counterpart. The interaction between
the k., solution and the medium is maximum when its frequency matches the natural
precessional frequency w = wy (cf. Eqns. (1.30)). This value of w corresponds to the
limit k,,. — oo. Between w = wy and w = wy + wy the k., solution is imaginary
and therefore waves cannot propagate. Finally, looking again at the low-frequency
branch of the £, dispersion relation we see that beyond kI ~ 0.5, k. > kg i.e. the
wavelength of the waves is substantially shorter than the electromagnetic wavelength

at the same frequency. This characteristic is the hallmark of a magnetostatic wave.
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Returning to Eqn. (1.50) we can derive a general expression for the small-signal
magnetic and electric fields corresponding to the m # 0 solutions:
Equation (1.47) implies k- h = —k - m. Using this relationship and Eqns. (1.44),
(1.45), (1.46), and (1.51), we arrive at
(k:gI — kkT) m

h = 1.

Who
k% — k2

€ = —

(k Am), (1.58)

and can also write an expression for V A h:

1.2
ik§

h —
VAh=

(kAm). (1.59)

Examining these equations in the limit of large k, we see that both e and V A h
tend to zero, whilst so long as k - m # 0, h remains finite.!* The k& > Ky limit of
Eqns. (1.57) to (1.59) is often summarized by a three-formula description of plane

magnetostatic spin waves in source free insulating magnetic media:

V Ae=iwjih, (1.60)
V. fih =0, (1.61)
VAh=0. (1.62)

The first two of the expressions above are simply statements of the Maxwell relations
Eqns. (1.41) and (1.43) applied to small-signal plane waves;'® the third plays the role

of a governing equation.

M Note that k - m = 0 corresponds to the resonance condition in which m is finite, whilst h and
e are zero.

15Note however that the definition of ft (Eqn. (1.31)) includes information about the magnetic
state of the host material.
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1.5 Spin-wave propagation in magnetic thin films

In this section we expand on the results of §1.4 to develop an understanding of the
dynamic properties of magnetostatic spin waves in the particular subset of magnetic
systems which are at the focus of the experimental investigations of subsequent chap-

ters: thin films.

1.5.1 Spin-wave mode shapes

Within the framework of the magnetostatic approximation summarized by Eqns. (1.60)
to (1.62), the magnetostatic modes associated with a given magnetic geometry (i.e.
shape of magnetic sample) can be obtained by describing the small-signal magnetic

field h in terms of a magnetostatic scalar potential 1:
h = V. (1.63)
Since V- ph =0 (Eqn. (1.61)), Eqn. (1.63) implies
V-(n-Vy)=0. (1.64)

Combining the above result with Eqn. (1.31) leads to a general governing equation

for modes propagating in a system biased by a magnetic field parallel to k:

N A
(14 %) (W + W) + 55 =0. (1.65)

The expression above is known as Walker’s equation [16].
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1.5.2 Exchange-dominated spin waves (a brief aside)

As stated from the outset, in the context of the experiments which follow, our interest
is in spin waves with dynamics governed by the dipolar interaction. However, before
progressing further, is it appropriate to pause briefly say a few words about the
exchange-dominated region of the spin-wave spectrum.

The effect of the exchange interaction on the dynamics of the spin lattice can be

modelled by postulating an effective ‘exchange field” Hy:
H, =\ VM (1.66)

which is superposed on top of Hy and h.'S ). is a (material dependent) exchange
constant.

Using the exchange field formalism and Eqn. (1.65), a general expression can be
obtained for the dispersion of spin waves under the influence of exchange in an infinite

medium [16]:

w = \/(MH + WMAexk2) (wH + Wwpm ()\exk2 + sin2 19)) (167)

where v is the propagation angle with respect to the bias field. In the limit of large
k it can be seen that w oc Axk? These exchange-dominated waves typically have
wavelengths in the nanometre range and group velocities which are substantially

higher than those of magnetostatic excitations.

16Note that the field Aoy V2 M is not the total exchange field, but the torque producing component
of it. The total exchange field contains an additional term proportional and parallel to M.
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1.5.3 Magnetostatic spin-wave propagation in magnetic thin

films

The focus of the experimental work of subsequent chapters is the propagation of plane
magnetostatic spin waves in electrically insulating thin-film magnetic waveguides.
The dynamics of spin waves propagating in such systems are sensitive both to the
relative orientation of the magnetic bias field and the spin-wave wavevector and to
the direction of the magnetic bias field relative to the thickness of the film.

The magnetostatic spin waves which propagate in thin films are divided into three
dynamically distinct classes corresponding to the three mutually orthogonal possible

orientations of the magnetic bias field and k:

e Magnetostatic surface spin waves (MSSW) (also known as Damon Esch-
bach modes) propagate in the plane of a film, perpendicular to an in-plane bias field.
These waves are associated with a small-signal magnetization which is exponent-
ially distributed across the film thickness with a maximum at one surface [16, 18-20]
(Fig. 1.8).

e Forward volume magnetostatic spin waves (FVMSW) propagate in the
plane of a film under conditions of out-of-plane magnetic bias (Fig. 1.9).

e Backward volume magnetostatic spin waves (BVMSW) propagate in the

plane of a film, parallel to an in-plane bias field (Fig. 1.10).

Forward and backward volume spin waves are the summation of guided plane
waves reflecting from the inner surfaces of the film and their full spectrum contains
an infinite array of dispersive branches, each corresponding to a different thickness
mode. However, thickness modes other than the lowest order are not efficiently excited

using conventional experimental techniques'” and so for the majority of practical

"Though they may be indirectly excited by energetic coupling to waves in the in-plane region of
the spectrum.
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experimental purposes, can be neglected.
Full analytic derivation of the dispersion relations for MSSW, FVMSW and BVMSW
requires lengthy mathematics which will not be presented here, instead we shall briefly

survey its results and comment on their physical interpretation.

1.5.3.1 Magnetostatic surface spin waves (MISSW)

The dispersion relation for surface spin waves is given by

2
w= \/wH (wg + wm) + CL?TM (1 — e—2kd) (1.68)

where k is the in-plane wavenumber perpendicular to the direction of the magnetic

bias field and (as previously defined in Eqns. (1.27)),

wH = _7M0H07
wy = —YpoMs.
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Figure 1.8: Magnetostatic surface spin waves (MSSW) (also known as Damon Esch-
bach modes) propagate perpendicular to an in-plane bias field in a manifold between
w = y/wy (wyg +wy ) and w = wy + wn /2. Their magnetization is exponentially distributed
across the film thickness with a maximum at one surface. The dispersion curve plotted above
corresponds to a film of thickness 5 um and saturation magnetization Mg = 140 kA m ™" sub-
ject to an applied magnetic bias field By = 210mT (Hp = 210mT/ ).
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Since the in-plane dimensions of a thin film are very large in comparison with its
thickness, the external magnetic field produced by magnetizing it in plane is negligible.
As a result, an in-plane applied magnetic flux density B, gives rise to an internal
magnetic flux density By = By. It follows that the value of Hy which appears in wy
is

H() :BA/[L(). (169)

A distinguishing feature of MSSW is a characteristic known as field displacement non-
reciprocity; the magnetostatic potential fields associated with the waves are dependent
on the direction of k. When the direction of propagation is reversed, the mode energy
shifts from one surface of the film to another. The waves exist in a manifold between
a low-frequency k£ = 0 (FMR) limit at w = \/m and a high-frequency
asymptote w = wy + wy /2.

In the limit of small kd (the conditions relevant to almost all practical experiments)

the group velocity of MSSW is approximately

d
b= 22— Y e (1.70)
ok wi (wg +wy) 4

whilst the phase velocity is given by

w
UPZE_

( on (o + wM)> + v, (1.71)

| =

Equation (1.68) is plotted in Fig. 1.8 for a magnetic film of thickness 5pum and
saturation magnetization Mg = 140kA m™" subject to an applied magnetic bias field

By = 210mT.
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1.5.3.2 Forward volume spin waves (FVMSW)

As we would anticipate from symmetry, the dispersion characteristics of spin waves
propagating under conditions of out-of-plane magnetic bias are directionally invariant
in the plane of the film. It has been shown by Kalinikos [16, 21| that the disper-
sion relation for (first thickness mode) FVMSW spin waves of in-plane wavenumber

k = |k? + k2| may be approximated by

w:\/wH <wH+wM (1_1_1{;_2_“))' (1.72)

A thin film magnetized out of plane has an effective demagnetizing field Hgyemag =

—Ms. As a result, the value of Hy which defines wy is related to the applied magnetic

bias field Bx by

Hy = By /po — Ms. (1.73)
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Figure 1.9: Forward volume spin waves (FVMSW) are supported by conditions of out-of-
plane magnetic bias. Their low-frequency limit is w = wyy, their upper frequency asymptote
w = y/wy (wg +wnm). FVMSW dispersion characteristics are invariant with direction in
the plane of the film and their magnetization distribution is sinusoidal across its thickness.
The dispersion curve plotted above corresponds to a film of thickness 5 pm and saturation
magnetization Mg = 140kAm~! subject to an applied magnetic bias field By = 385mT
(H() = 210mT/,u0).

39



Chapter 1: Principles of magnetostatic spin-wave dynamics

Equation (1.72) is plotted in Fig. 1.9 for a film of thickness 5 pum and saturation
magnetization Mg = 140kAm™" subject to an applied magnetic bias field By =
385mT (Hy = 210mT /o, as for the data plotted in Fig. 1.8). In the limit of small

kd the group velocity of the waves is approximately

de
Vg =y (1.74)
whilst the phase velocity is given by
W  w
Up = E = ?H —|—Ug. (175)

The upper frequency (high-%) limit of the FVMSW dispersion curve corresponds to

w = /wn (wy + wy), the low-frequency (k= 0, FMR) limit to w = wy.

1.5.3.3 Backward volume spin waves (BVMSW)

An approximate dispersion relation for (first thickness mode) BVMSW is also owed

e o (o () a

here k is the wavenumber parallel to the bias field direction and the relationship

to Kalinikos [16, 21|

between the value of Hy which defines wy and the magnetic bias field By applied to
the film is the same as for MSSW (Eqn. (1.69)).

Equation (1.76) is plotted in Fig. 1.10 for a film of thickness 5 pm and saturation

1

magnetization Mg = 140kAm™" subject to an applied magnetic bias field By =

210mT (Hy = 210mT/py, as for the data plotted in Fig. 1.8 and Fig. 1.9). In the

limit of small kd the group velocity of the waves is approximately

d
vy = — it ALl (1.77)
WH (wH + wM) 4
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Figure 1.10: Backward volume spin waves (BVMSW) propagate parallel to an in-plane
bias field. The gradient of their dispersion curve is negative so that short wavelengths
are associated with low-frequency waves. The high-frequency limit of the dispersion curve

corresponds to the (long-wavelength) k = 0 limit at w = \/wy (wg + wn ), the low-frequency
asymptote is w = wy. Like forward volume waves (Fig. 1.9) BVMSW have a magnetization
distribution which is sinusoidal across the film thickness. The dispersion curve plotted above
corresponds to a film of thickness 5um and saturation magnetization Mg = 140kA m™!
subject to an applied magnetic bias field By = 210mT (Hp = 210mT/py).

whilst the phase velocity is given by

1
vp = VW (wi + wn) + vg. (1.78)

Comparing Eqn. (1.77) with Eqn. (1.78) we see that the former is always negative
whilst, since kd is small and wy; > 0, the latter is always positive. From this, we
conclude that the group and phase velocities of the waves are in opposite directions
and the higher the wavenumber of the waves (i.e. the shorter the wavelength), the
lower the wave frequency. It is this unusual physics which earns these modes the label
‘backward’.

The high-frequency limit of the BVMSW dispersion curve corresponds to the
long-wavelength k£ = 0 limit at w = \/wy (wg + wy) (the FMR frequency), the low-

frequency, high-k limit to w = wy.
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Chapter

Experimental materials, methods,

and motivations

2.1 Introduction

Building on the general description of magnetostatic spin-wave propagation presented
in chapter 1, this chapter provides a detailed introduction to the experimental in-
vestigations described in chapters 3 and 4. We discuss the particular experimental

materials and techniques employed and the scientific context of the work.

2.2 Materials and methods

2.2.1 An introduction to experimental spin-wave materials

Experimental spin-wave science began in ferromagnetic metals, notably cobalt, ni-
ckel, and iron films [22|. Today, though ferromagnetic resonance based analytical
techniques are deployed in the magnetic characterization of a wide range of metal-
lic structures and systems, in the experimental study of spin-wave phenomena (i.e.
propagating, dispersive spin waves as opposed to FMR), by far the most important
metallic material is Permalloy.
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The term Permalloy (commonly abbreviated to Py) refers to the family of ferro-
magnetic nickel-rich face centred cubic nickel-iron alloys Fe,Ni_,), for ~ 0.18 <
x <~ 0.25. For reasons which are only partly understood, alloys having this range of
stoichiometries combine very large magnetic permeability with exceptionally low mag-
netocrystalline anisotropy, coercivity! (typically < 80kAm™' in-plane in thin films),
and magnetostriction? (for a readable and enlightening introduction see Ref. [23]).
As a result, Permalloy has long been among experimental magnetics’ most important
soft ferromagnetic materials. In the context of magnetic dynamics the material has
made, and continues to make, a key contribution to our fundamental understanding
of domain-wall dynamics [24-28] and has been instrumental in the development of
magnetic memory concept technologies [29-31] and spin-torque oscillators [32, 33].

For the spin-wave dynamicist, thin-film polycrystalline Permalloy has three key
attractions: it is easy to deposit using standard thermal evaporation or sputtering
techniques, its chemistry is straightforward and uncontroversial and—most import-
antly of all—its intrinsic magnetic damping is significantly lower than that of other
metals and alloys (for a useful comparison see Table 6 in Ref. [34]). This collection
of attributes makes Permalloy the ideal development material for prototype spin-
wave and spin-wave spintronic devices and an obvious choice for the observation of
spin-wave phenomena at the micro- and nanoscales.

However, despite being low in relative terms, the spin-wave damping in Permalloy
is still significant (typically spin-wave mean free paths are below 10 um) and recent
years have seen an expansion in the research effort directed towards the search for
lower-loss metallic and intermetallic alternatives. Iron has long been known to have

potential in this context since although in polycrystalline form it is outperformed

! Coercivity is a measure of how ‘difficult’ it is to magnetize and demagnetize a material. The
coercive field is the magnetic field required to reduce the magnetization from its saturation value
to zero. Magnetic materials with large coercive fields are known as ‘hard’ magnets, those with low
coercive fields, ‘soft’ magnets.

