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ABSTRACT

BRILLOUIN LIGHT SCATTERING: A POWERFUL TOOL FOR MAGNONICS RESEARCH

The slow down in generation-over-generation improvement in CMOS based logic and stor-
age devices has spurred recent exploration into magnonic devices, those based on propagating
perturbations of magnetic order called magnons, or spin waves. These devices are of particular
interest due to their chargeless, low-power operation, scalability to the nanoscale, and compatibil-
ity with existing CMOS technologies. By exploiting spin waves, information may be transferred
and operated upon without electrical currents. Magnetic textures like Néel domain walls, chiral
transitions between magnetic domains, or skyrmions, magnetic vortices, represent additional av-
enues in magnonics for data storage and logic devices. Magnonic crystals, artificial crystals made
by modulating magnetic properties in a periodic fashion, are one example of magnonic devices
that have seen recent interest. With applicability in logic and signal processing, study of how spin
waves propagate through these crystals is a necessity in the pursuit of new crystal designs. Bril-
louin light scattering (BLS) spectroscopy, an inelastic light scattering technique, is a powerful tool
in this pursuit, as it allows for the spatial and temporal mapping of spin wave propagation.

In this thesis, we will discuss three studies of spin waves by BLS: a 1D magnonic crystal, a
2D magnonic crystal, and a study of the interfacial Dzyaloshinskii-Moriya interaction. First, time-
resolved BLS was used to study the band gap formation in a 1D magnonic crystal. By mapping
the propagation of spin wave pulses through the crystal, complex two dimensional interference
patterns were observed. These patterns are ignored by the simple models used to understand the
behavior of this crystal design, and we provide a model to calculate these patterns from the spin
wave dispersion relation. The temporal development of interference that forms the basis for band
gap formation in this system is also observed. Second, time-resolved BLS was used to study spin

wave caustic beams in a 2D magnonic crystal. This crystal design represents a new regime in
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magnonic crystals, in which the patterning dimensions are much smaller than the spin wave wave-
length and generate caustic beams. The formation of a narrow (3 MHz) wide rejection band is
observed and the possible mechanisms, including edge effects and interference between caustic
beams, are explored. Third, the temperature dependence of the interfacial Dzyaloshinskii-Moriya
interaction (1iIDMI) is measured in a Pt/Co film for temperatures ranging from 15 K to room tem-
perature. Previous studies have been reported for temperatures above room temperature and this
study serves to test theory over a greater range of temperatures. The iDMI parameter was quantita-
tively measured by measuring the frequency difference for counter-propagating surface spin waves
by BLS. These three studies demonstrate that BLS is a versatile and powerful tool in the field of

magnonics.
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Chapter 1

Introduction

1.1 Magnetic Systems and Dynamics

Magnetic materials host a wide range of phenomena, such as spin waves, skyrmions, and do-
main walls, that are of interest for application in future technologies. Spin waves, also known as
magnons, are propagating perturbations of the magnetic ordering [3]. Spin wave-based devices are
of particular interest for chargeless, low power computing and signal processing devices, while are
also attractive because they are compatible with existing CMOS technology [4-10]. Domain walls
and skyrmions are of interest for new memory technologies, such as racetrack memory [11, 12],
since they may be moved around reliably using spin currents [13,14]. Understanding the dynamics
of these systems, such as how spin waves propagate through a device, is a necessity to properly
design future devices. Beyond applicability in new technologies, studying these systems enables
the exploration of the fundamental physics and interactions driving magnetization dynamics. In
this chapter, we will explore the origin of the magnetic moments that form the building blocks
for these phenomena, the interactions that these moments have with each other and with external
fields, and how those interactions drive the dynamics of magnetic systems. We will discuss types
of spin waves that emerge and how we understand their behavior through dispersion relations, be-
fore presenting the experimental techniques used in this thesis to study spin waves. For this thesis,

we will limit our discussion to the case of thin magnetic films. Equations will be given SI units.

1.1.1 Magnetic moments

The dynamics of magnetic systems are dictated by a host of competing interactions, including
the interactions between magnetic moments and the magnetic moments with external and internal
magnetic fields. It is thus necessary to first understand the origin of these moments and how

they interact with one another. Fundamentally, magnetic moments in materials originate from the



quantum mechanical spin and orbital angular momentum of unpaired electrons in atomic orbitals
[15]. The spin of the electron, S, and the orbital moment, L, combine to give the overall angular
momentum of each electron, S'+ L = J. The magnetic moment is related to these three quantities

through the magnetic moment operators, fig . ;, by
i = 7ihO; (1.1)

where O; = S, L, or J. The gyromagnetic ratio ~; is given by

N 9ilq|

"~ 2me (1.2)

)

where g; is the spectroscopic splitting factor, |g| is the magnitude of the electron charge, and m is

the mass of the electron. The g-factors are [16],
gg ~ 2 (1.3)

gr =1 (1.4)

and
§+25(S—|—1)—L(L+1)
2 2J(J+1)

g; = (L.5)

For most applications, the gyromagnetic ratio used is that of the free electron, where |vy|/2m =
2.8x 1073 GHz/T, unless 1 is specifically measured. Here we will denote the microscopic magnetic
moment 1 and the macroscopic magnetization per unit volume of a material, M = . m;/V, is

then sum of all moments present divided by the volume, V', of the material.

1.1.2 Magnetic interactions
As mentioned above, magnetic moments interact with each other, and with external fields,
in a variety of ways. The exchange interaction is a purely quantum mechanical effect. The Pauli

exclusion principle, which states that fermions such as the electron cannot exist in the same state as



another, results in the exchange interaction when the wave functions of electrons spatially overlap.

This interaction, given by

1
E,, = —§ZJ,.jSi-Sj, (1.6)
1,7

where S is the spin at site 7 and J;; is the exchange integral between the electron wavefunctions at
site ¢ and 7, is the origin of macroscopic ferromagnetism and anti-ferromagnetism. When J;; > 0
(Ji; < 0), the exchange aligns adjacent moments parallel (anti-parallel). This interaction is also
known as symmetric exchange, or Heisenberg exchange.

The interaction with the external magnetic field B is known as the Zeeman interaction [17],
E.,=-m-B, (1.7)

which promotes the alignment of the moment with the applied field. The dipole-dipole interaction

[18],

H ~ . 8T
Eyip = Z _47r|;)°|3 l?)('mZ T)(m;-T) —m,; - m; + 5 M m;é(r)|, (1.8)
i#]

the interaction of a moment with the dipolar field of another moment, promoting head-to-tail or
anti-parallel alignment of adjacent moments. As the interaction scales o< 72, the dipole-dipole
interaction is reasonably long-range in the context of magnetic materials.

In systems where there is a lack of inversion symmetry, such as at the interface between thin
film layers [19-22] or in non-centrosymmetric crystals like the B20 space group [23-27], an
antisymmetric exchange interaction can exist. Known as the Dzyaloshinskii-Moriya interaction
(DMI), the antisymmetric exchange is mediated by an atom at a third site, such as a heavy metal

atom across an interface [28]. The DMI, given by
Ep=-Y Dy-Six8; (1.9)
i#]

favors perpendicular alignment of adjacent spins. D;; is the DMI vector, and has direction dictated

by either the crystal symmetry, or pointing along the plane of the interface. This interaction is



typically weak in comparison to the exchange or dipolar interactions, so it plays the role of a minor
perturbation. The DMI serves to stabilize chiral magnetic textures, such as Néel domain walls and
skyrmions, as it gives a preferential direction of twisting to adjacent moments [12,29]. In thin
film systems where the interfacial DMI (iDMI) is present, it also provides a preferred direction
of surface spin wave propagation, increasing the attenuation length in the preferred direction and
decreasing it in the opposite direction [30,31].

Anisotropies in magnetic materials lead to energetically preferential directions for the magne-
tization. There are several origins of magnetic anisotropy, the most notable being shape, magneto-
crystalline, and surface anisotropy.

Magneto-crystalline anisotropy originates in the spin-orbit interaction, as the inclusion of the
orbital angular momentum in the total magnetic moment causes the magnetic moment to be sensi-
tive to anisotropies in the crystal structure [32]. This creates preferential directions for the magne-
tization that are determined by the crystal symmetry. For hexagonal crystals such as Co, or crystals

with uniaxial anisotropy, the magneto-crystalline energy density can be described as

Kyni = Ko+ K;sin? 60 + Kysin 0 + ..., (1.10)

where K, K1, K>, ... are the anisotropy constants, and 6 is the angle of M relative to the anisotropy
axis [32]. For hexagonal crystals, the anisotropy axis lies along the ¢ axis of the crystal lattice. For
thin films, which are typically polycrystalline, the magneto-crystalline anisotropy is usually ne-
glected due to the random orientations of the grains in the film.