2Magnetostriction is mechanical strain (which may be positive or negative) associated with the
application of a magnetic field.
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by Permalloy, the damping in monocrystalline Fe is, in theory, around an order of
magnitude lower. However, practical difficulties associated with growing high-quality
defect-free monocrystalline films have yet to be overcome, and although Fe is far
from being abandoned, the low-damping searchlight is increasingly being shone else-
where. At present, particular attention is focused on the family of so-called Heusler
compounds or ‘Heusler alloys’. Heusler alloys are ferromagnetic intermetallic com-
pounds of two types: full-Heusler compounds, which have the general formula A;BC
where A and B are transition metals and C is a main group element, and half-Heusler
compounds which are of the form ABC.

Heusler compounds were discovered at the beginning of the twentieth century
when the German chemist Friedrich Heusler made the observation that—despite con-
taining no ferromagnetic elements—CusMnAl was ferromagnetic [35]. A recent re-
explosion of interest in Heusler systems is the result of a newer but equally remarkable
insight into their properties: In 1983, de Groot et al. demonstrated that the half-
Heusler compound NiMnSbh could be expected to exhibit 100 % spin polarization at
the Fermi level [36], a characteristic which has come to be known as half-metallicity.
The potential significance of this exotic transport property for the field of spintronics
was immediately recognized. Over the last twenty-five years, predictions of half-
metallicity (or high spin polarization at the Fermi level) in a number of other Heusler
compounds have been made (notably Co;FeSi), and it has been shown that, in theory,
some of these same compounds should also have significantly lower damping than
Permalloy. Although the experimental synthesis, characterization, and optimization
of these materials is in its infancy, spin polarizations in excess of 85 % have already
been measured [34,37,38|, as have very favourable damping parameters [34,37-44].

If Heusler alloys are destined to play a starring role in the future of spin-wave
science, they will do so in the footsteps of another celebrity material: the ferri-

magnetic insulator yttrium iron garnet (YsFe;O12, YIG). The spin-wave damping in
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monocrystalline YIG is the lowest of any known practical experimental material; two
orders of magnitude smaller than that of Permalloy. The synthesis of YIG around
the middle of the last century brought about a step change in the field of experi-
mental spin-wave dynamics and the material remains unchallenged as the single most
important model system for the study of fundamental spin-wave physics.

The experimental investigations at the core of this thesis both use thin-film YIG;

we shall dedicate the next section of this chapter to examining its properties in detail.

2.2.2 Yttrium iron garnet (YIG)

Yttrium iron garnet is an L = 0, g = 2 (i.e. pure spin, see §1.3.1.3) electrically in-
sulating ferrimagnet (resistivity p ~ 10 Qcm) with a cubic crystal structure (lattice
constant ag = 12.376 A) and negligible magnetocrystalline anisotropy. Each unit cell
of the material contains four formula units of Y3Fej" (Fe3+0i_)3, a total of 80 atoms.
The twenty J = 5/2 Fe3™ magnetic ions occupy two antiferromagnetically coupled®
lattices within the O®~ environment; one octahedral (8 ions) and one tetrahedral (12
ions). The exchange constant (as defined by Eqn. (1.66)) is Aex = 3 x 10719 m? [45].
Monocrystalline YIG has the narrowest ferromagnetic resonance (FMR) linewidth
AH of any known practical experimental material, (typically AH = 40 Am™" in thin-
film samples), and therefore uniquely low spin-wave damping. A crude but useful
quantitative estimate for the spin-wave propagation losses in thin-film samples is

given by
Ay = —10|yuoAH | logge dBs™, (2.1)

which is approximately 38 dB per microsecond for the AH quoted above (note that
7 here is in units of radians per second per Tesla).
The propagation of gigahertz-frequency magnetostatic spin waves with wave-

lengths in the micron to millimetre range is readily observed over centimetre distances

3Via superexchange, for a detailed description see Ref. [45].
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Figure 2.1: Yttrium iron garnet is an L=0 insulating ferrimagnet with a cubic crystal
structure (lattice constant ag = 12.376 A). Each unit cell contains four formula units of
Y;gFe;’Jr (FngrO?[)g with the twenty Fe3T magnetic ions arranged in the O?~ environment
on two antiferromagnetically coupled lattices, one octahedral (8 ions), one tetrahedral (12
ions). Monocrystalline YIG has the narrowest ferromagnetic resonance linewidth of any
known practical experimental material and therefore uniquely low spin-wave damping.

in thin-film monocrystalline YIG making it an enormously enabling experimental
material. In addition, the higher-order terms in the material’s small-signal magnetic
susceptibility are large, allowing non-linear spin-wave phenomena to be observed at
input signal powers as low as 100 mW (see also §2.3.2).

In the experiments described in chapters 3 and 4, we employ monocrystalline
YIG waveguides of approximate length 3 cm, width 2mm, and thickness 5 um. The
films were produced by high-temperature liquid-phase epitaxy on gallium gadolinium
garnet (GdsGas;O1a, GGG) substrates with their surface normals parallel to the (111)
crystallographic axis. The lattice constant of GGG (12.383 A) is very well matched
to YIG, facilitating the growth of extremely high-quality stress-free films.

The saturation magnetization Mg of YIG takes a maximum value at 0K of ap-
proximately 196 kA m ™', reducing to around 140 kA m ™" at room temperature (298 K)
and falling to zero at a Curie temperature T = 559 K. The relationship between Mg
and 7' can be modelled by assuming that the magnetization of the material M is
given by

M = M, + M, (2.2)
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where M, and M, are the effective magnetizations of the iron sub-lattices, each of

which originates an effective ‘molecular field” H, 5 [16,46]:

H1 = —/\11M1 - )\12MQ, (23&)

H2 - —>\21M1 - )\22M2. (23b)

In the equations above the subscripts 1 and 2 identify the tetrahedral and octahedral
lattices respectively, and the dimensionless coefficients \;; describe the strengths of the
(nearest-neighbour) magnetic interactions within (A11, Ag2) and between (A2 = Agp)
them. All four interactions are generally understood to be antiferromagnetic and
therefore the coefficients are all positive numbers [45,46]. The cross-lattice interaction
A2 = Ag1 is the strongest by some considerable degree? and has the effect of frustrating
the sub-lattices into states of ferromagnetic order.

Assuming M, parallel to M and antiparallel to My, Eqn. (2.2) can be reduced

to a simple scalar sum

(M| = Mg = M, — M, (2.4)
with
M, =|M,| = M.Bj (f1), (2.5a)
M2 - |M2‘ = MQmaxBJQ <f2> ) (25b)
where My, is the magnitude of the maximum (T = 0K) effective magnetization

of each sub-lattice having number density N;, of Fe*t J =5/2 ion sites:

J\41,2maX = |9,UBN1,2J’7 (2-6)

4Note that the cross-lattice nearest-neighbour distance djo = do1 = 3.46 A is shorter than the
distance between adjacent ions on the tetrahedral (dj; = 3.79A) and octahedral (das = 5.37A)
sub-lattices.
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and By (fi2) are the Brillouin functions

2J +1 2J +1 1 1
BJ (f1,2) - 27 coth ( i f1,2> - ﬁ coth (T]]ﬁg) (27)
for
fi = % (Ho — A1 My — M2 M), (2.8a)
fo = R0E (Ho — MMy — AoaMs) (2.8b)

where p2 = |g|usJ, and Hy is the total (macroscopic) internal field.

Equations (2.5) do not have analytical solutions but can be solved graphically
using the parameters listed in Table 2.1.

In an experimental context, it is often desirable to make use of an empirical
approximation to YIG’s Mg versus 1" relationship. Several approaches are possible
and which is chosen depends largely on the range of temperatures of interest and the
level of accuracy required. Solt has shown that a relationship of the form Mg(T) =
Mg max (1 = a1T3? — a;T%?) is a good model over the full temperature range 0K to
Tc |47], whilst over small temperature ranges a linear fit will often suffice.

Figure 2.2 shows an experimental Mg versus 7" curve (from the data of Anderson,
Ref. [46]), in Fig. 2.3 these same data are plotted over the temperature range 250 K
to 350K (i.e. approximately fifty degrees Kelvin either side of room temperature).

The data are well described by the linear fit

Mg(T) = Mspax (1 — 1.2694 x 107°T) (2.9)

with Mg = 224.12kA m™'. Equation (2.9) predicts a room-temperature saturation
magnetization Mg(298) = 139.34kAm™! and a temperature effect of approximately
—0.285kAm~t K™,
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Figure 2.2: The saturation magnetization of yttrium iron garnet takes a maximum value
at 0K of approximately 196 kA m~!, reducing to approximately 140kAm~! at room temp-
erature and falling to zero at a Curie temperature Tc = 559K (experimental data from

Ref. [46]).
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Figure 2.3: Over the temperature range 250 K to 350K (i.e. approximately fifty degrees
Kelvin either side of room temperature), the Mg versus 7" data shown in Fig. 2.2 are well

described by a linear fit (Eqn. (2.9)).
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Table 2.1: The properties of yttrium iron garnet [16].
PHYSICAL PROPERTIES

Density (298 K) 5172 kg m—>
ao Lattice constant (298 K) 12.376 A

MACROSCOPIC MAGNETIC PROPERTIES

Mgmax(0)  Saturation magnetization (0K) 196 kAm™!
Mga(298)  Saturation magnetization (298 K) 140kAm™*
Tc Curie Temperature 559 K

MICROSCOPIC MAGNETIC PROPERTIES

Tetrahedral Iron sub-lattice

N, Site density 12.66 x 102" m—3
g Landé g-factor 2
J Spin angular momentum per site  5/2

Octahedral Iron sub-lattice

N, Site density 8.44 x 10** m~3
g Landé g-factor 2
J Spin angular momentum per site  5/2

Molecular field constants

A1 Tetrahedral sub-lattice 344.59
Ao Octahedral sub-lattice 735.84
A2 = A1 Cross-lattice 1100.3

2.2.3 The excitation and detection of spin waves in YIG

Spin waves can be excited and detected in YIG waveguides using inductive microwave
antennae. The experiments of chapters 3 and 4 both employ arrangements of the type
shown in Fig. 2.4(a). The antennae are short-circuited microstrip lines of a few tens
of microns width lithographed 8 mm apart on the surface of an insulating substrate
(typically aluminum nitride, AIN) on top of which the waveguide is placed or glued.
The edges of the waveguide are sheared at around 45° so as to minimize coherent
spin-wave reflections from the ends.

The particular focus of the studies presented in chapters 3 and 4 is the propagation
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of backward volume magnetostatic spin waves (BVMSW, §1.5.3.3). The excitation
process for this category of wave is illustrated schematically in Fig. 2.4(b). When a
microwave current is applied to the input antenna, the vertical component of the local
magnetic field it produces exerts a time-varying torque on the spins in its vicinity, the

mean precessional axes of which are aligned with the static bias field (see §1.2.2). If

(a) Magnetic bias field
>
Input antenna Output antenna
AN Y A YIG film /
: 8 mm T
b 8B g
(b) = -30 f
® _S -401
ie—< S 2 -9 k
= -60
i : . .
7500 7600 7700

Frequency (MHz)

Figure 2.4: Spin waves may be excited and detected in YIG waveguides inductively using
microwave antennae. (a) Schematic diagram of a typical waveguide/antenna system (plan
view). A pair (input and output) of short-circuited microstrip lines are lithographed onto
the surface of a dielectric substrate (typically aluminium nitride, AIN) on top of which
the waveguide is placed. The edges of the waveguide are sheared at around 45° so as to
minimize coherent reflections from the ends. (b) Schematic elevation of the region of the
waveguide in the vicinity of the exciting antenna. The excitation process is illustrated for
backward volume spin waves. The film is biased to saturation parallel to its long axis.
When a microwave current is applied to the input antenna, the vertical component of the
local magnetic field it produces exerts a time-varying torque on the spins in its vicinity,
giving rise to a localized precessing magnetization which—if the frequency of the current
falls within the spin-wave spectrum under the particular bias conditions—gives rise to a
propagating wave. (c) A typical experimental BVMSW transmission characteristic of a YIG
waveguide of length 8 mm subject to an on-axis magnetic bias field By ~ 200mT. The
high-frequency limit of the spin-wave passband fa corresponds to the FMR frequency of the
film, the low-frequency limit f; is determined by the antenna geometry.
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the frequency of the current falls within the spin-wave spectrum under the particular
biasing conditions, the local precessing magnetization which results gives rise to a
propagating wave. In the BVMSW geometry, waves excited using this technique
emanate from both sides of the antenna (i.e. to the left and to the right in Fig. 2.4(a))
with a relative phase of 7 radians [48] . The mechanism of spin-wave detection is—by
symmetry—the inverse of the excitation process; when a spin wave arrives at the
output antenna it induces in it a detectable microwave current.

Figure 2.4(c) shows a typical experimental BVMSW transmission characteristic
for a YIG waveguide system of the type shown in Fig. 2.4(a). The data are obtained
by connecting port 1 of a network analyser to the input antenna, port 2 to the output
antenna, and measuring the parameter S;;. The high-frequency limit of the passband
fa is the FMR frequency (the k = 0 spin-wave limit). The fall in transmission with
reducing frequency is predominantly due to a reduction in the efficacy of the antennae
as the spin-wave wavelength reduces. The low-frequency limit of the passband f;
is determined by the antenna geometry; in general, the efficiency of excitation and
detection are poor for waves having wavelengths significantly smaller than the antenna
width. The insertion losses of the antennae vary depending on the geometry but are
typically 3-10dB (per antenna). The losses in the YIG are roughly constant across the
passband and—for an 8 mm film section—are of order 12dB. The background signal
level of —60 to —55dB is a measure of the direct electromagnetic interaction between
the (unscreened) input and output antennae. Beating between this electromagnetic
noise and the spin-wave signal typically results in spurious high-frequency texture in
the data. In many experimental contexts it is sufficient to remove this texture by
post-processing; however, if very precise measurements are required or measurements

of very small signals are to be made the antennae must be screened.
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2.3 The spin wave in context

With the benefit of the insight into spin-wave physics provided by chapter 1, we now
set the scene for the experimental investigations of subsequent chapters by expanding
on the observation made in the introductory chapter that spin waves propagating in
thin-film magnetic materials are interesting both for their spin physics, and for their

wave physics.

2.3.1 The spin wave as a magnetic phenomenon
2.3.1.1 The evolution of spin-wave science

Spin-wave physics began in 1930 with the theoretical work of Felix Bloch [49] and was
elevated to the status of an experimental science in the late nineteen-forties by the
discovery of ferromagnetic resonance by James Griffiths [22], and the work of Charles
Kittel [50].