The anisotropy in thin films can vary strongly from the bulk, due to the increased importance
of surface or interfacial effects [33]. Thus, in experimental studies of thin films with uniaxial or
perpendicular anisotropy, the anisotropy energy is often represented by an effective anisotropy,
given by

Euni = Keppsin® (1.11)



where 0 is defined relative to the normal of the film and K.¢; containing both bulk and surface
components, according to

1
Kefy :Ku+§qu§. (1.12)

K, is the uniaxial anisotropy due to surface or interfacial effects and M, is the saturation magne-
tization, and the second term represents the shape anisotropy for a saturated thin film. Films with
Kc¢s > 0 have an out-of-plane easy axis, and K sy < 0 an in-plane easy plane with no preferred

direction in-plane.

1.1.3 Continuum approximations of magnetic energies and effective fields
At the quantum level, interactions between magnetic moments are described pairwise for each
set of pairs in the system. At the length scales of interest in this work, it is convenient to apply
a continuum approximation of the demagnetization and exchange energies and to find effective
fields for each interaction. To find the demagnetization energy, the starting point is the Zeeman

energy per unit volume,

E.,=—M- B, (1.13)

where the only change compared to Eq. 1.7 is the magnetic moment 1 becomes the total mag-
netization vector M and B is the total magnetic field due to all other magnetic moments. The
dipole-dipole energy can be found using a Green’s function approach, as described in [18], giving

Eaip = /dr’ (i) M), (1.14)

Ar|r — 7|

where the integral is over the full volume of the system. The Green’s function approach also allows
for the inclusion of the effects of the nonuniform magnetization states, static or dynamic, such as
the presence of a spin wave. The effective field associated with the demagnetization energy is

known as the demagnetization field H 4., and is simply the negative gradient of Fy;),,

H jernog = —V Egip. (1.15)



The effective exchange field is given by
H, = )\ezV2M (116)
where A\, = 4 /Q;A;MSQ is the exchange length. The particulars of the anisotropy field differs with

the exact symmetry of the anisotropy, but can be written generally as

1

Ham' = -
M

VymEani (1.17)

1.1.4 Magnetization dynamics

Equations of motion form the framework through which we understand how the previous dis-
cussed interactions contribute to the dynamics of magnetic systems. Dynamic excitations provide
insight into the origin of different observed phenomena, such as ferromagnetic resonance condi-
tions, spin wave dispersion relations, the formation of spin wave caustic beams, and more.

The most basic equation of motion for magnetic systems is the torque equation. Given by

dM
— = ~Hol7|M x Hegy, (1.18)
where
H.tp = Ho+ Haemag + Hew + Hopni + Hami + .. (1.19)

is the sum of all the static applied field, H o, and all other effective fields in the system. Eq. 1.18 de-
scribes the precession of the magnetization about the effective field, but lacks any term to dampen
the precessional amplitude of the magnetization. As real systems do not precess infinitely and
come into equilibrium with the magnetization parallel to H. ¢, the torque equation is obviously
lacking in physicality. It can, however, be used to calculate the ferromagnetic resonance condition,

such as the well known Kittel equation [34],

f= Mo%\/HO(Ho + M) (1.20)



where f is the ferromagnetic resonance frequency.
There are two main equations used to phenomenologically capture the damping of the magne-

tization. The first method was derived by Landau and Lifshitz [35],

dM

A
= 1ol (M x Hgg) 4 155 (M x (M x Hegy)), (1.21)

where the damping parameter \ dictates the rate the precessional amplitude decreases.
The second method was proposed by Gilbert [36], in which Eq. 1.18 is substituted into Eq. 1.21,

giving

dM (6 7¢! dM
= bl x Hogg) 4 5 (b x 3L, (122

where o becomes the Gilbert damping parameter. Both methods preserve the component of the
magnetization parallel to H s, as the damping torque will lie in the plane perpendicular to the
H ;. Other equations of motion that do not preserve the magnetization vector, such as the Bloch-
Bloembergen equation [37,38], exist but will not be discussed here. Gilbert’s version (eq. 1.22) is

used most frequently, especially in micromagnetics [39,40].

1.1.5 Spin waves and dispersion

Spin waves are non-uniform, propagating magnetic excitations. They behave as waves and
exhibit wave-like behavior, such as interference and diffraction. The simplest illustration of a spin
wave is that of a chain of spins precessing about a field at the same frequency, with a phase dif-
ference between each neighboring spin. The equations of motion discussed above provide means
to understand the behavior of these spin waves, since the equations of motions, along with appro-
priate expressions for the effective magnetic fields, can be used to derive the spin wave dispersion
relations. The dispersion relation, w(k), relates the frequency (w), or energy (fw), of the spin wave
to the wavevector (k = (27/ )\)E), or momentum (nk). A dispersion relation shows how the fields

discussed in Section 1.1.2 influence the behavior of the wave. From the dispersion relation, the



group velocity

Ow
Vg = a0 (1.23)
and the phase velocity
v, = % (1.24)

can also be found, which dictate the propagation characteristics of the spin wave. For a propagat-
ing wave, the group velocity determines how the energy of the wave will travel, while the phase
velocity determines how the phase of the wave will change in time and space. In the case of a wave
packet, the envelope of the wave packet will travel at the group velocity, while the phase of the
wave under the envelope will evolve in time according to the phase velocity. The phase velocity
will always be parallel to the wavevector, while the direction of the group velocity may differ due
to the details of the dispersion relation.

There exists a broad spectrum of spin waves, depending on the particulars such as the relative
directions of the magnetization, the spin wave wavevector, and the film normal. Here, we will
focus on three limiting cases for thin films under the magnetostatic approximation: the magne-
tostatic forward volume spin wave (MSFVSW), the magnetostatic backward volume spin wave
(MSBVSW), and the magnetostatic surface spin wave (MSSW). For each of these cases, the di-
rection of the wavevector relative to the magnetization and the film normal determines the type of
spin wave, and the rate of change of the magnetization is assumed to be slow with respect to the
speed of light. For intermediate directions, spin wave states also exist following a smooth transi-
tion between the high symmetry solutions. The collection of all possible spin wave states is known
as the spin wave manifold. In addition to these propagating spin waves, standing modes appear in

confined systems.

Standing Waves
Like standing waves on a string, standing spin waves appear in confined magnetic systems. The
confinement is typically either along the depth of the film, where perpendicular standing spin wave

(PSSW) modes appear across the thickness of the film [41], or laterally such as in thin magnetic



wires, where width-quantized spin wave modes appear across the width of the wire [42,43]. In
either case, these standing modes are characterized by a quantized wavevector along their direction

of confinement. For the PSSW, the wavevector is

Koy = — (1.25)

where n is the mode number, and ¢ is the thickness of the film. Similarly for the width-quantized
mode, the wavevector is

kp = —, (1.26)

where m is the mode number, and w is the width of the film. For either of these modes, the
dynamic magnetization can either be pinned, where m = 0 at the interface, or unpinned where
Om/On = 0 at the interface. In the pinned case, the spins at the interface cannot precess and the
mode amplitude goes to zero. In the unpinned case, the spins are free to precess. The pinning
conditions must be determined experimentally, as they are dictated by the surface conditions [44].
These standing modes can mix with the propagating spin wave modes to create additional branches
of the dispersion relations.

We will discuss each of the propagating spin wave modes and how they may be understood
using the dispersion relations. There are several methods that are used to calculate dispersion
relations, ranging from finding analytical solutions for limiting cases, such as along specific high-
symmetry directions, to matrix methods for finding numerical approximations of the dispersion
relation. The dispersion relations used in this work are found both ways, using the analytical
expression for specific directions, as well as the numerical matrix method described in [45]. An
additional relation for surface waves in the presence of the iDMI is used and the derivation can be
found in [30,31]. Here, we will use the main results of these works to discuss the features of the

different spin wave modes.
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Figure 1.1: Forward volume spin wave dispersion relations for (a) unpinned and (b) pinned boundary
conditions. Calculated for a ¢ = 0.25 um thick YIG film using H = 3500 Oe (uoH = 350 mT), 47 M, =
1758 G (M, = 140 kA/m), |y| = 17.6 x 1072 GHz/Oe (|y| = 176 GHz/T), and a = 3 x 1072 cm?
(J/Ms = 3 x 1078 m?). n is the thickness mode number. Pinned modes must vanish at the surfaces and
consequently start with n = 1.