The synthesis of high-quality yttrium iron garnet brought about a first peak in
experimental activity over the two decades between 1960 and 1980. The ability to
transmit spin waves over centimetre distances in this remarkable new material inspired
widespread belief in its potential to revolutionize microwave device manufacture. A
range of innovative YIG based devices were produced during this period including
isolators, filters, and oscillators, some of which remain in use today [51]. However,
with the emergence of semiconductor technology, it soon became clear that YIG’s role
in the future of electronics was to be a minor, rather than a major one, and applied
research activity contracted significantly. An enthusiasm for fundamental studies
remained, but the scope of experimental work was restricted by the limitations of
relatively coarse-grained analytical techniques.

Interest in magnon systems was reinvigorated in the early nineteen-nineties by

the development and application of new experimental tools, most notably Brillouin
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Light Scattering spectroscopy (BLS). BLS is an optical technique which enables highly
sensitive wavevector-, time-, space-, and (in certain implementations) phase-, resolved
mapping of magnon distributions and spin-wave propagation in magnetic samples [52—
54|. Insights obtained and discoveries achieved through BLS have done much to

stimulate the progression of both experimental and theoretical spin-wave science.

2.3.1.2 Magnonics and spintronics

Over the last decade, new fundamental understanding in combination with the in-
creasingly widespread availability of micro- and nanofabrication has catalysed the
emergence of ‘magnonics’s a new sub-field of spin-wave dynamics concerned speci-
fically with fundamental and applied aspects of spin-wave propagation in magnetic
thin films and nanostructures [1].

As a result of the short wavelengths characteristic of spin-wave excitations—
typically microns to millimetres for magnetostatic waves and in the nanometre range
for the exchange-dominated region of the spectrum—wave effects such as diffraction,
interference, and geometrical mode formation can be observed in very small struc-
tures. Not only does the physics of these phenomena provide fascinating insight into
fundamental magnetics, but it also attracts attention as a potential basis for magnetic
devices [9,55-62].

Latterly, the increasing visibility of magnonics has shone a spotlight on the poten-
tial importance of spin waves in the context of spintronics. Spintronics, or ‘spin-
transfer’ electronics,® is the field of research concerned with the study and imple-
mentation of structures and devices which, unlike conventional electronic systems
which rely exclusively on charge transport for their functionality, capitalize on spin-
transport phenomena for information transfer, processing, and storage. Traditional

spintronic architectures are based on the coding of information into spin-polarized

5Qr, indeed, spin electronics.
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electron currents [3-7|. Although substantial progress has been made, the develop-
ment of systems based on this principle is impeded by the fact that spin-diffusion
lengths—the distances over which spin information can be preserved—in practical
materials are extremely short, a few hundred nanometres at best [5,8]. As a means to
transport spin angular momentum over macroscopic distances at room temperature
without charge transfer, spin waves open doors to spintronic information processing
systems which operate with complete freedom from this constraint [2,9,63-65].

The exciting potential at the interface between magnonics and spintronics is fur-
ther underlined by a broadening body of knowledge about the interplay between
spin waves and charge currents. The spin-transfer torque [66], spin-pumping, and
spin-Hall mechanisms together provide the means to convert back and forth between
electrical voltages, spin-polarized electron currents, and spin waves [67-72|. This
inter-conversion functionality paves the way for ‘magnon spintronics’, a new spin-
tronic paradigm which combines the advantages of magnon based spin-information
transfer and processing with the well established toolbox of electron spintronics.

Very recently, spin-wave systems have also begun to attract interest in connec-
tion with quantum-information science and processing. Though this thesis focuses
entirely on the behaviour of spin waves in the classical limit, the development and
exploration of systems which probe or make use of the excitations’ underlying quan-
tum mechanical personality is almost certain to play an influential role in shaping
the field over the next decade. One example of a potential synergy between exist-
ing quantum information processing methodology and spin waves is in information
storage and recovery. The possibility of storing and manipulating quantum inform-
ation using collective states of spin ensembles has emerged as a prominent topic of
interest within the quantum information community. Experimental work to date in
this area has focused on systems in which the collective spin states concerned are

those of ensembles of isolated spins [73-77|. Extending these principles to spin-wave
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systems—that is, systems in which the collective states are dispersive excitations of
strongly coupled spin ensembles—would give access to novel and possibly advantage-
ous storage functionalities. We might also speculate—if tentatively—that there could
be much to be gained both intellectually and technologically from working to trans-
late some of the established experimental geometries and ‘tactics’ of electron based
quantum information science to the sphere of magnons; for example, quantum circuits
which co-exploit quantum-electron and quantum-magnon dynamics could add a new

and rich dimension to the future of this area of science |78§].

2.3.2 The spin wave as a wave

The relationship between the dynamics of a spin wave and the environment in which
it propagates is —in some aspects subtly, and in other aspects dramatically—different
from other wave systems. Some differences are in underlying physics, they relate to

what a spin wave is,%

others are practical; they relate to what the experimentalist
can do with spin-wave systems.

In order to alter the dispersion of a wave of a given frequency propagating through
a given medium, it is necessary to make some change to the properties of the medium.
In most wave systems, if the alteration is to be significant, this is a major undertak-
ing. In the case of optical or acoustic waves for example, we are obliged to replace
the wave medium with another which is physically distinct. Modifying the medium’s
environment—for example through the application of an electric or magnetic field,
or a mechanical strain—may afford some control, but only as a second-order effect.

Spin waves are unusual in that their dynamics can be directly controlled by changing

the environment of the medium in which they propagate [59-61|. Relatively subtle

6Note that here, we do not make the claim that a spin wave acquires a special status simply
by its being a magnetic wave rather than, for example, an acoustic or optical one. What is meant
is that there are differences in the relationship between the parameters which define the wave in
comparison with other systems. For example, the relationship between the dynamic magnetization
and magnetic field distributions which define a spin wave is different from the relationship between
the dynamic pressure and velocity distributions which define an acoustic one.
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Figure 2.5: Three dispersion curves plotted using Eqns. (1.68), (1.72) and (1.76) for a
YIG film of thickness 5um and saturation magnetization Mg = 140kAm~!. The curves
correspond to magnetic bias fields oriented: in-plane and perpendicular to the spin-wave
propagation direction (MSSW, upper curve), in-plane and parallel to the spin-wave pro-
pagation direction (BVMSW, middle curve), and out-of-plane (FVMSW, bottom curve).
The MSSW and BVMSW curves are plotted for Bx = 210mT and the FVMSW curve for
B =385mT so that the internal field Hy is the same in all three cases (see §1.5.3).

changes to the magnetic biasing conditions of thin-film spin-wave systems dramatic-
ally alter the characteristics of the signals which propagate through them. The dis-
persive properties of a wave of a given frequency can be transformed for example from
positive (MSSW, FVMSW, §§1.5.3.1-2 and Fig. 2.5) to negative (BVMSW, §1.5.3.3
and Fig. 2.5) and its wavenumber tuned over two orders of magnitude, rapidly and
reversibly using small current-controlled magnetic fields.

A further distinguishing feature of spin-wave systems is the fashion in and extent
to which non-linearity flavours their dynamics. There are two sources of non-linearity
in spin-wave systems: the intrinsic non-linearity of the Landau—Lifshitz equation (see
§1.3.2) and material non-linearity (i.e. non-linearity in the small-signal magnetic re-
sponse of a given spin-wave transmission medium). The power thresholds correspond-
ing to the onset of non-linear behaviours in spin-wave systems are generally modest.
This, combined with the richness of the spin-wave spectrum, makes it possible to

observe a range of general non-linear wave effects which are very difficult to access
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controllably in other physical domains.

The non-linear thresholds in yttrium iron garnet are particularly low. The for-
mation of spin-wave solitons [79], bullets (two-dimensional quasi-solitonic wavepack-
ets) |80], and fractal [81] and chaotic [82,83| processes can be observed in thin-film
YIG samples using microwave input signal powers below 1W. In addition, spin
waves in YIG also provide a valuable model system for the experimental study of
parametric amplification, and of non-linear signal-generation effects (see for example
Refs. [84-86]).

To summarize, what the spin wave offers us might be described as a caricature of
the wave paradigm: an exaggerated and distorted rendition of the wave behaviour we
observe in other more familiar physical domains. By studying spin-wave systems we
gain much more than knowledge about spin waves; we add fundamentally new depth

to our understanding of the wave concept.

2.4 Metamaterials and the magnonic crystal

The experimental work described in chapters 3 and 4 centres around the study of spin-
wave systems incorporating magnonic crystals. Magnonic crystals are the spin-wave
embodiment of a general type of wave transmission structure known as an artificial

crystal.

2.4.1 An introduction to the artificial crystal

The artificial crystal belongs to a category of synthetic media which have come to be
known as ‘metamaterials’; man-made materials with properties which are dominated
(or at least strongly influenced) by an engineered mesoscopic texture or featuring
which is superimposed on top of their natural atomic-scale or molecular structure.

The defining attribute of an artificial crystal is an ‘artificial lattice’ in the form of a
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Figure 2.6: (a) The columns of black dots represent three planes, p = 1,2, 3 of atoms in
a real crystal. The lattice spacing is ag. The arrow approaching from the left represents
an incoming plane-wave beam from a coherent source, inclined at an angle 8 to the crystal
lattice. Upon striking the crystal, the beam interacts with the first plane of atoms and is
partially reflected. What remains of its amplitude propagates on through the structure until
it undergoes partial reflection from the second plane, and so on. The overall effect is the
production of a ‘total’ reflected beam which is the superposition of waves which differ in
effective path length by 2(p — 1)agsinf. (b) In the special case that the reflected waves
in (a) add constructively, the net effect of the process of distributed reflection within the
crystal is indistinguishable to the outside observer from one of localized reflection from a
simple mirror located at the position of the first crystal plane. (c¢) In an artificial crystal,
the role of the atomic crystal lattice of (a) is played by a mesoscale artificial one formed
by layers or regions of material with different transmission properties. (d) The description
and fabrication of magnonic crystals is complicated by the fact that the rules of geometrical
reflection do not, in general, hold. One special context in which they do hold however, is for
backward volume spin waves normally incident on a one-dimensional lattice, i.e. for § = 7 /2.
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spatial periodicity in one or more of its material properties. The lattice gives rise to
the appearance of interesting features in the structures’ transmission spectra, notably
band gaps: frequency intervals over which wave propagation is prohibited.

Band gap formation in an artificial crystal can be understood by analogy with the
phenomenon of Bragg scattering encountered in the context of X-ray, neutron, and
electron crystallography of natural crystals [87]. We shall explore this analogy with
reference to the schematic of Fig. 2.6.

Each column of black dots connected by a grey dashed line on the right-hand side
of Fig. 2.6(a), represents a plane of atoms in a real crystal. Three planes are shown
(p = 1,2, 3) with lattice spacing ag. The arrow approaching from the left represents
an incoming plane-wave beam of wavelength A from a coherent source (for example
an X-ray emitter) inclined at an angle 6 to the crystal lattice. Upon striking the
crystal, the beam interacts with the first plane of atoms and is partially reflected.
What remains of the beam amplitude propagates on through the structure until it
undergoes partial reflection from the second plane, and so on through the crystal. The
overall effect is the production of a ‘total’ reflected beam that is the superposition of
waves which—if we take the first plane of atoms p = 1 as a reference point—differ
in effective path length by 2(p — 1)apsin@. In the special case that the waves add
constructively, the net effect of the process of distributed reflection within the crystal is
indistinguishable to the outside observer from one of localized reflection from a simple
mirror located at the position of the first crystal plane Fig. 2.6(b). This condition is

satisfied when

2
A= "gng (2.10)
n
where n =1,2,3.... Or, in terms of the wavenumber k of the wave
T 1
k=n— . 2.11
nao sin @ ( )
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In the case of an artificial crystal, the role of the atomic crystal lattice of Fig. 2.6(a)
is played by a mesoscale artificial one. The reflecting surfaces within an artificial
crystal are not atomic planes, but interfaces between layers or regions of material
with different transmission properties. This concept is represented in Fig. 2.6(c) for a
one-dimensional artificial crystal of lattice constant a (two periods shown). For such

a system, Eqn. (2.11) defines a series of band gaps centred on wavenumbers

(2.12)

which are generally referred to as ‘resonant’ with the crystal lattice.

Several types of artificial crystal exist. Of these, optical photonic crystals are by
far the most widely and intensively studied. A photonic crystal lattice is defined by
refractive index variations in an optical transmission medium. The most common
experimental systems operate with laser light and therefore have lattice constants
of order microns [88-91|. Acoustic phononic crystals, which have lattices defined by
density variations in acoustic transmission media, represent another important area
of research activity. The field of phononic crystals is extremely diverse; crystals range
from microscaled ultra-high-frequency constructions to audio frequency structures
which are large enough to stand inside [92-97].

The field of magnonic crystals [61,98-107]—the particular focus of our attention—
is an extremely new science. Although periodic spin-wave transmission media were
studied in the late nineteen-seventies [108,109|, the magnonic crystal concept was not
recognized until around 2000 [100] and it was not until much more recently—perhaps
the last three years—that work really began to gain momentum.

The strong directional anisotropy which characterizes the propagation of spin
waves in externally biased waveguide systems makes the theoretical description of all

but the simplest magnonic crystals a complex undertaking. The rules of geometrical
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reflection—which were implicitly assumed in the discussion of band gap formation
presented above in connection with Fig. 2.6(a—c)—do not, in general, hold. One
special context in which they do hold however, is for backward volume spin waves
normally incident on a one-dimensional lattice, i.e. for § = 7/2 (Fig. 2.6(d)). Under
these conditions, for an artificial crystal of lattice spacing a, Eqn. (2.12) becomes

T
kp, =n—. 2.1
n- (2.13)

It is one-dimensional, normal incidence systems of this sort which are at the focus of

the experimental work presented in chapters 3 and 4.

2.4.2 The fabrication of one-dimensional magnonic crystals

A one-dimensional magnonic crystal is essentially a spin-wave waveguide with mag-
netic properties which vary periodically as a function of distance along its axis. There
are several ways in which this periodicity can be achieved. One option is to fabricate
a waveguide composed of alternating segments of different magnetic material [105].
A second is to vary the geometry of the waveguide; either its width can be modula-
ted [102,103], or a spatial periodicity in its thickness can be introduced [101,104,106].
Another approach involves introducing a spatial variation in the saturation magnet-
ization of the waveguide material using, for example, surface acoustic waves [99]. A
further possibility is to form a crystal by placing a homogenous waveguide in a spa-
tially modulated magnetic field [61]. The experimental work presented in chapters 3
and 4 involves yttrium iron garnet based crystals produced using two of these four
techniques.

The structure relevant to the work of chapter 3 is illustrated schematically in
Fig. 2.7(a). This is a ‘geometric’ magnonic crystal comprising a YIG waveguide with a

series of grooves patterned into its surface using a combination of lithography and hot
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Figure 2.7: (a) The magnonic crystal employed in the experiments of chapter 3 features an
etched, geometric artificial lattice. The structure comprises a YIG waveguide with a series of
10 grooves patterned into its surface using a combination of lithography and orthophosphoric
acid etching. The grooves, which have a depth of 300 nm (5.5 % of the waveguide thickness),
width 30 um, and spacing 270 um, define a crystal with a lattice constant a = 300 um. Note
that the schematic diagram shown here is of a crystal having 20 grooves. (b) The solid red
line shows the experimental BVMSW transmission characteristics of the system of (a) for
an applied magnetic bias field By ~ 200mT. The blue dotted curve shows the properties
of an un-patterned region of the same film. Three band gaps are clearly visible.

orthophosphoric acid etching [101]. The grooves, which have a depth of 300 nm (5.5 %
of the waveguide thickness), width 30 um, and spacing 270 pm, define a crystal with a
lattice constant a = 300 um. The experimental BVMSW transmission characteristics
of the system are shown by the solid red line plotted in Fig. 2.7(b) for an applied

magnetic bias field By ~ 200mT. For reference, the blue dotted curve shows the
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Figure 2.8: (a) The magnonic crystal used in the investigations of chapter 4 is a dynamic
magnonic crystal (DMC). The lattice takes the form of a spatial modulation in the magnetic
bias of a YIG waveguide created by the magnetic field from a current carrying ‘meander’
structure situated close to its surface. The lattice constant of the structure is the same
as that of the etched crystal described with reference to Fig. 2.7: a = 300 um. (b) The
transmission characteristics of the DMC system with (solid, red) and without (dotted, blue)
a current flowing in the meander structure for an applied magnetic bias field By ~ 210mT.
When the current is applied a single band gap is observed.

properties of an un-patterned region of the same film. Band gaps corresponding to
the first three solutions of Eqn. (2.13) are clearly visible. Note that because of the
negative gradient of the BVMSW dispersion curve, the lowest-order gap is that with
the highest frequency.

The magnonic crystal employed in chapter 4 is illustrated in Fig. 2.8(a). This
crystal is of the fourth category alluded to above; the lattice takes the form of a
spatial modulation in the magnetic bias of a YIG waveguide created by the magnetic

field from a current carrying ‘meander’ structure situated close to its surface [61].
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The transmission characteristics of the system are shown in Fig. 2.8(b), both with
(solid, red) and without (dotted, blue) a current flowing in the meander structure.
Here, in contrast with the structure of Fig. 2.7 just one band gap is present (n = 1,
Eqn. (2.13)) since the lattice imposed by the field modulation has a sinusoidal—rather
than a square—profile.

A key feature of the system depicted in Fig. 2.8 is the ability to turn the arti-
ficial lattice (and therefore the band gap) “on” and “off” on a timescale which is
short compared with the time required for a spin-wave signal to propagate through
it (approximately 300ns). For this reason, we refer to the structure as a dynamic
magnonic crystal (DMC). In the wider context of artificial crystals the functionality
of this structure is unique. Whilst it is possible to create photonic crystals with pro-
perties that can be adjusted using external controls, the design and implementation
of systems in which dramatic, rather than subtle, changes to the crystal lattice can
be implemented is technically very challenging; the refractive index of photonic trans-
mission media is not a parameter which can easily be modified reversibly, especially
on optical timescales. Accordingly, as well as being an interesting structure from the
specific point of view of spin-wave dynamics, this dynamic magnonic crystal provides
unique experimental access to a new and largely unexplored area of general wave

physics; the dynamic artificial crystal environment.
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Chapter

The magnonic crystal meets the

spin-wave self-oscillator

3.1 Introduction

3.1.1 The anatomy of the self-oscillator

‘Self-" or ‘auto-’ oscillator is a general term used to describe positive-feedback struc-
tures of the form shown in Fig. 3.1. Such systems comprise a passive dynamic system
with frequency response G(iw) with its output and input connected together via an
active feedback network K (iw). The feedback network is designed so as to promote
the generation and propagation of noise initiated signals around the loop. Depend-
ing on the characteristics of G(iw) and K (iw), these signals may be continuous or
discontinuous, monochromatic or polychromatic, and either fully or quasi stable. We
shall focus on continuous-wave self-oscillators which support stable, monochromatic
oscillations.

The dynamic system G(iw) at the heart of a continuous-wave self-oscillator may
take any form so long as (i) it is capable of supporting a continuous, finite-amplitude

excitation at some w # 0 and (ii) the response of either it, or the feedback network,
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Figure 3.1: A self-oscillator is a closed-loop positive-feedback arrangement comprising two
elements: a passive dynamic system with frequency response G(iw), and an active feedback
network K (iw). The output and input of G(iw) are connected together via K (iw). In the case
of a continuous-wave self-oscillator, the characteristics of the feedback network are such that
at, and only at, a frequency w, it delivers a gain K = |K (iw1)| which exactly compensates
for the loss G = |G(iw1)| in the dynamic system, i.e. |G(iw1)K (iw1)| = 1, and the total loop
phase shift Z/G(iw)K (iw1) is an integer multiple of 27 radians. To achieve stability at a
unique frequency w; the response of at least one of the elements in the loop must have a
magnitude with a non-linear dependence on signal amplitude. When power is supplied to
K (iw1), noise initiated oscillations at w; gradually build up around the loop. Eventually the
loop signal reaches a steady-state amplitude through the action of the non-linearity.

has a magnitude with a non-linear dependence on signal amplitude.! The closed-
loop system is arranged so that at, and only at, a single frequency wy, the total loop
phase shift is an integer multiple of 27 radians (i.e. the signal phase is continuous
around the loop) and the feedback network delivers a gain K = | K (iw; )| which exactly

compensates for the loss G = |G(iw;)| in the dynamic system, that is,

G(iwy) K (iwy) = 1. (3.1)

When power is supplied to the feedback network, noise initiated oscillations at w;
are preferentially amplified around the loop, and a coherent continuous signal at w;
rapidly builds in amplitude around it. Eventually, through the action of the non-
linearity, the signal reaches a steady-state amplitude. Thenceforth, in the absence of

perturbations to the loop, stable constant-amplitude oscillations persist indefinitely.

1Or both do, so long as the two non-linearities are non-repulsive.
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3.1.2 The self-oscillator in context

Auto-oscillatory systems of the type shown in Fig. 3.1 are studied in a wide range of
physical contexts. Most often, a non-linear electrical feedback network is employed
which is interfaced with a linear dynamic system—for example an electrical, mech-
anical, or acoustic transmission structure—via input and output signal transducers
(Fig. 3.3). Interest in such systems is motivated by several factors. Experimental
study of the oscillation initiation and stabilization process can provide useful insight
into the properties of the dynamic system in the loop. Unlike driven oscillator sys-
tems (Fig. 3.2) which rely on an external frequency source for excitation and therefore
involve the forced oscillation of a dynamic system, the excitation of self-oscillators is
entirely unforced and determined by the intrinsic dynamics of the components in the
loop. If these dynamics change in time, the change will automatically lead to a measu-
rable modification of the loop signal. As well as attracting general interest as a special

class of signal environment, such loops therefore provide a useful means to study the

Source
w(t) Output
Source G(iw)
w, Input
G(iw) > c(t)
Input Output

Cliw)

(a) (b)

Figure 3.2: The operating characteristics of self-oscillating systems of the form shown in
Fig. 3.1 are entirely distinct from those of driven oscillator systems. (a) The most simple
driven oscillator is an open-loop system comprising a dynamic system G(iw) externally
excited by a fixed-frequency source which operates at a frequency wy, generally arranged to
coincide, or approximately coincide, with a resonance frequency of G(iw). (b) In closed-loop
driven oscillator systems, a control system C(iw) responds to the output of G(iw) producing
a control signal ¢(¢) which modifies the output characteristics of the source in such a way
as to cause the closed-loop system to move toward a pre-defined operating point (generally
a resonance frequency of G(iw)).
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Figure 3.3: Many of the self-oscillating systems encountered in nature are spectacularly
intricate mechano-chemical and/or electro-chemical structures. Those engineered by human
hand tend to be rather less complex; their implementation is often motivated by an interest
in the properties of the dynamic system G(iw) which might, for example be an electrical,
mechanical, optical, or acoustic transmission system. Typical experimental arrangements
employ a purely electrical feedback network K (iw) comprising a linear electronic amplifier, a
non-linear amplitude regulator (for example a diode based clipper), and an electronic filter.
In the case that G (iw) is not an electrical system, this network is interfaced with the dynamic
system via input and output transducers.

dynamics of highly frequency selective (high-Q) resonant structures.? Studies of this
sort are challenging using forced excitation owing to the difficulty of deconvolving the
frequency response and stability characteristics of a driving source from the dynam-
ics of the system under observation. Self-oscillators also find practical application in
certain sensor and measurement instrumentation reliant on the frequency-tracking or
monitoring of resonant phenomena [110]. The development and application of such
instrumentation is an active research interest of the author, but will not be explored
here [111-115].

Finally, it is interesting to note that positive-feedback oscillatory systems which
reduce to the general form shown in Fig. 3.1 are commonplace in biological and
bio-mechanochemical signalling systems (see for example Ref. [116] and references

therein). Given Nature’s uncompromising attitude to instrumentation design, this

2The quality factor or ‘Q’ of a resonance is a measure of its sharpness; it is defined as the ratio
of its centre frequency to its —3 dB width.
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observation might be interpreted as the strongest of hints that there is much to be

gained both intellectually and technologically from their study.

3.2 YIG based spin-wave self-oscillators

3.2.1 An introduction to spin-wave self-oscillators

Yttrium iron garnet based spin-wave self-oscillators—or ‘active rings’'—have attracted
interest within magnetics since the nineteen-nineties. Such systems not only offer
unique insight into the dynamics of magnon systems, but also provide experimental
access to a range of general wave phenomena which are not readily observable—or
in some cases impossible to observe—in other physical domains. YIG based self-
oscillators have made a significant contribution to the understanding of soliton |79,
117-119] (one dimensional self-stabilizing non-linear wave packets) and bullet [80,120]
(two-dimensional soliton-like excitations) formation, as well as delivering interesting
insights into fractal formation [81], and chaotic processes [82,83].

The simplest spin-wave active-ring system comprises a slender thin-film YIG wave-
guide (typical thickness 4-5 pm, width 1.5-2mm, and length 2-3 ¢cm) with microstrip
input and output spin-wave antennae positioned a distance L (typically 6-8 mm)
apart on its surface. The antennae are connected via a feedback network compri-
sing a microwave-frequency electronic amplifier, a variable attenuator to regulate the
gain, and a phase shifter (phase ). A magnetic bias field is applied to the YIG
and its direction determines the class or classes of spin wave (i.e. MSSW, FVMSW,
BVMSW or a combination of these) which can propagate through the magnetic sys-
tem. Figure 3.4(a) is a schematic diagram of such ring arranged to support BVMSW
and Fig. 3.4(b) shows the experimental spin-wave transmission characteristics of the

waveguide inside it.
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Figure 3.4: (a) Schematic diagram of a simple BVMSW active-ring system. Two micro-
strip antennae a distance L (typically 6-8 mm) apart excite (input, left) and detect (output,
right) propagating spin waves in a thin-film YIG waveguide. A magnetic bias field is ap-
plied in-plane, parallel to the spin-wave propagation direction. (b) Experimental BVMSW
transmission characteristics of a YIG waveguide arranged as in (a) subject to an applied
magnetic bias field Bx ~ 200mT. These data were obtained by connecting port 1 of a
network analyser to the input antenna, port 2 to the output antenna, and measuring the
parameter S2;. The minimum loss (the sum of the insertion loss of the antennae and the
spin-wave transmission loss) occurs over a band of frequencies typically of width ~ 25 MHz
(Region A), just below the maximum excitation frequency (the FMR frequency of the film).
If the feedback gain in the loop of (a) is increased from zero by steadily reducing the atte-
nuation in the ring, excitation initiates at a threshold value of feedback gain K;. At this
threshold, the ring signal is monochromatic and corresponds to the lowest-loss phase-feasible
mode within Region A; its precise wavenumber however is essentially impossible to predict.
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3.2.2 The excitation of YIG based spin-wave self-oscillators

The excitation of a simple YIG based spin-wave self-oscillator initiates at a threshold
value of feedback gain Ki; the self-generation threshold. At this threshold, the ring
signal is monochromatic, and its wavenumber k = kq corresponds to the dominant
(i.e. lowest-loss) phase-feasible mode,® the ‘kq mode’. In the ring shown in Fig. 3.4,
this mode will be somewhere in the area identified by the shaded area (Region A) of
the waveguide transmission characteristic.

The low non-linear threshold in YIG means that the non-linearity required to
stabilize the ring can be provided by the magnetic waveguide itself (the equivalent
of G(iw) in Fig. 3.1). The particular non-linear processes in the YIG which regulate
the ring-signal amplitude depend strongly on the intensity of the spin-wave signal
propagating in the waveguide and the biasing conditions. These two factors determine
the manifold of allowable magnon frequencies and the type(s) of magnon splitting
events which contribute to non-linear losses.

At low spin-wave powers, when the ring gain is equal to or close to K, the effect of
the magnetic non-linearity is equivalent to an additional intensity-dependent loss in
the waveguide which imposes a limit on the power of the k4 mode signal propagating
around the ring. Under these conditions, the loop dynamics are equivalent to those
of a system in which the intensity of the spin waves propagating in the waveguide
has a linear dependence on the excitation power at the input antenna, and amplitude
regulation is provided by a saturating electronic non-linearity in the feedback loop
(cf. Fig. 3.3). If the gain is increased beyond K; whilst the oscillator is running,

the kq mode initially acts as an energy sink, suppressing the excitation of all others.

3Note that in this and subsequent chapters, we deal exclusively with one-dimensional spin waves.
More specifically, spin waves which propagate either parallel or antiparallel to a direction defined by
the longitudinal axis of a spin-wave waveguide. We adopt the convention of defining this axis as the
z-axis (as illustrated in Fig. 3.4) so that the wavevector k = k.k. To avoid unnecessary excess of
bold type, we shall use the symbol k& when we refer both to wavenumber (k = |k.|) and wavevector.
When it is used in the context of the latter, it should be interpreted as a scalar shorthand for the
vector k, i.e. k = k.
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Once the gain exceeds a certain threshold however, the non-linear splitting of mag-
nons corresponding to this mode starts to act as a pump; injecting sufficient energy
into other regions of the spin-wave spectrum to initiate and sustain the oscillation of
multiple phase-feasible modes around the ring. Once the ring signal has undergone
the transition from the mono- to polychromatic regime, the evolution of its spectral
content in response to further increase in gain K is extremely complex; it depends
both on the subtleties of the magnetic properties of the waveguide and its magnetic
environment, and the instantaneous spectral content of the ring signal.? However,
notwithstanding these complexities, patterns in spectral evolution can be identified
with certain specific biasing conditions and ring geometries so that—despite the quan-
titative uncertainty—qualitative modelling and analysis can be both successful and

enlightening |79-83,117-119|.