Magnetostatic Forward Volume Spin Waves (MSFVSW)

The forward volume spin wave (MSFVSW) mode appears when a film is magnetized out-of-
plane and the wavevector is fixed in-plane. The propagation of the MSFVSW is isotropic in-plane
and the mode has a standing wave profile across the thickness of the film. It is a volume wave, in
that the mode is present across the full thickness of the film. The group and phase velocities of this
mode are always parallel to one another.

For the MSFVSW case, the dispersion relation is [46]

w = \/(wo + awpk2)(wo + awnk? +wp Py) (1.27)

where

Ko, = "—: ko = JR2 + K2, (1.28)

wr = [Y[H, wyv = 7| My, wo =wy — wnr, (1.29)
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Figure 1.2: Backward volume spin wave dispersion curves for (a) unpinned and (b) pinned boundary
conditions. Calculated for a ¢ = 0.25 pm thick YIG film using H = 3500 Oe, 47M, = 1758 G,
|y = 17.6 x 1073 GHz/Oe, and o = 3 x 1072 cm?.

where k| is the wavevector parallel to the surface of the film, while x,, is the wavevector normal to
the surface and &, is the total wavevector. |v| is the gyromagnetic ratio, « is the exchange constant,

n is the thickness mode number, and ¢ is the film thickness. The demagnetization factors, P, are

K 9 kb 1
e T R Ty D (1.30)
for pinned boundary conditions, and
k2 9 kik2
Po= 15+ v (L= (=1yrelly (1.31)

for unpinned boundary conditions. The integer values differ for depending on the boundary con-
ditions, with n = 1, 2, 3... for pinned boundary conditions, and n = 0, 1, 2, 3, ... for unpinned
boundary conditions. P, represents the effect of the dipolar boundary conditions on the dispersion.

The first several thickness modes for the MSFVSW are shown in Fig. 1.1 (a) for unpinned

boundary conditions and (b) for pinned boundary conditions. These modes are calculated fora ¢ =

11
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Figure 1.3: Magnetostatic surface spin wave dispersion relation for (a) unpinned and (b) pinned boundary
conditions. Calculated for a ¢ = 0.25 pum thick YIG film using H = 3500 Oe, 47My = 1758 G, |y| =
17.6 x 1073 GHz/Oe, and o = 3 x 10712 cm?.

0.25 pm thick film with values typical for YIG, using H = 3500 Oe, 47 M, = 1758 G, |y| = 17.6 %X
1073 GHz/Oe, and o = 3 x 10~'2 cm?. The dispersion curves are plotted where the frequencies
are scaled by w) and plotted as a function of k; on a logarithmic scale to emphasize the features
of the dispersion curves. For the MSFVSW case, the dispersion relations are isotropic in the plane
of the film. The lowest-order thickness mode (n = 0 for unpinned, n = 1 for pinned) crosses
the higher modes for intermediate k). Each mode increases in frequency with increasing kz, and
all of the thickness modes converge at large k¢, where the spin wave wavelength becomes short.
This is the exchange limit, where the dispersion is dominated by the exchange interaction and spin
waves in this range are known as exchange spin waves. The wavelengths become sufficiently short
in the exchange limit that the thickness mode contributions become small and the modes converge.
For long wavelengths, the dispersion is dominated by the dipole-dipole interaction, known as the
dipole limit, and the spin waves are called dipolar spin waves. The intermediate region, where the
exchange and dipolar interactions both play appreciable roles, is where the majority of spin waves

observed in this thesis reside, and the spin waves are called dipole-exchange spin waves.

12



Magnetostatic Backward Volume Spin Waves (MSBVSW)

When a film is magnetized in-plane, the behavior of spin waves differs greatly depending on
whether the wavevector lies along the magnetization, or perpendicular to it. The magnetostatic
backward volume spin wave (MSBVSW) mode appears in the case where k || M. The group
velocity and the phase velocity of the MSBVSW are anti-parallel, hence the spin wave appear to
be propagating backwards, giving these modes their name. Like the MSFVSW, the MSBVSW is a
volume mode with a standing mode profile across the depth of the film.

For the magnetization lying in-plane, the dispersion relation is [45]

W= \/(UJH +wys + awnrk? — wy Py (wi + awprk? + wy Py, sin? 0), (1.32)

where 0 is the angle of k| relative to M, where ¢ = 0 corresponds to the MSBVSW configuration
and § = 7/2 the MSSW. The collection of all possible states, in all possible directions, is the
spin wave manifold. The first MSBVSW modes, shown in Fig. 1.2, have a dip in the dispersion
curves as k¢t where the slope becomes negative. These regions with a negative slope have group
velocities that point in the direction opposite the phase velocity, making the waves appear to be
traveling backwards, giving the mode its name. As with the MSFVSW, the modes converge in the

exchange limit, at large wavevectors.

Magnetostatic Surface Spin Waves (MSSW)

The magnetostatic surface spin wave (MSSW) mode, also known as the Damon-Eshbach (DE)
mode after the authors of Ref. [47], has the magnetization in-plane and the wavevector perpendicu-
lar to the magnetization. The mode is localized on the surfaces of the film and the mode amplitude
follows an exponential-like decay across the depth of the film. The decay length is typically on
the order of the spin wave wavelength. The MSSW mode is inherently non-reciprocal, as waves
propagating in one direction are localized on one surface, and those traveling in the opposite di-
rection the other. The direction of propagation for each surface can be determined using the right

hand rule. The first several MSSW modes are shown in Fig. 1.3. The MSSW dispersion relations
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Figure 1.4: Dispersion surface for the first three modes of an in-plane magnetized YIG film with pinned
boundary conditions. The magnetic field is in-plane along the kpy direction.

have the same large wavevector limit behavior as the other modes at very large wavevectors, and
the modes are exchange dominated. In the dipolar region, the frequency increases with increasing
kyt.

To illustrate the dispersion at intermediate angles in-plane, the dispersion surfaces for the first
three modes are shown in Fig. 1.4 for pinned boundary conditions, calculated using the matrix
method in [45]. kpy denotes the wavevector along the backward-volume direction, and kpg de-
notes the wavevector along the surface wave direction. The same values were used for this calcu-
lation as in the previous curves. The transition between the MSBVSW and MSSW is smooth. At
angles near the MSBVSW, there is a dip in the dispersion surface that disappears towards 6 = 7 /4.
Higher modes lose this depression, which is due to the contribution of the dynamics to the demag-

netization field, in the dispersion relations.
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Figure 1.5: Dispersion relation for surface spin waves in the presence of the iDMI. Calculated using typical
parameters for a Co/Pt bilayer.

The work in this thesis will focus primarily on surface waves, as well as on surface waves

mixed with standing modes.

1.1.6 Dispersion with the iDMI

One particular analytical dispersion relation of interest for this thesis is for the MSSW in the

presence of the iDMI. Derived in [30], the dispersion relation becomes, in this case,

—4[klt p 2 20~ D
C s (1 4 2¢2Mkit) +pl

16 M, b

w= MOM\/(H + Ms/4+ Jk?)(H + 3M,/4+ Jk?) —
(1.33)

where D is the iDMI parameter, ¢ is the film thickness, J = 2A/poM; is the exchange constant,
and p is the polarity of the magnetization. The magnetization polarity, p = +1, is determined by
the magnetization direction relative to the symmetry breaking direction. The iDMI introduces the
term outside the square root that is linearly proportional the wavevector. The dispersion relation is
now sensitive not only to the magnitude of &, but also the sign of k. This introduces an asymmetry

in the dispersion and propagation in one direction now has a higher frequency than the opposite

for spin waves with the same wavevector. The frequency difference between counter propagating

15



spin waves is given by
2ly|D
M,

Af=p 3 (1.34)

Fig. 1.5 shows the dispersion relation using values appropriate for a Co/Pt bilayer, with M, =
1.4 MA/m, D = 1.5 m)/m? t = 1 nm, yoH = 02T, A = 1.3 x 107" J/m. The frequency
difference, A f, becomes appreciable at larger wavevectors and becomes large enough to be quan-

titatively determined by experimental techniques such as Brillouin light scattering.