3.3 Experimental motivations and methods

As outlined in §3.2.2, in a simple BVMSW active ring such as that shown in Fig. 3.4,
the spin-wave mode excited at the self-generation threshold—the kq mode—is the
lowest-loss phase-feasible excitation which can propagate in the ring. From a know-
ledge of the transmission characteristics of the spin-wave waveguide in a given ring
it is possible to estimate a frequency range within which this mode will fall. How-
ever, owing to the complex dependence of ring dynamics on a wide range of intrinsic
and extrinsic experimental parameters, it is impossible to do so with precision. In a
typical system, the best we might hope to achieve is to identify a frequency band of
width around 25 MHz within which the mode is likely to appear. This is approxima-
tely three orders of magnitude larger than a typical mode width Aw/27m = 25kHz.

The exact wavenumber kq is essentially impossible to predict.

4The spectrum of a ring signal s(t) at a time ¢; + At depends both on the combination s(t; +At),
K(t; + At) and s(t1), K(t1)-
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Although certain aspects of spin-wave dynamics in active-ring structures have
been studied extensively, the possibility of implementing and studying ring systems
in which the threshold mode has a precise and well-defined wavenumber is not among
them. We might expect to achieve a degree of modal selectivity by engineering the
frequency response characteristics of the electrical feedback loop. However, such an
approach is unexciting from the spin-wave dynamicist’s perspective since it offers no
new physical insight into the magnetic system at the heart of the oscillator. It is
also impractical, since the ratio of the oscillator operating frequency w to the mode
width Aw is typically of order 10°, far in excess of the achievable Q of an electronic
filter. A more attractive line of attack is one in which the selection of the threshold
mode is achieved within the spin-wave system itself. Such an approach is not only
interesting from the point of view of fundamental magnetics, but could be envisaged
to find technological application in spin-wave spintronic devices.

In the experiments described in this chapter we demonstrate that by integrating a
one-dimensional magnonic crystal structure into a spin-wave active ring, it is possible
to force the ring to excite preferentially at a threshold mode k4 = k* which takes a
precise value determined by—and therefore readily predicted from—the geometrical

properties of the crystal

3.3.1 Construction of the experimental magnonic crystal

based spin-wave active ring

The experimental magnonic crystal based BVMSW active-ring system is shown sche-
matically in Fig. 3.5 (note that, for reference, the exact component layout is illustrated
in Fig. 3.6). Microstrip spin-wave input (left) and output (right) antennae of width
50 um, lithographed to the surface of an Aluminum Nitride (AIN) substrate, are in
contact with the surface of the YIG waveguide which is subject to an on-axis mag-

netic bias field By = 202m7T. The antennae are connected via an electrical feedback
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Figure 3.5: (a) Schematic diagram of the experimental BVMSW active-ring system. Two
microstrip antennae (width 50 pm) a distance L = 8mm apart excite (input, left) and
detect (output, right) propagating spin waves in a thin-film YIG waveguide. A magnonic
crystal (lattice constant a = 300 um) etched into the surface of the waveguide is positioned
a distance [ from the input antenna. The distance [ can be varied over range —3.5a < | <
+3.5a with precision &5 pm. The waveguide is subject to an applied magnetic bias field
Bx = 202mT (b) Expanded plan view (not to scale) of the region proximal to the input
antenna. Half of the spin-wave power radiated from the input antenna propagates towards
the output antenna (to the right in the diagram, complex amplitude Asg), the other half
toward the magnonic crystal (to the left in the diagram, complex amplitude A;). The left-
and right-going signals have a relative phase of 7 radians. If the wavenumber k of the excited
spin waves is an integer multiple of 7 /a the left-going signal is reflected from the magnonic
crystal and a signal Ag propagates back toward the input antenna.
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Figure 3.6: This figure shows the exact layout of components used to capture the data
presented in this chapter. As can be seen, the system is identical in functionality to that
shown in Fig. 3.5(a). However, rather than employing a single amplifier, two are connected
in series via an attenuator (—20dB). This configuration ensures that the non-linearity which
stabilizes the ring is the magnetic non-linearity of the YIG waveguide, rather than an artefact
of the electronic feedback. A spectrum analyser (Agilent E4446A, 3Hz to 44 GHz) samples
the signal in the loop via a —20dB coupler.

network comprising a phase shifter (phase shift (), an amplifier, a variable attenua-
tor, and a directional coupler. The combination of the amplifier and the attenuator
controls the feedback gain, whilst the coupler allows the ring signal to be sampled.
The majority of the YIG waveguide is of uniform thickness (dy = 5.5 um) but off-
set from its centre is a one-dimensional magnonic crystal comprising ten grooves of
width 30 pm, depth 300 nm, and spacing 270 um (lattice constant a = 300 pm) (see
also §2.4.2). The crystal is positioned with its first groove a distance [ from the input
antenna. The distance [ can be varied over a range —3.5a < [ < +3.5a with precision
45 um by translating the waveguide relative to the antennae using a micropositioning
stage.

If we assume that all of the phase shift in the electronic part of the feedback loop is
included in the phase ¢, the phase feasibility condition (corresponding to Eqn. (3.1))
is

©— kL =2mm where m=20,1,2,3,... (3.2)
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Figure 3.7: BVMSW transmission characteristics of the uniform (solid, blue) waveguide
and the magnonic crystal (dotted, red) used in the study. The n'" order band gaps of the
magnonic crystal are indicated. Region A identifies the lowest-loss region of the spin-wave
passband of the uniform waveguide, Region B, the first band gap of the magnonic crystal.
The depths and widths of the band gaps increase with increasing order as waves having
higher wavenumbers scatter more efficiently from the grooves of the crystal. The small
notch in the curves close to their high-frequency limit (green arrow) is associated with the
first thickness mode of the YIG film. The gap-like structure close to the low-frequency limit
of the passband (red arrow) is a measurement artefact caused by electromagnetic interaction
between the spin-wave antennae.

where the negative sign of the second term on the left-hand side reflects the fact that
the dispersion curve w(k) for BVMSW has a negative gradient (see §1.5.3.3). As
outlined in §2.4.2, the wavenumbers corresponding to the n'® BVMSW band gaps of
the magnonic crystal are those which satisfy the ‘Bragg’ condition at normal incidence,
that is:

/{;:n: where n=1,2,3,4,.... (3.3)

a

If spin waves with these k-values are incident on the crystal, they are reflected.
Figure 3.7 illustrates the BVMSW transmission characteristics of the homogeneous

region of the waveguide (solid, blue) and the magnonic crystal (dotted, red). The

FMR frequency is approximately 7710 MHz. Band gaps in the magnonic crystal

transmission curve corresponding to n = 1,2,3 in Eqn. (3.3) are clearly visible. The
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depths and widths of the band gaps increase with increasing order since waves having
higher wavenumbers (and therefore lower frequencies in the case of backward waves)
scatter more efficiently from the grooves of the crystal [106]. Note that the small
notch in the transmission curves close to their high-frequency limit indicated by the
green arrow in the figure is associated with the first thickness (i.e. out-of-plane) mode
of the YIG film. This feature often appears in waveguide transmission data (its depth
and exact location depending on the precise parameters of the magnetic film) and has
nothing to do with the presence of the magnonic crystal. The gap-like structure close
to the low-frequency limit of the passband indicated by the red arrow is a measurement
artefact caused by beating between superposed spin-wave and electromagnetic signals
at the output antenna (see §2.2.3).

The low-loss region of the spin-wave passband just below the FMR frequency
(Region A) and the first band gap of the magnonic crystal (Region B) will be the

focus of the discussion which follows.

3.3.2 Excitation characteristics of the experimental magnonic

crystal based spin-wave active ring

Upon excitation of the experimental active-ring system, the input antenna drives pro-
pagating spin waves both toward the output antenna (blue, complex amplitude A,
in Fig. 3.5(b)) and toward the magnonic crystal (red, complex amplitude A;). If the
spin-wave wavenumber satisfies Eqn. (3.3), the waves incident on the magnonic crys-
tal are reflected (green, complex amplitude Ag) and propagate back toward the input
antenna. Note that the spacing of the antennae L = 8 mm is long in comparison with
the magnonic crystal lattice constant a, and of sufficient length to prevent any reflec-
tions from the output antenna back toward the magnonic crystal exerting an influence
on the ring response, yet short enough that the effects of damping and decoherence

along the spin-wave transmission path do not dominate the ring dynamics.
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Left- and right-going waves have a relative phase of m radians [48]. It is also
found experimentally that an effective phase shift of 7 (referenced to 1), is associated
with reflection from the magnonic crystal. Thus, the total phase accumulation of a
reflected signal (satisfying Eqn. (3.3)) between transmission from the input antenna
and arrival back at this point in the waveguide is ¢; = 2k|l|. It follows that if it can

be arranged that

]

Y = 2mn— = 21m, where n=1,2,3,4,... and m=0,1,2,3,..., (3.4)
a

the reflected signal will act to enhance the loop gain by a factor

Ao + Agr

H(R’ l) = A2

=1+ Re Ml (3.5)

where R is an effective (complex) reflectivity of the magnonic crystal (referenced
to Ag) and I' is the per-unit-distance propagation loss. If the enhancement described
by Eqn. (3.5) is sufficient to increase the effective ring gain in the vicinity of a band
gap of the magnonic crystal over and above the value associated with the lowest-loss
region of the passband of the uniform region of the waveguide (Region A, Fig. 3.7),
then there is provided a mechanism by which a single mode—the wavenumber of
which is rigidly fixed by the geometry of the magnonic crystal-—may be preferentially
excited at the self-generation threshold.

The maximum theoretical augmentation in loop gain attainable through wave-
number selective reflection from the magnonic crystal is 3dB. It is clear therefore
from the data plotted in Fig. 3.7, that the only spin-wave modes which may be promo-
ted to dominance using the enhancement mechanism in our particular experimental
system are those which are associated with the first (n = 1) band gap (Region B,
Fig. 3.7) since the transmission loss across the un-patterned waveguide at wavenum-

bers corresponding to higher-order gaps is at least 10 dB in excess of that associated
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with the lowest-loss region of the passband (Region A). From Eqn. (3.4), we predict
an enhancement effect accessible for integer values of the ratio [/a associated with
k = k* = n/a = 104.72radcm ™', which, under the conditions of the experiment,

corresponds to a spin-wave frequency of 7663 MHz (Eqn. (1.76)).

3.4 Experimental results and discussion

3.4.1 Observation of wavenumber selective excitation in the

magnonic crystal based spin-wave active ring

An expanded view of the transmission curves of Fig. 3.7 over the frequency range
7650-7710 MHz is shown in Fig. 3.8(a) (left ordinate axis). Overlaid, are experimen-
tal power spectra showing threshold modes corresponding to five values of the ratio
l/a between approximately —3.5 (I = —1.05mm) and +3.5 (I = +1.05mm) (right
ordinate axis). At each value of [, the feedback gain was increased via the attenuator
(Fig. 3.6) from below the self-generation threshold (i.e. from an inactive state of the
ring) to a value 5dB above it, and a trace recorded. Each spectrum features a single
peak at the frequency of the corresponding threshold mode. Note that the sharpness
of the spectral peaks shown is limited by the scanning window of the spectrum ana-
lyser, their true width is < 25kHz. For integer values of {/a (£1.5%) the threshold
modes kq = k* appear within the first band gap of the magnonic crystal (Region B).
For general [/a, the wavenumber of the threshold mode kq is determined solely by
gain and phase feasibility conditions, and the modes lie in the lowest-loss region of the
passband of the uniform waveguide (Region A), as in the case of the simple BVMSW
ring shown in Fig. 3.4.

Figure 3.8(b) shows the dependence of the threshold mode frequency on the ratio
[/a for a fixed phase shift in the feedback electronics ¢ (tuned for phase-feasibility in

the region of £*). Each point corresponds to a separate experiment performed using
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Figure 3.8: (a) The curves (left ordinate axis) show the transmission characteristics of the
uniform region of the YIG waveguide (solid, blue) and the magnonic crystal (dotted, red)
over the frequency range 7650-7710 MHz (the grey shaded region of Fig. 3.7). Overlaid are
ring-signal power spectra captured via the —20dB directional coupler shown in Fig. 3.6.
Each spectrum comprises a single peak corresponding to the threshold mode. As indicated
in (b), the three modes positioned within the lowest-loss region of the spin-wave passband
(Region A) correspond to general values of the ratio I/a (blue circles), whilst the modes B1
and B2 which lie within the first band gap of the magnonic crystal at k& = k* (Region B)
are observed at and only at integer values (red circles). Note that dataset (b) has been
compensated for the effects of small temperature variations during data collection.
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an identical technique to that described in connection with the spectra of Fig. 3.8(a).
The maximum positive integer value of [/a at which k* mode promotion is observed
is 2. Beyond this value, the loss associated with the signal path of the reflected wave
reduces the loop gain at k* below that for the lowest-loss mode associated with the
uniform region of the waveguide. The horizontal dotted lines indicate integer values
of [/a while the vertical dashed lines identify the datapoints with the individual
Region A and Region B modes shown in Fig. 3.8(a).

Note that the data plotted in Fig. 3.8(b) were collected at a slightly lower tempera-
ture than those of Fig. 3.8(a). In order to compensate for these different conditions, a
uniform horizontal shift of —3 MHz has been applied to the Fig. 3.8(b) dataset. The
theoretical curves of Fig. 3.9 illustrate that this shift is consistent with a temperature
difference of less than 1 K. Plotted in Fig. 3.9 are the theoretical BVMSW dispersion
curves for the YIG sample used in our experiments calculated using Eqn. (1.76) and
Eqn. (2.9) for T = 298K (black) and T' = 297K (grey). To achieve a good fit to
experimental data (k = k* = 104.72radecm ™" at 7663 MHz for T' = 298 K) the bias
field has been used as a fitting parameter (data are plotted for By = 201.525mT,
rather than the nominal value By = 202mT). The vertical offset between the two
lines is approximately 3.6 MHz.