1.2 Experimental Techniques

1.2.1 Brillouin light scattering spectroscopy

Brillouin Light Scattering (BLS) spectroscopy is an inelastic light scattering technique used to
quantitatively measure the dynamic properties of magnetic (magnon), elastic (phonon), and elec-
tronic (polariton) waves in media. BLS was first proposed theoretically by Brillouin in 1922, and
because of the sensitivity of this technique and the wide range of dynamic systems that can be
studied, it has grown into a powerful technique that is used for physics, materials science, geol-
ogy, biomedical, and engineering research [48]. BLS has recently become of particular interest
due to the increasing interest in magnetic systems for application in spintronic devices. Through
specific implementations of the technique, quantitative measurements of a diverse range of elastic
and magnetic properties can be made, including elements of the elastic tensor, the exchange con-
stant, the interfacial Dzyaloshinskii-Moriya interaction parameter, and more. Aside from specific

physical properties, spatial and temporal maps of wave propagation can be made with BLS.

Scattering mechanism of BLS

The fundamental mechanism behind BLS is the inelastic scattering of light from a wave in a
medium. As a wave, such as a phonon or magnon, travels through a medium, it causes a corre-
sponding oscillation in the dielectric tensor (€). For a magnon, this occurs through the coupling of
the magnetic system to the dielectric tensor through magneto-optic effects [49]. For a phonon, the

fluctuations of the charge density due to the lattice vibrations causes the change in € [50,51]. There
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are two main ways to picture the interaction of light with the wave. First, a classical description
can be used, where the wave is considered as a moving diffraction grating. The scattering can
then be described as a Bragg diffraction with an associated Doppler shift, which leads to a shift in
the wavevector and frequency of the scattered light determined by the wave’s phase velocity [50].
The second description, a quantum mechanical description, uses a particle/quasi-particle scattering
description. The light is described as photons interacting with quasi-particles (magnon, phonon)
in the medium through either the creation of a new quasi-particle or the annihilation of an existing
quasi-particle.

For either description, the end result is the same. Through the conservation of energy and

momentum, the scattered light will have momentum and energy given by

hks. = hk; = hq (1.35)

hw,. = hw; £ hw (1.36)

where kg, ws., k;, w;, and q, w are the wavevectors and frequency of the scattered light, incident
light, and quasi-particle (magnon, phonon) respectively. For magnons in a thin film, only the
in-plane momentum is conserved, rather than the total momentum. These processes are known
as the Stokes process (creation), and the Anti-Stokes process (annihilation), and show up in a
BLS spectra as negative and positive frequency shifts relative to the elastically scattered light
respectively. Fundamentally, BLS as a technique provides information directly on three properties:
wavevector, frequency, and polarization. As will be discussed later, the exact scattering geometry
of the experiment can be used to determine the wavevector measured, while the interferometer is
used to measure the frequency shift of the scattered light. The polarization change of the scattered
light also provides information about what type of wave is being measured, since how the wave
modifies the dielectric tensor also determines the polarization of the scattered light. For instance,
magnetostatic surface waves rotate the polarization of scattered light by 90°, while scattering from

bulk longitudinal phonons preserve the polarization of the light. A review of the scattering rules
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Figure 1.6: Diagram of the beam path through the TFP2-HC. The scattered light is collected from the
sample and focused through an input pinhole (P.H. In). It is then passed through each etalon (FP1 + FP2)
three times, before being focused through an output pinhole (P.H. Out) and on to the photodetector (P.D.).

for phonons can be found in Ref. [51] and for magnons in Ref [52]. The combination of the
wavevector dependence of the frequency, as well as the polarization of the light can be used to

determine what type of wave is being observed.

The Tandem Fabry-Pérot Interferometer

The scattered light in a BLS experiment is analyzed using a Tandem Fabry-Pérot (TFP) Inter-
ferometer. The shift in frequency of the scattered light is sufficiently small, typically in the GHz
range, that methods used for other spectroscopic techniques such as Raman spectroscopy, do not
have sufficient resolution [53]. The high contrast achieved by the TFP, up to x10*! for the main
transmission line relative to other frequencies, is also a necessity due to the low scattering inten-
sity from thermal magnons. In Raman spectroscopy, the frequency shifts observed are typically
in the THz range and are distinguishable through use of a diffraction grating to spatially separate
the light, but the resolution of a grating spectrometer is insufficient to observe the low frequency
dynamics of interest in a BLS experiment. Thus, the specialized TFP interferometer is required.

The interferometer used for experiments in this thesis, a TFP2-HC interferometer from Table Sta-
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Figure 1.7: Transmission profile for a single etalon with a mirror spacing of 10 mm, calculated using
Eq. 1.38. The spacing between transmission frequencies, the FSR, is labeled.

ble LTD. This interferometer uses a pair of coupled etalons with a 3+3 pass design [1]. A diagram
of the beam path within the interferometer is shown in Fig. 1.6. Each etalon acts as an individ-
ual Fabry-Pérot interferometer and they are coupled together to unambiguously measure the small
frequency shifts.

In a typical BLS experiment, the scattered light that enters the interferometer containing both
elastically and inelastically scattered light. The photodetector used to detect the light cannot dis-
tinguish between frequencies of light, so the frequency discrimination must happen before the
photodetector. This is the role of the paired etalons. Each etalon is composed of a pair of flat,
parallel mirrors. The light enters the etalon and as it is reflected many times within, it interferes
constructively or destructively with itself, depending on the phase difference acquired upon each
round trip between mirrors. Constructive interference will occur when the relative phase difference

between photons is 27n, where n is some integer. This gives a phase shift

0 =2mn = —2L, (1.37)
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Figure 1.8: Transmission profile of the first etalon FP1 (blue), second etalon FP2 (red), and overall trans-
mission TFP (black) at a fixed mirror position of 10 mm. Small ghost peaks appear at the repetition positions
of the transmission profiles.

where A is the wavelength of the light, n is an integer, and L is the mirror spacing of the etalon
and typically L > A. To transmit the light, the mirror spacing must then be L. = n\/2. The

transmission profile of the etalon repeats for each mirror spacing satisfying this relation, given by

(1.38)

where 7y is maximum possible transmission with all losses in the system accounted for, F' is the
finesse of the etalon, which is determined by the reflectivity and flatness of the mirrors, L is the
mirror spacing, and A is the wavelength of light passing through the etalon. The frequency, or
wavelength, spacing of the transmission maximums is known as the free spectral range (FSR),
where

i Al

2L,FSR>\:— (1.39)

FSR; = =
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Figure 1.9: FSR and resolution of a Fabry-Pérot interferometer as functions of mirror spacing. Common
mirror spacings are highlighted by the dashed lines.

The resolution of the interferometer is related to the FSR through

R = FSR;/F, (1.40)

where [’ is typically about 120. Fig. 1.9 shows the FSR and resolution as functions of the mirror
spacing, with commonly used spacing highlighted by dashed lines.

If the interferometer were composed of only one etalon, the frequency of light transmitted
could not be uniquely identified due to the repeating transmission profile. To overcome this, the
second etalon is placed in series with the first with a slightly different mirror spacing. The ratio of
the mirror spacings of the two etalons is held while scanning. This creates an overall transmission
profile with only one main allowed frequency, as shown in Fig. 1.8. Small artifacts, called ghost
peaks, are also present at the repetition frequencies for each etalon, but are dramatically reduced
in amplitude due to the small overlap in the individual transmission profiles of the etalons at those

positions.
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Figure 1.10: Geometry of the TFP2-HC scanning stage. A constant ratio of mirror spacing is held between
the two etalons during a scan. Reproduced from Ref. [1]

To measure the full spectrum of the scattered light, the mirror spacing of the etalons are scanned
in tandem. Due to the angle 6, shown in Fig. 1.10, held between the two beam paths, the second
etalon mirror spacing is Ly = L cos, and L| = Ly + AL, where AL is the mirror displacement

from the scanning. The overall transmission profile of the tandem interferometer is then

6
70

EOt: 2 2n(L1+AL 3 2 21 (L1+AL) cos 0 3
<1_|_ (%) sin2< 7( 1>\+ ))) <1+ (%) sin2( ( 1+>\ ) cos >>

(1.41)

where the exponents come from the three passes through each etalon. One mirror of each etalon
is fixed to a scanning stage, which is then moved along the axis of the first etalon. The scanning
range is typically in the range of hundreds of nanometers. Fig. 1.10 shows the geometry of the
scanning apparatus. As the stage scans, the frequency of the light that can be transmitted changes,
as shown for each of the individual etalons in Fig. 1.11. Here the term "BLS frequency" refers
to the frequency difference between the scattered light and an unshifted reference beam of the

probe laser. The magnitude of the BLS frequency is then the frequency of the wave (magnon or
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Figure 1.11: Transmission profiles for each of the etalons of the TFP2-HC interferometer during a scan, with
mirror spacings of 10 mm and the frequencies plotted relative to the unshifted laser frequency. The black
portions of the plot correspond to zero transmission, while the bright lines are the maximum transmission
lines. The profiles are slightly offset one another and have narrow transmission lines.
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Figure 1.12: Overall transmission profile of the TFP2-HC, calculated using Eq. 1.41. A bright line is
observed at the frequency shift (BLS frequency) that corresponds to the frequency of the light incident on
the interferometer. This central transmission line is approximately x 107 more intense than the first ghost
peaks, x10° than the second set of ghost peaks.
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phonon) from which the probe laser scattered, and the sign is determined by the type of scattering
interaction, either the annihilation or creation of the scattering wave.