Each distinct accessible mode of the active-ring system corresponds to a unique
solution of Eqn. (3.1). Since the phase accumulation around the loop is directly pro-
portional to the wavenumber, in an ideal system, for fixed electronic phase shift ¢, we
would expect to observe just two threshold modes: one at integer [/a corresponding
to k*, and one for general [/a at a single but undefined k-value in the low-loss region
of the passband of the un-patterned part of the waveguide (Region A, Fig. 3.8). In
the experiments, several modes (3) are observed in Region A for non-integer [/a. The
multiplicity of modes is attributed to the fact that owing to the tolerances of the

growth process, the thickness of the YIG waveguide varies slightly along its length.
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Figure 3.9: Theoretical BVMSW dispersion curves for the YIG waveguide used in our
experiments showing the effect of temperature variations. The curves are plotted using
Eqn. (1.76) and Eqn. (2.9) for "= 298 K (black) and T" = 297K (grey). To achieve a good
fit to experimental data (k = k* = 104.72radcm ™! at 7663 MHz for T = 298 K) the bias
field has been used as a fitting parameter (data are plotted for By = 201.525mT, rather
than the nominal value By = 202mT).
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Figure 3.10: Theoretical BVMSW dispersion curves for the YIG waveguide used in our
experiments showing the influence of non-uniform film thickness. The curves are plotted
using Eqn. (1.76) and Eqn. (2.9) for T = 298 K, By = 201.525 mT and waveguide thicknesses
of d = dyp = 5.5um (black) and d = dy — 0.1% = 5.4945 um (grey). The vertical offset
between the curves is 1.7 MHz.
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The dispersion relationship w(k) for spin waves travelling between the antennae there-
fore depends on the particular 8 mm section of YIG waveguide in the loop, and thus
the value of [, providing a secondary mechanism for the phase accumulation around
the loop to vary independently of ¢.°> In order to quantify the effect of thickness vari-
ations, in Fig. 3.10 we compare the theoretical dispersion curves for d = dy = 5.5 um
(black) and d = 5.4945 um (grey) under the conditions of our experiments (the d = d,
curve is identical to the 7" = 298 K curve of Fig. 3.9). The calculated data demonstr-
ate that a change in effective thickness of just 0.1 % is sufficient to shift the frequency
corresponding to the resonant wavenumber k, by 1.7 MHz.

The mode selection capability of the magnonic crystal system is observed at [ = 0
and extends to negative integer values of [/a (i.e. values corresponding to the mag-
nonic crystal entering the region between the antennae). A single mode within the
n = 1 band gap, labelled B2 in Fig. 3.8(a) is associated with [/a = +1,42. This
mode is considered the ‘strict’ £* mode. At l/a = 0,—1,—2 a second mode, label-
led B1 in the same figure, is also observed. The presence of mode Bl is attributed
to a combination of the effects of non-uniform film thickness discussed above, a high
effective signal enhancement efficiency associated with I/a = 0, —1, —2 loop configur-
ations and, in the case of [/a = —1, —2, bi-directional reflection of spin waves at the
input antenna. It is likely that in the region of [/a = 0, —1, —2, there is non-negligible
signal enhancement over a range of spin-wave wavenumbers within the n = 1 band
gap including that corresponding to mode B1, which—by virtue of the non-uniform
thickness effect—satisfies phase-feasibility at certain values of {/a. Confirmation of
this hypothesis would demand spatially resolved characterization of spin-wave pro-
pagation in the ring. Such a study might in future be undertaken using Brillouin light

scattering spectroscopy but is beyond the scope of the experiments presented here.

5Partial reflection of spin waves at the output antenna potentially introduces a further unmo-
delled source of phase shift (and effective loss) in the loop but this effect—if present at all—is
insufficiently pronounced to affect the experimental results.
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3.4.2 Polychromatic excitation spectra of the magnonic

crystal based spin-wave active ring

For interest, Figs. 3.11 and 3.12 show the excitation spectra of the magnonic crys-
tal based active ring for a non-integer value of [/a = 0.93 (Fig. 3.11), and [/a = 0
(Fig. 3.12), as the feedback gain is varied from a value Ky in the monomode, low-gain
regime (a)—the focus of the work presented in this chapter—to a value 20dB above
this level (f). Given the considerations of §3.2.2 we should not expect to be able to
draw detailed conclusions from these datasets; however, it is interesting to compare

the two. One particular qualitative distinction stands out: in the multimode regime at
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Figure 3.11: Excitation spectra of the magnonic crystal based active ring (Fig. 3.6) for
[/a = 0.93 (i.e. non-integer [/a) as the feedback gain is varied from a value Ky a little
above the self-generation threshold (a) to a value 20 dB above this (f). The frequency of the
dominant mode (the single mode observed in (a) and (b)) lies in the lowest-loss region of the
spin-wave passband of the waveguide included in the loop (Region A, Fig. 3.7). Monomode
excitation persists ((a) and (b)) until a second threshold beyond which non-linear splitting
processes drive excitations at multiple k values. The subsequent evolution of the spectrum
includes multi- and monomode regimes ((c) to (f)). Note that the sharpness of the spectral
peaks shown is limited by the scanning window of the spectrum analyser, their true width
is < 25kHz.
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K = Ky+84dB, in the {/a = 0.93 case (Fig. 3.11(c)) there is a single cluster of modes
in the lowest-loss region of the passband of the waveguide around 7700 MHz (Region
A, Fig.3.7). In the corresponding case for the [/a = 0 configuration (Fig. 3.12(c)) a
second group appears in the vicinity of the geometrically enhanced mode £*. This
suggests that the process of spectral ‘pumping’ which leads to the excitation of multi-
ple modes is limited to the low-loss region of the waveguide passband (Region A,
Fig. 3.7) in the former case, but occurs both over this region and in the vicinity of k*

(Region B, Fig. 3.7) in the latter.
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Figure 3.12: Excitation spectra of the magnonic crystal based active ring (Fig. 3.6) for
[/a = 0 as the feedback gain is varied from a starting value K a little above the self-
generation threshold (a) to a value 20dB above this (f). It is interesting to compare these
data with those shown in Fig. 3.11 (collected for the same ring for non-integer [/a). In the
multimode regime at K = Ky + 8dB in the I/a = 0.93 case (Fig. 3.11(c)) there is a single
cluster of modes in the lowest-loss region of the passband of the waveguide around 7700 MHz
(Region A, Fig.3.7). In the corresponding case in the data above a second group appears in
the vicinity of the geometrically enhanced mode £*. Note that the sharpness of the spectral
peaks shown is limited by the scanning window of the spectrum analyser, their true width
is < 25kHz.
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3.4.3 Concluding remarks

In the experimental investigations presented in this chapter we have explored a YIG
based BVMSW spin-wave active ring incorporating a one-dimensional magnonic crys-
tal. We have demonstrated that a signal enhancement mechanism reliant on the wave-
number dependent reflectivity of the crystal and the ring geometry can be used to
force the ring to excite preferentially at a mode determined by, and therefore readily
predicted from, the geometrical properties of the crystal.

The outcomes of our experiments hint that spin-wave active-ring systems incor-
porating magnonic crystals may be an interesting new direction in fundamental and
applied magnonics. Such systems might be expected to make a contribution both to
the general field of self-oscillators and to our understanding of spin-wave propagation
and scattering processes in magnonic crystals.

An obvious extension of the work reported in this chapter would broaden investiga-
tions to magnonic crystal based ring systems having different geometries and subject
to different biasing conditions, both in mono- and polychromatic excitation regimes.
Such studies could unlock new insight into the relationship between the mesoscopic
structure of magnonic crystals and the magnon scattering events which occur inside
them at high signal powers. The same work might be anticipated to lead to the de-
velopment of active rings having mode-selection rules and functionality which are of
general relevance and interest to self-oscillator science.

Moreover, on a practical level, the particular wavenumber selective signal enhance-
ment mechanism we have observed could lend functionality to spin-wave self-oscillator
systems in future magnonic and spintronic devices, such as fixed-frequency sources,

logic structures, and sensors [121,122].
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Chapter

Time reversal by dynamic magnonic

crystal (DMCQC)

4.1 Introduction

Using software based signal processing, the conversion between a time-dependent
signal A(t) and a time-reversed version of this signal A(—t) is—so long as the signal
can be captured and stored electronically—a trivial procedure. Whilst the detail
of the operation is technically impressive; it has little to offer those in search of
interesting physics. However, the possibility of realizing the same conversion through
direct physical means—i.e. via a process with a physical description which implies
the implementation of the operation A(t) — A(—t)—is very intellectually enticing
indeed. The idea not only encapsulates an intriguing scientific possibility, but raises
profound philosophical questions about the structure of the temporal canvas upon

which our physical world is painted [123].
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4.1.1 The mathematics of time reversal

The process of time reversal is equivalent to the inversion of a signal’s spectrum about
a reference frequency [124]. This is a fact best appreciated by considering the Fourier

domain description of an arbitrary signal envelope A(t):

A(t) =) Apellorem)t (4.1)

where wg is a reference frequency which may take any value (including zero), and
the sum is over all the spectral components w,,. The time-reversed envelope is then

described by

A(—t) =) Apeitremt (4.2)

from which we see that the operation ¢ — —t is indistinguishable from the operation
(Wr — W) — — (Wr — wp,) i.e. an inversion of the spectrum about wg. It follows
that if a time-reversed signal A(—t) is to be produced directly from a signal A(t), we
require a physical process capable of achieving spectral transformation; that is, either
a piece of non-linear or non-stationary physics.

All experimentally verified time-reversal mechanisms which pre-date the work de-
scribed in this chapter depend upon non-linear mixing for their operation (see for
example Refs. |86, 125-127]). Although elegant pieces of physics, the study and
practical application of these techniques is complicated by the fact that the ma-
jority of real materials exhibit only weak non-linearity. Such processes (which include
for example optical four-wave mixing) require large energy densities and/or operate
through the exploitation of resonant enhancement or absorption phenomena which
place fundamental restrictions on their bandwidth. Despite these challenges, poten-
tial non-stationary routes to time reversal have, until very recently, remained entirely

unexplored.
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4.1.2 Time reversal in the artificial crystal environment

With the turn of the last century came an emerging interest within the optics com-
munity in creating dynamic photonic crystals: photonic crystal structures with time-
dependent properties [124,128-135]. It was soon established that such systems could
theoretically provide the means to perform spectral operations including frequency
transformations (i.e. the shifting of optical energy from one frequency to another) in
perfectly linear wave transmission media. In particular, a number of linear mechan-
isms of time reversal based on, for example, Bloch oscillations [134], and refractive
index- or loss- tuning of coupled cavity waveguides were proposed [124,128|. As well as
attracting attention as specific and interesting developments in the context of theoret-
ical photonics, this work served to underline a more general point: that time-varying
artificial crystal environments—a new direction in the science of wave dynamics and
wave-based signal processing—present unique opportunities for the manipulation of
propagating waves. However, the practical challenges associated with the realiza-
tion of dynamic photonic crystal structures (see §2.4) mean that the optical signal
processing mechanisms alluded to above remain, as yet, beyond experimental reach.

This chapter describes the use of a dynamic magnonic crystal to achieve the
experimental realization of an entirely general, linear, non-stationary time-reversal
mechanism based on the dynamic control of an artificial crystal structure [62]. The
physical basis for the mechanism is a previously unforeseen phenomenon of oscillatory

energy exchange between wave modes coupled by the artificial crystal lattice.

4.2 An experimental dynamic magnonic crystal

A photograph of the experimental spin-wave system, illustrated schematically in
Fig. 4.1(a), is shown in Fig. 4.1(b). The one-dimensional dynamic magnonic crys-

tal (DMC) comprises a planar metallic meander structure (period a = 300 pm, total
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(b)

Figure 4.1: (a) Schematic diagram of the experimental spin-wave system. The dynamic
magnonic crystal (DMC) comprises a metallic meander structure with 20 periods of lattice
constant a (10 shown) separated from the surface of a YIG spin-wave waveguide by a 100 pm
SiOq spacer layer. Microstrip input (left) and output (right) antennae are in contact with
the surface of the film and a magnetic bias field By is applied along the axis of the waveguide
so as to support the propagation of BVMSW. In the absence of a current flowing through
the meander structure, the transmission characteristics of the system are those of a uniform
YIG waveguide and the DMC is “off”. If a current Iy(t) is applied, the spatially periodic
magnetic field it produces leads to a variation in the spin-wave transmission characteristics
of the waveguide with spatial periodicity a, and thus the appearance of a band gap in
the transmission spectrum (Fig. 4.2). (b) A photograph of the experimental DMC system
mounted in a copper sample holder. The brown stripe running from left to right is the
YIG waveguide which is glued to the grey dielectric square (AIN). (Note that the YIG
waveguide through which the spin waves propagate is on the underside of the stripe). The
meander structure is visible underneath the waveguide, as are the microstrip input and
output antennae.
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length L, = 6 mm) separated from the surface of a YIG waveguide of thickness 5 um
by a 100 um SiO. spacer layer. Microstrip spin-wave antennae are provided at each
end of the crystal (L = 8 mm apart), and a static magnetic bias field By = 180mT
is applied along the spin-wave propagation direction. In the absence of an applied
current, the meander structure has negligible effect on spin-wave propagation through
the waveguide and the DMC is “off”. The spin-wave dispersion relationship w(k) and

transmission characteristic corresponding to this state are shown by the dotted blue

Wavevector (rad/cm)
>
I
A
~
]

(b)

1
a
@)

Transmission (dB)

\/

I T
6300 6400 6500 6600
Frequency (MHz)

Figure 4.2: (a) Theoretical spin-wave dispersion relationship for the DMC system in the
“off” (dotted, blue) and “on” (solid, red) states. These data assume a theoretical spin-
wave group velocity of vy = 2.74 x 10*ms™! obtained using Eqn. (1.77). (b) Spin-wave
transmission characteristics of the experimental system with the DMC in the “off” state
(no current applied to the meander structure, dotted, blue) and in the “on” state (static
current of 1 A in the meander structure, solid, red). In the latter case there is a band gap
corresponding to the wavevector k, = 7/a centred on w, = 27-6500 MHz. The —3 dB width
of the gap is around 27 - 30 MHz, its width at —20dB is approximately 27 - 11 MHz.
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lines in Figs. 4.2(a) and 4.2(b). However, if a current Iy(t) is applied to the meander
structure, the resulting magnetic field (amplitude ABAy o 1) spatially modulates
the waveguide’s magnetic bias. Under these conditions, the DMC is “on” and has a
band gap corresponding to the wavevector k, = 7/a ~ 105rad cm™' which appears
as a discontinuity in the spin-wave dispersion relationship centred on the resonance
frequency w(k,) = w, = 2w - 6500 MHz (solid red line, Fig. 4.2(a)). The band-gap
width is determined by ABA (~ 1mT) and thus the amplitude of the current 1.
Note that the SiO, spacer layer between the YIG and the meander structure
is essential to the proper functioning of the crystal. The purpose of the spacer is to
prevent direct inductive interaction between spin waves propagating in the waveguide
and the metallic surface. If the meander structure is placed directly onto the YIG,
such interaction is pronounced: the structure takes on the role of a receiver and
secondary antenna and the system ceases to function as a magnonic crystal. Since
the stray magnetic field! created by the spin waves in the YIG decays exponentially
from its surface whilst the magnitude of the magnetic field created by a DC current
in the meander structure falls off as the inverse of the distance from it, the thin
spacer layer is an efficient means to remove the induction problem without unduly

compromising the field modulation available to define the crystal.