While light may transmit through the interferometer at more than one frequency, the contrast
between the main transmission line and other frequencies is sufficient that at each scan position,
the frequency measured is considered only the main transmission line. The extinction ratio, the
ratio between the main transmission line and frequencies away from the main line and the ghost
peaks, achieved by the interferometer is better than 10'°. Additional light is transmitted at the ghost
peak frequencies, the secondary lines shown in Fig. 1.12, is suppressed by 7 orders of magnitude
relative to the main frequency. In most cases, the only ghost peaks that are strong enough to be
observed are those that are associated with the elastically scattered light. Additional ghost peaks
at the higher repetitions also appear, but the higher order ghost peaks are suppressed by 9 orders

of magnitude.

Scattering Geometries

There are several common BLS geometries used in experiments. These include the conven-
tional geometries for backward scattering [19, 54], forward scattering [55, 56], and the micro-BLS
technique [57,58]. Each of these techniques provides different information that will be detailed
below. In addition to the scattering geometry, techniques that provide additional information such
as low temperature BLS and time-resolved BLS (TR-BLS) will be discussed.

A conventional BLS experiment is designed as follows: a narrow linewidth (about 10 MHz)
continuous-wave (CW) laser source is focused onto a sample. The scattered light is collected and
passed through an interferometer to a photodetector. The interferometer functions as a frequency
discriminator, as discussed previously, allowing only a single frequency of light to pass through
at a time, while the photodetector records the intensity of the transmitted light. The difference
between the backward scattering and forward scattering geometries stems from how the scattered
light is collected.

In a backward scattering configuration, the light the incoming and scattered light are at 180°

with respect to one another, meaning the scattered light travels along the same axis as the incident
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light but in the opposite direction. This light is collected by the sample lens. From conservation
of momentum, the measured wavevector can be related to the angle of incidence of the light. The
incident light only couples the component of light in the plane of the sample. Through a judicious

application of the law of cosines, the measured wavevector is found to be

q = 2k; sin 6. (1.42)

With a laser source of A = 532 nm, and an experimentally achievable range of angles from 5°-75°,
wavevectors along the range ¢ = 2 — 23 rad/pm can be measured. Issues arise with the precise
understanding of the angle of incidence at small 6, as the wavevector will change rapidly with
small changes in ¢, and at large 6 the amount of light coupled to the sample becomes small enough
that the signal-to-noise ratio becomes an issue.

In a forward scattering configuration, the laser beam passes through the sample, the forward
scattered light is collected with an additional lens, and is then being passed to the interferometer.
In contrast to backward scattering, this geometry does not have any wavevector selectivity; all
wavevectors up to a maximum value defined by the collection angle of the lens are measured.
While the wavevector selectivity is lost, this geometry allows for the detection of waves with
very small wavevectors that would require too small an angle of incidence in the backscattering
geometry to observe. An additional caveat to this technique is that the sample must be transparent,
as the light must pass through the sample to be collected. While this may prevent many materials
from being measured, this scattering geometry has a much higher signal intensity than backward
scattering for transparent materials.

The forward scattering geometry is typically used in driven experiments, where waves are
excited with transducers, such as a stripline antenna for spin waves or interdigitated transducers
(IDTs) for phonons. The excitation method can allow for the reintroduction of wavevector selec-
tivity. Beside the excitation method, wavevector selectivity can also be reintroduced through the

use of apertures in the beam path [55].
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Time-resolved BLS (TR-BLS) can be used in conjunction with a driven experiment, where the
temporal information is constructed by time-of-flight. In this technique, the waves are generated by
the excitation method of choice, such as a stripline antenna with a CW microwave source gated by
a microwave switch, and the start of the excitation is initiated by a trigger signal. The same trigger
signal is used to trigger a fast time-of-flight card that bins all photons hitting the photodetector in
time relative to the arrival of the trigger signal. As this method spreads the BLS signal over many
time bins, the experiment must be repeated many times to achieve a reasonable signal-to-noise
ratio for each time bin. This technique can achieve a time resolution of 250 ps with the electronics
used in this work. Pairing TR-BLS with a spatial scan of the sample allows one to generate a movie
of the waves passing through the sample, and allows for the extraction of detailed time and spatial
information.

The micro-BLS technique uses a microscope objective. The objective focuses the laser light to
a diffraction limited spot size of only a few hundred nanometers. The micro-focus BLS configura-
tion provides the best spatial resolution achievable in BLS, while also increasing the signal to noise
ratio due to an increase laser power density. Additional optics to introduce focus stabilization are
required to compensate for drift of the sample position. A detailed discussion of the micro-BLS
technique and instrumentation can be found in Ref [59].

As an offshoot of the conventional backward scattering geometry, low temperature BLS has
an identical scattering geometry, simply with the addition of a cryostat to cool the sample. The
cryostat used in this work is a Montana Instruments Cryostation with Magneto-Optic module,
which enables measurements from room temperature down to 5 K. It uses a dry helium compressor
to cool the sample, with an electromagnet in place to allow an applied field up to poH = 730 mT.
In practice, 10 K is the lowest consistently achievable temperature with the use of internal radiation
shielding in the sample chamber. Attocube piezoelectric positioners are used to position the sample
within the chamber.

Cooling the sample adds additional experimental considerations, as spot heating from the laser

becomes important to consider. While the laser will heat the sample at the focus spot at any tem-
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perature, at low temperatures the decreased heat capacity of the sample allows the laser power to
appreciably change the spot temperature relative to the surrounding sample. In this work, a variety
of incident laser powers were used to determine an effective laser power to use that balances data
collection times with the additional temperature uncertainty added by the spot heating. Collection
times for low-temperature BLS increase by up to an order of magnitude for a given laser power,
due to the decreased population of spin waves at lower temperatures, and then the signal level

decreases further with decreasing laser power.

BLS Spectra

A typical BLS spectrum of a surface spin wave is show in Fig. 1.13, collected in the backscat-
tering geometry for a [1.5/1.5/1] nm W/Pt/Co film with an applied field of = 1500 Oe. The
spectrum shows, from left to right, the ghosts peaks discussed above, the Stokes signal for a sur-
face wave, the elastic region with the reference peak, the anti-Stokes signal, and the other set of
ghost peaks. The ghost peaks are not always safe to measure, since they may have enough power
to damage the photodetector, but may be measured for this sample since a backscattering config-
uration is used and the sample is very reflective. The Stokes signal corresponds to scattered light
shifted down in frequency due to the creation of a spin wave, while the anti-Stokes signal is shifted
up in frequency from annihilating a spin wave.

From an individual scan, we can extract the spin wave frequency for a given wavevector. By
changing the angle of incidence, the spin wave dispersion relation can be mapped by changing the

measured wavevector as shown in Eq. 1.42.

1.2.2 Magnetometry

Magnetometry is a cornerstone tool in the study of magnetism and magnetic materials in which
the magnetization response under an applied field is measured. A wide range of properties in
magnetic films may be inferred from this response, such as the saturation magnetization, coercivity,
magnetic remnance, magnetic anisotropy strength and direction, and the temperature dependence

of the magnetization and anisotropy [60].
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Figure 1.13: A typical BLS spectrum of a surface spin wave, measured in the backscattering geometry for
a [1.5/1.5/1] nm W/Pt/Co film with an applied field of H = 1500 Oe. The Stoke, Anti-Stokes, and Ghost
peaks are labeled. The central reference peak corresponds to the pure laser frequency and all frequencies
are measured relative to it.