4.3 Theoretical description of geometrically induced
mode coupling in the DMC system

If a spin wave with wavevector ks ~ k, = m/a is incident on the DMC whilst it is
“on”, it undergoes simple reflection, creating a valley in the experimental transmission
curve (solid red line, Fig. 4.2(b)). However, if the crystal is switched from “off” to

“on” whilst such a wave is inside, a coupling between the incident wave mode and

!That is, the magnetic field outside of the film.
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secondary modes with wavevectors k, = ks £ 2k, is brought about. This coupling is
strong when the eigenfrequencies of the waves, ws = w(k;) and w, = w(k,), are close to
each other, i.e. for k; &~ k, and thus counter-propagating waves k, = k, — 2k, ~ —k,.

By analogy with a pair of interacting harmonic oscillators, the dynamics of the
complex amplitudes ¢; and ¢, of the interacting incident and secondary modes can

be modelled by a pair of coupled equations [136]

deg
dct = iwscs + 140, (4.3a)
de,
dct = iw,c, +i1Q,0s. (4.3b)
Or, in matrix form
de
— =W 4.4
& c (4.4)
with
Wg Qa Cs
Qo wr Cr

where €2, is a coupling constant numerically equal to the half-width of the crystal

band gap. The eigenfrequencies of Eqn. (4.4) are the eigenvalues of the matrix W:

Wi =wt /R +ow=wtQ (4.5)

where @ = (ws + w,)/2 is the average frequency of the waves, and dw = (ws; — w,)/2
is their frequency mismatch. Equation (4.5) describes the dispersion relation for a
static magnonic crystal in the “on” state with a band gap of width 22, centred on
the resonance frequency w, = w, = w,. In the case that the crystal is switched “on”
whilst the spin wave is inside, at the moment of switching (¢ = 0), the amplitude

of the incident wave takes a maximum value (¢s = 1), whilst the coupled secondary
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wave is absent (¢, = 0). Solving Eqns. (4.4) with these initial conditions enables us

to determine how the power P, = |c,,|* of each wave changes with time:

2 ow? .
Py(t) = cos*(Q)+ oz Sin (Q1), (4.6a)
0
P.(t) = Q—;sm (Qt). (4.6b)

The equations above describe periodic energy exchange at frequency €2 between con-
fined, geometrically-coupled incident (ks) and secondary (k,) modes. The maximum
power fraction transferred to the k, mode Rpya = Q2/Q% = Q2 /(2 + dw?) is of order
unity for waves within the band gap (|ow| < €2,) and is achieved after a characteristic
energy exchange time

™ ™

T=—=— (4.7)

20 2,/02 yow?’

or odd integer multiplies thereof. If the dynamic crystal is switched “oft” at t = T,
eliminating the coupling, the modes, now independent and no longer confined to
the crystal, propagate out of it in opposite directions at their respective frequencies
ws and w,. Accordingly, since the energy originally entered the crystal at wg, the
mechanism provides a means to bring about frequency conversion—energy transfer
from an incident mode of frequency w, to a secondary mode of frequency w,—in a
linear wave medium.

Since the process of frequency conversion is efficient only over a narrow range of
wavevectors ks =~ k,, the dispersion relations for the incident and secondary waves

can be closely approximated by first order Taylor expansions,

ws =w(ks) =wq+vg(ks —ka), (4.8a)

wr =wlky) =we— vg(ky + ka), (4.8b)
where v, = Ow(k)/0k is the group velocity at k = k, (Eqn. (1.77)). Given the relation
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between the coupled wavevectors k,. = ks — 2k,, and assuming a symmetric dispersion
law w(k) = w(—k), Eqns. (4.8) allow us to obtain an expression for the relationship

between the frequencies of the coupled modes

Wy = 2wy — Wy, (4.9)

i.e. the incident and secondary mode frequencies are related by inversion of their
detuning |dw| from the resonance frequency w,.

The process of oscillatory energy exchange and frequency inversion is illustrated
schematically in Fig. 4.3. The lines plotted on the axes of the top panel represent the
spin-wave dispersion curve for incident (positive k, solid black line) and secondary
waves (negative k, dotted blue line) for |k| ~ |k,|. The solid black dots indicate
the wavevectors *k, corresponding to the band-gap centre frequency w,. The black
triangle identifies an incident mode, assumed to be inside the crystal at ¢ = 0 when
the DMC is switched “on”. The open blue circle marks the corresponding secondary
mode of wavevector k., = k; — 2k, to which this incident mode is coupled. In the
lower panel, the heights of the peaks centred on ks (black) and &, (blue) represent
the power in the incident and secondary modes. Almost complete energy exchange
occurs every 1" seconds for as long as the DMC remains “on”.

It is important to stress that other than defining the dynamic properties of the
incident and secondary waves, the form of the spin-wave dispersion curve has no in-
fluence on the mode coupling phenomenon. It should be understood that the negative
slope of the BVMSW dispersion curve—though unusual—is no more than a practi-
cal detail of our model wave system. The result we describe is applicable without
modification to waves of any physical nature with any monotonic, symmetric (i.e.

w(k) = w(—k)) dispersion relation.
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Figure 4.3: Inter-modal energy exchange in the DMC system. The diagonal lines in the
upper panel represent the spin-wave dispersion curve. Solid dots (black) mark the wave-
vectors +k, corresponding to the band-gap centre frequency w,. If the DMC is switched
“on” at t = 0 whilst an incident mode ks ~ kg, frequency ws (black triangle) is inside, this
mode is coupled to a secondary mode k, = ks — 2k,, frequency w, (blue open circle). In
the lower panel, the heights of the peaks centred on ks (black) and k, (blue) represent the
power in the incident and secondary modes. Almost complete energy exchange occurs every
T seconds for as long as the coupling persists.
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4.4 Experimental investigation of spin-wave mode

coupling in the DMC system

4.4.1 Experimental methods

Experimental investigations into the geometrical mode coupling mechanism were per-
formed using an approximately rectangular current pulse y(¢) of duration 7 (rise and
fall times A7 & 5ns) to briefly switch the DMC “on” whilst an incident spin-wave sig-
nal packet of centre frequency w, and duration Ty excited by a microwave drive signal
(Ain, Fig. 4.1) was contained within it.? A schematic diagram of the full experimental
setup is shown in Fig. 4.4.

When the DMC is switched “on” (¢ = 0), transfer of energy from the incident
ks mode into the secondary k, mode initiates (Fig. 4.3), both of these modes being
confined to the crystal. Following the deactivation of the coupling at t = 7, the k;
mode propagates to the output spin-wave antenna, producing a transmitted signal
of power A, < Py(7), whilst the k. mode travels to the input antenna, originating a
reversed signal of power A, o< P.(7) (see Fig. 4.1).> The microwave power applied
to the input antenna was maintained constant at 1 mW, so that the spin-wave signal
powers in all experiments were at least two orders of magnitude lower than those
known to be required to observe the effects of non-linear terms in YIG’s small-signal
magnetic susceptibility. So as to minimize the influence of thermal effects on the

data, experiments were conducted with a 500 pus repetition rate.

2So long as the spectral extent of the spin-wave packet is restricted to the band gap of the
magnonic crystal in the “on” state, and its spatial extent allows it to be confined within the DMC
structure, the results discussed are invariant with the packet duration.

3In the absence of damping and with perfect antenna efficiency we would have simply, A, =

PS,T(T). 98
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Chapter 4. Time reversal by dynamic magnonic crystal

4.4.2 Observation of frequency conversion in the DMC system

Figure 4.5 shows measured frequencies of transmitted (k) and reversed (k;) signals for
input spin-wave signal packets of duration Ty = 200 ns (spectral width ~ 27 - 5 MHz)
at two values of the coupling duration 7. It can be seen that the frequency of the
transmitted signal is unchanged by interaction with the crystal. The reversed signal
frequency is, as anticipated by the theory outlined above, related to that of the
incident signal by an inversion of its detuning |0w| from the band-gap centre frequency
w, and is independent of 7. The data are a near-perfect fit to the theory of Eqn. (4.9)
providing strong evidence for its validity.

Further evidence of the frequency inversion phenomenon is presented in Fig. 4.6.
The data plotted as open blue circles on Fig. 4.6(a) (left ordinate axis) show the
measured reversed signal frequency w, as a function of the carrier frequency w; for a
coupling duration 7 = 25ns. The solid blue circles (right ordinate axis) indicate the
corresponding reversed signal power demonstrating that, as predicted by Eqns. (4.6),

the efficiency of the energy exchange process is maximum at ws; = w, = w, and

Applied frequency (MHz)

6490 6500 6510

/N\ ] 1 1
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N 1 1

Figure 4.5: Reversed (k,, blue open symbols) and transmitted (ks, black triangles) signal
frequencies as a function of applied signal carrier frequency. Reversed signal data are shown
at Io = 1 A for two values of coupling duration: 7 = 25ns (circles) and 7 = 20ns (squares).
Transmitted signal datapoints for both values of 7 are represented by a single triangular
symbol. Solid lines show the theory of Eqn. (4.9).
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Figure 4.6: (a) When the carrier wavevector ks of the incident spin-wave signal packet
is detuned from the resonance value of k, = m/a which corresponds to a frequency w, =
27 - 6500 MHz, the detuning of the reversed signal (the secondary mode), is inverted about
this value (left ordinate axis, open circular symbols, see also Fig. 4.5). The solid line is the
theoretical curve of Eqn. (4.9). The efficiency of the energy exchange process is maximum
at the resonance condition and decreases symmetrically with increasing |dw|. (b) Two-
dimensional map of reversed signal spectra as a function of incident signal carrier frequency
ws (31 spectra taken at 1 MHz intervals). Dark red indicates the highest signal intensities,
dark blue the lowest, the intervening scale is linear. The diagonal stripe of high signal
intensity running from the upper-left to the lower-right corner is clear evidence of frequency
inversion. The weak, broken diagonal stripe which can be identified running from the bottom
left to the top right is due to conventional reflection of the incident signal from the metallic
meander structure and inhomogeneities in the spin-wave waveguide. The data of both (a)
and (b) correspond to a coupling duration 7 = 25ns.
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decreases symmetrically with increasing |ow|. Figure 4.6(b) shows a two-dimensional
map of the reversed signal spectra from which the data displayed in Fig. 4.6(a) were

extracted.

4.4.3 Observation of oscillatory energy exchange in the DMC

system

The oscillatory nature of the energy exchange process within the DMC system was
confirmed by measuring, for a constant incident signal power and frequency w, = wy,
the powers of both the reversed (A, o« P.(7)) and transmitted (A o< Ps(7)) signals
as the coupling duration 7 was varied and computing their ratio

P(r)  Qtan*(Qr)
Py(1) Q%+ dw?tan?(Qr)’

K(T) = (4.10)
which—bar a constant factor—is independent of damping.

The antiphase temporal variation of the incident and secondary mode powers
predicted by Equs. (4.6), is confirmed by the experimental data of Fig. 4.7(a) for
the resonance case wy = w, = w,. The closed black triangular symbols and open
blue circular symbols indicate the transmitted and reversed powers, Ps and P,, as the
coupling duration is varied. Note that the lines connecting the datapoints are purely
to guide the eye.

Although there is convincing agreement between the trend of the data shown in
Fig. 4.7(a) and that predicted by the simple model of Eqns. (4.6) several unmodelled
features of the results warrant clarification. The reduction in the signal amplitudes
with increasing 7 occurs as a result of damping. Damping is also partly responsible
for the small horizontal offset between the minima of the transmitted curve and the
maxima of the reversed curve; the power of the reversed signal is described by a

function of the form P, ~ sin® (Q7)e 2’7, where I' is a damping constant, it follows
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that for I' # 0, the maxima are shifted to smaller 7. A second contribution to
the apparent phase shift between the two curves comes from the weak reflection of
spin waves from the meander structure and inhomogeneities in the waveguide. The
presence of these spurious reflections (which have a power that is approximately
invariant with 7 and one order of magnitude smaller than that of the reversed signal)
is also consistent with the non-zero minima observed in the reversed curve. A further
mechanism for a vertical offset in reversed signal data arises from the finite spread of
energy exchange times 7' (Eqn. (4.7)) over the spectral width of the input spin-wave
signal.

Figure 4.7(b) shows the power ratio of the reversed and transmitted signals of
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Figure 4.7: (a) Experimental reversed (P, open blue circles) and transmitted (Ps, black
triangles) signal powers as a function of coupling duration 7 for ws = w, = w,. (b) Ratio of
reversed to transmitted signal powers as a function of 7; circular symbols (red) are points
corresponding to the experimental data of (a), the solid curve (green) is the theory of
Eqn. (4.10).
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Fig. 4.7(a) (red circular symbols) and the corresponding theory (k = P,/P;, solid
green line). As can be seen, there is good agreement between the two trends; the
peaks correspond to coupling times 7 equal to odd integer multiples of 7' (Eqn. (4.7)),
troughs to even integer multiples. The theoretical curve in Fig. 4.7(b) is plotted using
Eqn. (4.10). The fit is achieved by assuming a band-gap half-width Q, = 27-5.53 MHz,
a small detuning dw = 0.03%, and an effective coupling duration 7.g = 7 — 2AT
where 2A7 = 12.5ns to account for the effect of the finite rise and fall times of the
DMC current pulse and the imperfect high-frequency matching of the DMC meander
structure to the current source. The plot is also scaled to match the experimental and
theoretical maximum ratios (absolute values being dependent on losses and antenna
efficiencies). The difference in the heights of the two peaks in the experimental data
of Fig. 4.7(b) occurs as a result of the finite duration of the input spin-wave signal.
For a signal of finite spectral width, the true power of the reversed signal is the
integration of Eqn. (4.6b) over all frequency components dw of the input signal. Since
these components have a range of different characteristic energy exchange times T'
(Eqn. (4.7)) the integral reduces with increasing 7.

Note that the value of the coupling constant €2, = 27 - 5.53 MHz derived from
fitting the theory of Eqn. (4.10) to the experimental data reflects the measured half-
width of the static crystal band gap at approximately —20dB (Fig. 4.2). This is
consistent with the fact that the coupling mechanism is only pronounced when the

incident mode is strongly confined by the crystal.

4.4.4 Investigating the dependence of the secondary mode

power on coupling duration in the DMC system

For a fixed incident mode power, Eqns. (4.6) predict that the frequency dependence
of the secondary mode power varies with the coupling duration 7. In order to observe

this dependence experimentally, an input spin-wave packet of duration 150 ns (spectral
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width ~ 27-6.67 MHz) and carrier frequency ws = w, = 27-6500 MHz was employed.
The power spectrum of the reversed signal (A,, Fig. 4.1) was recovered for values of
7 in the range 15-210ns. The results of this experiment are plotted in Fig. 4.8(a).
For comparison, Fig. 4.8(b) shows the corresponding theoretical calculation using
the parameters obtained from the data of Fig. 4.7(b). As can be seen, the theory
accurately predicts the key features of the data, namely the high signal intensity at
w, = w, which extends from the shortest measured coupling duration (7 = 15ns)
to around 7 = 90ns, and the branching of the spectra at approximately 7 = 90ns
and 7 = 180ns. The primary cause of the deviation between the experimental data
shown in Fig. 4.8(a) and the theory of Fig. 4.8(b) at long coupling times 7 is leakage
of energy from the DMC during the coupling interval; an inevitable feature of any
experiment using an artificial crystal of non-infinite length. The leakage starts to
strongly influence the data when 7 exceeds the time ¢, taken for the waves to travel
from the middle of the crystal to its edge (i.e. the time required for waves which were
originally at the centre of the crystal to propagate out of it). A crude approximation
for te, te &= L./2v, results in a figure of 110ns which is consistent with the appearance
of the data. Note however, that the evolution of the signals is, in reality, complicated
by the fact that the severity of the leakage is frequency dependent since with the
crystal “on”, the group velocity of waves inside it depends on their frequency relative
to the centre of the band gap.

Figures 4.8(c) and 4.8(d) are sections through the data of Fig. 4.8(a) (red circular
symbols) and Fig. 4.8(b) (blue curves) at 7 = 50ns and 7 = 105 ns respectively. The
most likely explanation for the asymmetry in the experimental data of Fig. 4.8(d)
is a slight discrepancy between the input signal centre frequency and the resonance
frequency of the DMC and/or a weak wavevector dependence of the characteristics

of the microstrip antennae.
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Figure 4.8: (a) Reversed (A, « P.(7), Fig. 4.1) signal spectra as a function of the coupling
duration 7 for an input spin-wave signal of duration 150ns, carrier frequency ws = w, =
2m - 6500 MHz. Red is indicative of the highest signal intensities, dark blue the lowest, the
intervening colour scale is linear. Each spectrum is individually normalized to its maximum
value. (b) Theoretical calculation of the data of (a) using parameters obtained from the data
of Fig. 4.7. Panels (c) and (d) show sections of the experimental data of (a) (red circular
symbols) and (b) (blue curves) at 7 = 50ns and 7 = 105ns respectively (vertical dashed
lines, (a) and (b)).
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4.4.5 Visualizing interacting waves in the DMC system

To further clarify the features of the mode coupling mechanism, Fig. 4.9 shows theo-
retical spatio-temporal maps of the interacting waves in the artificial crystal system
for different coupling durations 7. In each of the panels,® the power of the incident
(ks, red) and secondary (k,, blue) modes is plotted as a function of time (vertical
axes) and position (horizontal axes) and the dashed horizontal lines indicate the time
interval 7. An ideal, lossless system with ws = w, = w, is assumed. The first two
panels correspond to 7 values equal to odd (a) and even (b) integer multiples of 7.
In the former case, when the coupling is deactivated all of the wave power resides in
the secondary k, mode which propagates back to the input antenna, in the latter,
the converse is true. At intermediate values of 7, the energy is shared between the

ks and k, modes. For the special case that 7 is an odd integer multiple of 0.57, the

Time

P> Position

Figure 4.9: Theoretical spatio-temporal maps of interacting waves in DMC system for
different coupling durations 7 at ws = w, = w,. Each panel shows the space- (horizontal)
time (vertical) dependence of the wave power. Red and blue colours correspond to the
incident (ks) and secondary (k,) waves respectively and the intensity of the colour represents
the wave power. Dashed horizontal lines indicate the time interval 7 during which the DMC
is“on”. (a) 7=T. (b) 7=2T. (¢) 7 = 3.5T (50:50 beamsplitter). (d) 7 — oc.

4Graphics with thanks to Dr. V. S. Tiberkevich.
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wave energy is divided equally between the two counter-propagating waves and the
system acts as a 50:50 beamsplitter (panel (c)). In the limit 7 — oo the incident
wave energy is effectively “stopped”; it remains confined to the crystal and repeatedly

oscillates between the k, and k, modes (panel (d)).

4.5 Experimental investigation of time reversal in

the DMC system

4.5.1 Experimental methods

The experimental investigations presented in §4.4 confirm both the oscillatory nature
of the mode coupling phenomenon in the DMC system and its capacity to transfer
energy from a forward propagating incident mode of frequency ws to a reverse pro-
pagating secondary mode with a frequency w, = 2w, —ws (Eqn. (4.9)). As discussed
in 84.1.1, the reversal of the time profile of a propagating signal or wavepacket is
equivalent to inversion of its spectrum about a reference frequency. Accordingly, the
process of spectral inversion (see Fig. 4.10) of the input spin-wave signal packet about
w, implies time reversal.

At first—given the results presented in the previous section—the issue of obtaining
direct experimental evidence of time reversal might appear a trivial one. An obvious
approach suggests itself: to apply a spin-wave signal with an asymmetric time profile
to the DMC system, recover the waveform generated by the DMC induced coupling
process, and confirm by visual inspection that the operation has taken place. However,
in practice, such an approach is rendered infeasible by the fact that the per-unit-
distance attenuation of the spin-wave signals in the YIG is significant (see §2.2.2).
If a spin-wave signal packet undergoes time reversal in the DMC system, the total

effective propagation distance corresponding to each point in its time profile decreases
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£ ¢
éIntensity ;. Intensity
-n/a @ 0 n/a ' k
>
Ak =2rn/a

Figure 4.10: Schematic diagram illustrating the process of frequency inversion in the DMC
system. The diagonal lines (blue and black) represent the spin-wave dispersion curve which
is near-perfectly linear over the range of spin-wave frequencies of interest. Incident signal
waves have positive wavevectors (black), whilst reversed waves have negative wavevectors
(blue). The two groups of waves are counter-propagating. The small solid black dots in-
dicate the resonance (band-gap centre) frequency w, which corresponds to the wavevectors
+k, = £7n/a. The black open circle and square illustrate two spectral components of an
incident signal waveform. The spatially periodic magnetic modulation of the waveguide’s
magnetic bias field brought about by the application of the current pulse to the DMC mean-
der structure couples these components to corresponding components of a reversed waveform
(blue open circle and square). The difference between the wavevectors of the incident and
reversed waves is determined by the lattice constant of the DMC so that the spectrum of the
reversed waveform is uniformly shifted to the left by Ak = 27 /a = 2k, (lower panel). This
uniform shift in k-space results in spectral inversion (right panel). The resonance frequency
wg provides the axis of inversion since at w,, ws = Wy = Wy
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linearly with time from the leading edge.® As a result, unless the packet has a very
narrow spatial extent, its time profile will undergo severe distortion. Since a narrow
spatial extent implies a broad spectrum, this requirement is in conflict with the need
to restrict the spectrum of the signal to the DMC band gap.

In our experiments, the difficulty presented by propagation losses was overcome
by splitting the input signal into two independently controlled pulses; pulse A and
pulse B. By comparing the reversed signals generated in three experiments: one with
both pulse A and pulse B present, one with pulse A only present, and one with pulse
B only present, it was possible to confirm the execution of time reversal. Figure 4.11

shows the experimental arrangement used for these investigations [62].

>That is, if the total spatial extent is z,, the leading edge effectively travels a distance 2z, further
than the trailing edge.
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4.5.2 Experimental observation of time reversal in the DMC

system

In our time-reversal experiments, the input spin-wave signal comprised two identical
spin-wave pulses of carrier frequency w, = 27 - 6500 MHz. Experiments were under-
taken with a range of pulse durations (Ty), spacings (73), and coupling times 7. The
best results (judged on the basis of the appearance of the time-reversed signals) were
obtained for Ty = 70ns, Ty = 40ns, and 7 = 25 ns.

Panel (a) of Fig. 4.12 shows—for reference—the time profiles of input (black) and
transmitted (red) signals detected in the absence of DMC activation. If the first
of the two input pulses, pulse A, is switched off, the first pulse in the transmitted
signal, pulse T1 disappears. Similarly, the switching off of input pulse B leads to the
disappearance of the second transmitted envelope, pulse T2.

The reversed signals displayed in blue in panel (b) of Fig. 4.12 were obtained by
applying the microwave pulse train to the spin-wave input antenna and allowing it to
propagate to the centre of the experimental system before switching the DMC “on”
via the application of a current pulse of duration 7 = 25ns to the meander structure.
When both spin-wave pulses are applied, two corresponding reversed pulses, pulse
R1 and pulse R2, are observed (upper frame). Here however, unlike the transmitted
signals, the switching off of the first input pulse, pulse A, results in the disappearance
of the second reversed pulse, pulse R2. The corresponding situation, when pulse B is
absent—the disappearance of the first reversed signal, pulse R1—is illustrated in the
lower frame. This behaviour provides direct evidence of time reversal.

The relative intensity of the two reversed signals in Fig. 4.12(b) is consistent
with the issue of propagation distance dependent attenuation discussed in §4.5.1: the
second pulse, pulse R2, has a longer effective propagation distance in the YIG than

pulse R1 and is therefore attenuated more significantly.
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Figure 4.12: Experimental demonstration of time reversal in the dynamic magnonic crystal
system was achieved using a train of two spin-wave pulses of carrier frequency w, = 27 -
6500 MHz, width 70 ns, and spacing 40ns. The applied signals, which are shown in black in
panels (a) and (b), are the envelopes of those supplied by the microwave generator. With
no current applied to the DMC meander structure, the transmitted spin-wave signals (red,
panel (a), upper frame) appear after a delay of ~ 300ns. When the first of the two input
pulses (pulse A) is switched off, the first transmitted pulse (pulse T1) is absent (middle
frame). When the second input pulse (pulse B) is absent, the second transmitted pulse
(pulse T2) disappears. The reversed spin-wave signals obtained after briefly switching the
magnonic crystal “on” are shown in blue in panel (b). The shaded area indicates the time
interval corresponding to the “on” state of the DMC. In the case that two spin-wave pulses
are applied, two corresponding reversed pulses (R1 and R2) are observed (upper frame).
However unlike the transmitted signals, when the first of the two pulses (pulse A) is absent
it is the second reversed pulse, (pulse R2) which is found to disappear and vice versa,
confirming time reversal.
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4.6 Concluding remarks

In summary, the experimental work presented in this chapter has established the
existence of a mode coupling mechanism in a dynamic artificial crystal and shown
that this mechanism provides a means to perform the spectral transformation and
time reversal of propagating signals and wavepackets. The mechanism, which is a
principle of application to waves of any nature, is characterized by oscillatory energy
exchange between counter-propagating wave modes coupled by the artificial crystal
lattice. Data obtained using our experimental dynamic magnonic crystal have been
shown to support a theoretical description of the coupling mechanism which models
the coupled waves as interacting harmonic oscillators. The relationship between the
frequencies of the coupled modes is determined by the crystal geometry, and the rate
of energy exchange between them is controlled by the width of the crystal band gap
and their frequency mismatch.

The work provides confirmation that non-stationary artificial crystal systems pro-
vide a means to realize complex spectral transformations such as time reversal which
until now have only been demonstrated through the exploitation of non-linear wave
media. As well as representing an interesting development in the understanding of
general wave dynamics in metamaterial systems, the effect potentially finds wide-
spread technological application. In the particular context of spin-wave dynamics,
our experimental results directly demonstrate that dynamically controlled magnonic
crystal systems open doors to sophisticated spin-information processing functionality
which might be exploited in future magnonic and spintronic devices [62,137].

The work might also be viewed as an intriguing hint that further investigation of
dynamic media in which waves can be manipulated on timescales which are short in
comparison with their characteristic propagation times—an as yet largely unexplo-
red area of research—may lead to further interesting and potentially technologically

relevant new insights into general wave dynamics.
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Concluding comments

Over the course of the last four chapters, we have progressed from a general de-
scription of magnetostatic spin waves through to a discussion, in chapters 3 and 4,
of the findings of two very particular experimental investigations into their dynamic
properties.

It is hoped that we have been successful in relating both the detail of the specific
results we have obtained, and their wider scientific context. In this concluding sec-

tion, we briefly comment on the work as a whole.

In chapter 3, we explored a marriage of concepts: the spin-wave active ring and
the magnonic crystal. We described an experimental active ring incorporating a
magnonic crystal and demonstrated that a signal enhancement mechanism reliant on
the wavenumber dependent reflectivity of the crystal structure could be used to force
it to excite preferentially at a mode having a single well-defined wavenumber. The
wavenumber selective signal enhancement mechanism we observed potentially finds
application in magnonic and spintronic devices, and, more generally, the outcomes of
the work suggest that magnonic crystal based active rings may be a worthwhile new
direction in experimental spin-wave studies.

In chapter 4, we explored a mechanism of oscillatory energy exchange between

115



Chapter 5: Concluding comments

wave modes coupled by a dynamic artificial crystal. This mechanism was investiga-
ted experimentally using a dynamic magnonic crystal and it was demonstrated that
it provides a means to realize the spectral transformation and time reversal of pro-
pagating signals and wavepackets. As well as representing a specific development in
the field of spin-wave dynamics, this work has a more general significance as experi-
mental confirmation that non-stationary artificial crystal systems open doors to the
realization of complex spectral transformations such as time reversal in linear wave
transmission media.

The starring role in both of our experimental investigations was played by the
magnonic crystal.

Though the field of magnonic crystals is young, it is rapidly gaining recognition as
one with much to contribute to our understanding not only of spin-wave dynamics, but
of general wave dynamics in artificial crystal and metamaterial systems. As discussed
in chapter 2, at present, the development of magnonic crystals is predominantly a one-
dimensional science. The inherent complexities of directionally dependent spin-wave
dispersion mean that the theoretical modelling of two- and three- dimensional struc-
tures is challenging, and their experimental realization even more so. However, with
this challenge comes the promise of a new physical toybox: systems which offer ori-
ginal insight into fundamental magnetics, potential application in spintronic devices,
and a unique and enlightening perspective on the physics of wave propagation.

The magnonic crystal embodies a superb example of what both the spin and the
wave of spin wave have to offer us. It is with more than a little excitement that we

look to its future.
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