Magnetic hysteresis

As discussed previously, there are a variety of competing energies and anisotropies in magnetic
materials. The short range order of the system is dominated by the exchange interaction, which
for ferromagnetic materials aligns neighboring moments, while the long range order is determined
by the dipole-dipole interactions. In order to minimize the dipole-dipole interaction energy of the
system, domains form in magnetic materials. These domains are regions where the moments are
pointing in the same directions, and the boundaries between domains where the magnetization
changes direction are known as domain walls. Applying a magnetic field to the system creates an
energetically favorable direction for the domains to align. As the magnitude of the applied field
increases, the domains oriented along the field grow and the other domains shrink, until there is a
single domain remaining. When only one domain is present, the film is considered saturated, as

the magnetization is at the maximum achievable by the film.
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Figure 1.14: An in-plane hysteresis curve for a 1 nm Co/Pt film measured at 10 K. The saturation magneti-
zation, coercivity, and remanence are labeled.

A full reversal process, where a saturated film has its magnetization direction reversed and
saturated in the opposite direction, then back again, is known as a hysteresis loop. Typically shown
as an M vs. H curve, the hysteresis loop contains information on the magnetic properties of the
sample. A hysteresis loop, measured in-plane for a [1/1.5] nm Co/Pt film at 10 K, is shown in
Fig. 1.14. The saturation magnetization, M ,, is determined by the point where the magnetization
stops increasing with additional applied field. The magnetic remnance, M ., is the magnetization
remaining at zero field after the sample had been saturated. The coercivity, H ., is the field required
to reverse the direction of the magnetization, shown as the horizontal intercepts of the hysteresis
loop.

In the parlance of the magnetic materials community, the "easy-axis" is the preferred direction
of the magnetization, while the "hard-axis" is the energetically unfavorable direction. These direc-
tions are set by the anisotropies present in the sample, which for thin films are typically the shape
anisotropy and interfacial anisotropies. The shape anisotropy promotes an in-plane easy axis, as

it aligns the moments tip to tail in the plane of the film and minimizes the dipole-dipole energy.
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Figure 1.15: DC SQUID magnetometer scan and detection geometry for the MPMS3 magnetometer, shown
in [2]

The sign and magnitude of the interfacial anisotropy depends on the materials across the interface,
as well as the quality of the interface. In materials with large spin-orbit coupling (SOC), such as
heavy metals like Pt, the interfacial anisotropy usually promotes an out-of-plane easy axis, and the
material is said to have perpendicular magnetic anisotropy (PMA). The strength of the anisotropy
may be determined by the area between hysteresis loops measured in- and out-of-plane for a thin

film, or estimated by the field required to saturate the sample.

The magnetometer

The primary instrument for magnetometry is the magnetometer. At its most basic, the magne-
tometer consists of a method to apply a uniform magnetic field, a method of moving the sample
to create a changing magnetic flux, and pickup coils to generate a voltage from that changing flux
through Faraday’s law of induction.

The applied field can be from either a conventional electromagnet or, for low temperature and
high field measurements, a superconducting magnet. Conventional electromagnets are able to
change fields quickly through changing the applied current for fast measurement times, while the
maximum field achievable, typically around 2 T for conventional magnetometers [61], is limited
by resistive heating. Superconducting electromagnets cannot change fields quickly because the

current injection process is slow as compared to conventional electromagnets, but the lack of re-
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sistive heating allows them to achieve much higher fields, up to 7 T for the MPMS3 magnetometer
used in this work [2].

The motion of the sample to introduce a changing flux is achieved in two main ways: vibrating
the sample and scanning the sample. The vibration of the sample is the basis of the Vibrating
Sample Magnetometer (VSM). With a vibrating frequency around 40 Hz, the VSM uses lock-in
amplification to detect and amplify the induced current signal [2,61]. The induced signal is fit
with an analytical function to extract the overall magnetic moment of the sample. The MPMS3,
in contrast, uses a superconducting quantum interference device (SQUID) to amplify the induced
signal. The setup used for the direct current (DC) scan is shown in Fig. 1.15, where the sample is
moved at a constant rate through a set of counter-wound detection coils. Assuming that the sample
dimensions are much smaller than the detection coils, the resulting induced voltage versus position
function, typically "sombrero" shaped, can be fit to extract the magnetic moment of the sample.
The benefit of the DC SQUID method is to increase the dynamic range of the detection circuit,
which increases the sensitivity, and negates any need for RF signals in the system. The DC scan
is repeated three times per temperature or field and the average of these measurements is reported.
By repeating the measurements and averaging, the overall uncertainty in the sample’s moment may
be reduced.

The magnetometry performed in this work used a Quantum Design MPMS3 SQUID magne-
tometer. This magnetometer has exquisite sensitivity down to 1078 emu, or 10~* Am?. It is also
able to attain a base temperature of 1.8 K for low temperature measurements [2]. Measurements
in this work were made both using the VSM mode and the DC scan mode.

For a measurement, the sample is mounted either on a quartz rod or inside a plastic straw,
depending on the sample orientation. The quartz rod has a flat face for mounting the sample for
in-plane measurements. The plastic straw was used to mount the samples perpendicular to the
magnetic field. The magnetometer is sensitive to any material within the pickup coils that is non-
uniform within the coils, as this non-uniformity will result in a changing magnetic flux. The quartz

rod and plastic straw are chosen to minimize the additional moment detected by the magnetometer.
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For the quartz rod, the GE-varnish used in mounting the sample must also be applied per sample,
as old adhesive that accumulates dust can introduce an erroneous signal of similar magnitude to
low moment samples [62]. The volume of the sample is measured using the nominal thickness

from deposition and surface area found using an optical microscope.

1.2.3 Microwave characterization

Microwave characterization techniques are used to understand the spin wave transmission char-
acteristics of samples and devices, such as the formation of band gaps where transmission is sup-
pressed in magnonic crystals [63—-66]. In this work, the microwave measurements consist of excit-
ing spin waves with a stripline antenna at one end of a magnonic crystal, a crystal in which mag-
netic properties are periodically modulated, and detecting the transmission of spin waves across
the crystal with another antenna. Here we will present the basics of the excitation scheme and the

instrumentation used.

Spin wave excitation

Spin waves were excited in this work using a rectangular profile stripline antenna. The applied
RF current in the antenna generates a uniform RF field across the sample. The field is considered
uniform as the electric field wavelength (A\gr = ¢/nvgp) is much longer than sample width when
in the conductor. The uniform field provides a torque on the magnetization, driving the system at
the RF frequency. Driving the system in this manner excites spin waves that propagate away from
the antenna.

Which spin waves are excited by the antenna and at what relative efficiency is determined by
the wavevectors the RF magnetic field of the antenna can couple to. For a rectangular stripline

antenna with width w in the Z-direction, thickness ¢ in the z-direction, current / flowing in the
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Figure 1.16: Normalized magnetic field components excited by a current in a rectangular stripline antenna
of width w = 50 pm and thickness ¢t = 2 pm.

y-direction, the magnetic field components are given by
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where a = w/2, and b = t/2. The fields described by these equations are shown in Fig. 1.16 for
a stripline with ¢ = 2 ym and w = 50 pm. For an antenna above a thin film, this field appears

uniform both across the width of the film as discussed before, but also through the depth. The
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Figure 1.17: Normalized Fourier components of the field excited by a stripline antenna 1 ym above the
antenna. The antenna has width w = 50 ym and thickness t = 2 pum.

region where spin waves may be excited by this field is limited to the region less than 50 ym from
the antenna.

A cut in the 2D Fourier transform of the field is shown in Fig. 1.17, showing the wavevector
components of the field. These wavevectors correspond to the spin wave wavevectors that the field
can efficiently couple to. The amplitudes of the Fourier components are normalized to show the
relative amplitude at each wavevector. The cutoff wavevector, where the component amplitude
goes to zero, occurs at k = 27 /w where the wavelength is the width of the antenna.

In this work, all driven measurements are carried out in samples that are confined laterally. As a
consequence of this confinement, when driving at a fixed frequency, many width-quantized modes
are excited. Since the driving field is uniform across the width of the sample, only modes that are
symmetric, and have non-zero width-averaged magnetizations, across the width are excited [67].
The mode amplitudes scales as o< 1/n, where n is the mode number. The excited modes have
slightly different wavevectors, as they have different dispersion relations, and propagate at different
group velocities. The resulting interference patterns between these modes are complex and change

with the excitation frequency, applied field, sample width, and field angle.
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Microwave instrumentation

All microwave characterization measurements conducted in this work used an Agilent Model
E8361A General Purpose Network Analyzer (PNA) in conjunction with an applied field from an
electromagnet. The PNA is capable of acting as both microwave source and receiver in a mea-
surement, allowing it to measure the transmitted and reflected microwave signals from a device.
In this work, the PNA was primarily used to measure the spin wave transmission. The electrical
microwave signals were converted to spin waves, and from spin waves to electrical signals, by
stripline antennas, as mentioned in the previous section.

Spin wave transmission profiles were measured using the PNA to determine transmission losses
through magnonic crystals as a function of frequency, typically in the GHz range. Due to the exci-
tation and detection mechanisms, the transmission profiles measured are averaged across the width
of the crystals. The microwave measurements are useful to quickly determine transmission char-
acteristics of a magnonic crystal, while TR-BLS may be used in conjunction to provide detailed
information about spin wave propagation and the origin of transmission characteristics that cannot

be extracted from the microwave measurements.
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Chapter 2
The importance of two dimensional behavior of spin

waves in a 1D magnonic crystal

2.1 Context

This chapter consists of the paper The importance of two dimensional behavior of spin waves
in a 1D magnonic crystal, a manuscript under preparation. !

The supplemental information is shown in section A.2. This work aimed to observe the for-
mation of band gaps in a 1D magnonic crystal in time as a spin wave pulse propagated through
the crystal. The formation was demonstrated, and complex interference patterns were observed
in the spin wave pulses that changed with the spin wave frequency. We provided a framework to
calculate these interference patterns from the spin wave dispersion relation, as well as to model the

effect of reflections in a 1D magnonic crystal on the spin wave propagation pattern.

2.2 Paper Summary

Here we report detailed time-resolved Brillouin light scattering (TR-BLS) measurements of
a 1D yttrium iron garnet (YIG) magnonic crystal in the magnetostatic surface wave geometry.
Microwave measurements confirm that periodic grooves etched into the YIG film (20 grooves of
width w = 25 pm, depth 3.5 um, and center-to-center spacing of d = 275 pm) create band gaps
that suppress the transmission of spin waves by >15 dB, and these band gaps are also observed

by BLS. The TR-BLS measurements provide direct insight into the temporal and spatial evolution

' Author list: Mitchell S. Swyt, Lia Compton, César L. Ordéiiez-Romero, Giuseppe Pirruccio, H. J. Jason Liu, and
Kristen S. Buchanan. The magnonic crystal was patterned by César L. Ordéfiez-Romero and Giusseppe Pirruccio
(Universidad Nacional Auténoma de México). All Brillouin light scattering, microwave, and profilometry measure-
ments were made by Mitchell S. Swyt. Lia Compton assisted in setting up the time-resolved Brillouin light scattering
apparatus. Interference pattern calculations were made by Mitchell S. Swyt and Kristen S. Buchanan. The paper
was written and edited by Mitchell S. Swyt, Kristen S. Buchanan, H. J. Jason Liu, César L. Ordé6fiez-Romero, and
Giuseppe Pirruccio.
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of propagating spin wave packets as they travel through the magnonic crystal, and these measure-
ments highlight the importance of the 2D nature of the spin wave propagation in this configuration.

The temporal aspects of the spin wave interference are also directly observed.

2.3 Research Article

2.3.1 Introduction

Magnonic crystals are created by introducing a periodic modulation of the material properties
that leads to the formation of bands of allowed frequencies where spin waves can pass through
the crystal and band gaps where propagation is suppressed. Analogous to photonic crystals in
optical devices, magnonic crystals show promise for signal processing and logic applications [6,
7,9, 10, 68] and concepts drawn from optics have inspired advances in magnonics, for example,
steering spin waves using non-uniform effective internal magnetic fields [69]. Magnonic devices
also have potential as hybrid interconnects for quantum computing where magnetic excitations in
patterned materials offer potential to couple a single magnon mode to the spin state of a nitrogen-
vacancy center qubit [70], to manipulate entangled qubit states [71], and to encode and interact with
information in the spin domain [72,73]. The scalability for magnon based devices is promising
because the wavelength of spin waves is much shorter than that of light at the same frequency,
which will facilitate scaling down to the nanoscale regime [5, 10, 74].

YIG has long been the material of choice for prototype magnonic and spintronic devices due to
its low damping and long spin wave attenuation lengths. YIG magnonic crystals have been studied
in a variety of geometries, where the simplest configuration is the 1D magnonic crystal where the
magnetic properties are periodically modulated along one dimension, usually in the form of an
array of evenly spaced grooves or stripes of different materials [63—66]. The periodic modulation
of the magnetic environment leads to the formation of band gaps. The transmission profiles of YIG
magnonic crystals have been measured in the backward volume (BV) and magnetostatic surface
spin wave (MSSW) configurations where the magnetic field is applied in-plane along the direction

of travel and perpendicular to the direction of travel, respectively. Tuning the geometry of the
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magnonic crystal, such as the groove spacing, size, and depth, as well as the choice of magnetic
materials, alter the transmission characteristics [75,76], where the length scales of magnonic crys-
tals range from the micrometer scale [63—66] down to the nanoscale [75]. One of the unresolved
puzzles in the field is that magnonic crystals measured in the BV configuration show a larger band
gap rejection efficiency (up to 600 times larger) as compared to the same crystals measured in the
MSSW configuration [63]. The MSSW configuration, however, offers advantages over the BV
configuration, so finding strategies to improve the rejection efficiency of a 1D MSSW magnonic
crystal is important. The MSSW configuration offers faster group velocities [74] and higher excita-
tion efficiencies as compared to BV configuration. MSSWs are also non-reciprocal, and while this
is somewhat of a disadvantage for devices based on multiple reflections, it can be advantageous for
some applications [63,64,77]. Further, the MSSW configuration also allows for the introduction
of interfacial Dzyaloshinskii-Moriya interactions that provide an additional method of tuning the
band structure of nanoscale magnonic crystals [78]. For these reasons it is important to understand
the nuances of how 1D magnonic crystals work in the MSSW configuration.

Models of magnonic crystal behavior in a 1D magnonic crystal are predominantly 1D in na-
ture. A simple model where the periodic defects are treated as 1D Bragg reflectors provides a
conceptual picture of the principles of operation. This approach predicts that spin waves with
wavevector k = nr/d, where d is the center-to-center groove spacing and n is an integer band
gap number will be suppressed due to destructive interference, and has also been used to obtain
phenomenological estimates of the spin wave transmission characteristics [66]. Approaches in-
volving reciprocal-space solutions to the Landau-Lifshitz—Gilbert equation have also been used
to model magnonic crystals [79], mainly to obtain the band structure and standing wave mode
profiles [80-82]. Modeling of the time-resolved propagation of a spin wave pulse through a 1D
crystal, and the 1D modeling that has been done shows that a standing wave pattern is expected to
form at the band gap frequencies but that it takes time for this pattern to develop [75]. A common
theme in magnonic crystal modeling is that the dimensionality of the solution is matched to the

dimensionality of the magnonic crystal.
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Here we use time-resolved Brillouin light scattering (TR-BLS) to obtain detailed spatial maps
of the propagation of spin wave pulses through a 1D magnonic crystal in the MSSW configuration.
Magnonic crystals are commonly characterized using microwave measurements, which yield a
width-averaged response at the location of the output antenna, and the models for the transmission
characteristics use simple 1D models to estimate the transmission as a function of frequency [66].
TR-BLS provides detailed time and spatial information and has been used to probe a variety of
magnon processes including nonlinear spin wave self-focusing effects [83], the time-evolution
of nonlinear three magnon processes [84], and Bose Einstein condensates of magnons [85, 86].
Our TR-BLS measurements show that although the structure of the crystal is 1D, the spin wave
intensities show complex 2D patterns that agree well with calculations that take into account not
just the reflections from the 1D grooves but also the width quantization of the spin wave modes.
Furthermore, these measurements suggest that width-quantized modes, if not considered carefully

in the design of the magnonic crystal, may significantly reduce the obtainable rejection efficiencies.

2.3.2 Experimental Methods

Microwave and time-resolved BLS measurements were made on a magnonic crystal made of
YIG, where YIG was chosen because of its low damping and long spin wave propagation distances.
A schematic of the experimental setup is shown in Fig 2.1a). A 6.4 pm-thick, [ = 2.25 mm-wide,
yttrium iron garnet (YIG) film on a gallium gadolinium garnet (GGG) substrate was patterned with
20 grooves with widths of a = 25 pm and depths of 3.5 ym separated by a w = 250 pum flat region,
giving an overall center-to-center spacing of d = 275 um. The grooves were chemically etched
into the film using hot orthophosphoric acid. The profile of the grooves, measured via profilometry,
is shown in Fig 2.1b).

Two 50 pm wide stripline antennas were placed approximately 10 mm apart, one ahead of
the patterned region to excite spin wave pulses propagating through the crystal, and one after
the patterned region to detect the spin waves for transmission measurements made using a vector

network analyzer. An external bias field of I = 865 Oe was applied in the plane of the film
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Figure 2.1: a) Diagram of the magnonic crystal. The YIG film (yellow) on a GGG substrate (green) has
20 grooves of width w = 25 pm and depth 3.5 um with a center-to-center spacing of d = 275 um. The
magnetic field H is applied along the y direction, perpendicular to the long axis of the crystal (MSSW
configuration) and spin wave pulses are excited by a stripline antenna (grey). b) The measured profile of
the etched grooves. ¢) A TR-BLS spectrum (left) showing the spin wave pulse, and the corresponding time
integrated signal (right), measured at the position marked by the green dot in a) with H = 865 Oe and a
driving frequency f = 4.25 GHz.

in the magnetostatic surface spin wave (MSSW), or Damon-Eshbach, configuration. Microwave
measurements were made to obtain the frequencies response of the 1D magnonic crystal, and
time- and spatially- resolved Brillouin light scattering measurements [83] were made at selected
frequencies to obtain detailed spatial and temporal information on spin wave propagation through
the crystal. The TR-BLS measurements were made in the forward scattering geometry. A 200
ns microwave was pulse applied at the input antenna to excite a spin wave pulse, created using a
microwave source and gated microwave switch triggered by a delay generator. A microwave power
of 4 dBm was used, with a pulse repetition rate of 1.2 ms, chosen to ensure that the sample response

is in the linear regime and to minimize sample heating, respectively. The sample response was
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Figure 2.2: Comparison of BLS measurements at various driving frequencies and microwave measure-
ments. (left) Time integrated BLS measurements as a function of frequency and position along the central
axis of the magnonic crystal (shown as a dashed line in Fig 2.1a). (right) Comparison of microwave trans-
mission measurements (blue line, measured between the left and right antennas in Fig 2.1a) and the ratio of
BLS intensities measured at x — zg = 4.3 mm (red dashed line) and at x — 2y = 0 are shown in red. Band
gaps (BG1, BG2, and BG3) are observed in the BLS and microwave measurements.

scanned over the sample in a square grid pattern with a grid spacing of 50 ym and the inelastically
scattered light, which is sensitive to the spin wave excitations, was analyzed using a TFP2-HC
tandem Fabry-Perot interferometer with a mirror spacing of 10 mm. A fast time-of-flight card was

used to bin the photons striking the photodetector in 250 ps time bins.

2.3.3 Results

A comparison of BLS measurements along the central axis of the crystal to microwave mea-
surements is shown in Fig 2.2.

Dark horizontal stripes in the BLS measurements are observed at the band gap frequencies,
corresponding to extinction of the SW density as the pulse propagates through the crystal. Band
gap formation in the BLS measurements is observed at f = 4.305, 4.38, and 4.455 GHz. Ver-
tical dark arc features, such as the feature starting at x — x(y = 2 mm, are observed in the BLS

measurements and do not have a corresponding feature in the microwave measurements. The dark
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Figure 2.3: Calculated dispersion relations for the first 45 odd width-quantized modes. Spatial scans were
measured by BLS at the frequencies marked by dashed lines above FMR (BP, BG1, BG2, BG3 in Fig 2.4
and below FMR (A, B, C, D in Fig 2.5. The unshaded (shaded) regions indicate the wavevector ranges over
which the antenna efficiently (inefficiently) excites spin waves.

vertical line at x —zy = 1.1 mm is due to a scratch in the GGG substrate, confirmed with an optical
microscope. The stripline transducer inherently averages over the width of the crystal and therefor
the microwave measurements do not provide any information about the 2D nature of the spin wave
pulse. Differences in the attenuation in the BLS measurement compared to the microwave mea-
surement are due to insertion losses of the stripline excitation and detection. In addition to the spin
wave density above the ferromagnetic resonance (FMR) frequency, spin wave density is observed
below FMR. These modes originate from width quantized modes shifted down in frequency with
respect to the uniform mode.

To understand what waves will be present at a given frequency, as well as how they will prop-
agate, we turn to the dispersion relation for the system. Shown in Fig 2.3, the first 45 width

quantized modes were calculated using the matrix method described in [45]. The full dispersion
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Figure 2.4: Two-dimensional maps of the spin wave propagation, where the scan region begins at
o = 1 mm away from the edge of the antenna. The columns show, from left to right, BLS measure-
ments, calculations with no reflections (R = 0), and calculations with reflections (X = 0.01), and the rows
correspond to the frequencies marked in Fig 2.2 (BP, BG1, BG2, BG3).

surface for an unpatterned infinite film was first calculated, then cuts along the surface correspond-
ing to transverse wavevectors at k, = n/l were made to satisfy the width quantization condition.
Only odd modes are shown due to the excitation method used in the experiment. Stripline antennas
only excite the odd width quantized modes as the even modes cancel under a uniform excitation
field [67]. An applied field of / = 870 Oe and a saturation magnetization M, = 1765 Oe were
used, with an exchange parameter o, = 3.1 x 10~!2 cm?. Totally unpinned boundary conditions
were used, as pinning modes were not observed in the microwave measurements. 45 width quan-
tized modes were considered as the 45th mode corresponds to the maximum efficient wavevector
excited by the 50 pm width stripline antenna.

In Fig 2.3, frequencies at which 2D-TR BLS maps were measured are marked by dashed lines:
BP, BG1, BG2, and BG3 correspond to f = 4.25,4.305, 4.38, and 4.455 GHz, respectively, while

A, B, C, and D correspond to f = 4.10,4.13,4.15, and 4.17 GHz respectively.
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Experimental Calc. R = 0.01

Figure 2.5: Two-dimensional maps of the spin wave propagation as a function of the position, where the
scan region begins at zg = 1 mm away from the edge of the antenna. The columns show, from left to right,
BLS measurements, calculations with no reflections (R = 0), and calculations with reflections (R = 0.01),
and the rows correspond to the frequencies marked in Fig 2.2 below FMR (A, B, C, D).

The time-averaged 2D BLS maps are shown in Fig 2.4 and Fig 2.5. Fig 2.4 (left column)
shows the maps for the BP, BG1, BG2, and BG3. Fig 2.5 (left column) shows the maps for
A, B, C, and D. Complex interference patterns are formed for each measured frequency due to
each width quantized mode excited having different longitudinal wavevectors. At the BP, the
interference pattern takes the form of a repeating filled diamond. This pattern has been observed
and reported in the literature previously [87,88]. The slight asymmetry in the diamond is due to
the YIG strip being misaligned with the field by approximately 1.5°. Dark vertical lines in each
observed pattern are due to the laser light passing through the grooves causing a reduction in BLS
signal intensity. The spin wave pulse travels uniformly through the interior of the diamond pattern,
with periodic focusing of the spin wave density at the joint of one diamond to the next. As the
excitation frequency is increased, the interference patterns observed become more complex. At

BGl, the diamond has dark edges with spin wave density outside of the diamond and focused
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Figure 2.6: TR-BLS measurements along the length of the magnonic crystal where the intensity has been
integrated over the width of the crystal. Panels (a-c) show measurements made at the first band pass (BP),
while (d-f) show measurements at the first band gap (BG1). (a,d) show the pulse propagating down the
full length of the crystal and (b,e) show a zoomed view (white square in (a, d)) ahead of the first etched
groove. Black arrows indicate the groove positions, and the pink arrows in (e) and (f) show the positions of
interference lines that develop at the first band gap BG1. No interference is observed for BP (b,c). The dark
horizontal lines in (e) are absent within the region indicated by the dashed white lines and develop just to
the right of the right-most line that marks the arrival times of reflection from the first groove position.

jet of spin wave density is formed along the center axis in the second repetition of the diamond.
Enhanced spin wave density is also observed at the center of the flat between each groove. BG2
shows additional dark diagonal stripes, with an increased number of lobes forming for the spin
wave jet. Finally, at BG3 the interference pattern no longer resembles the diamond pattern, with
a more complex structure showing many lobes to the spin wave jet. The spatial resolution of the
experiment is no longer sufficient to distinguish the finer features of the interference pattern.

The measurements below FMR, in Fig 2.5, show interference patterns that mainly take the

form of the outline of a diamond. These interference patterns are primarily comprised of high
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Figure 2.7: Calculated spin wave density as function of time for BP (a,b) and BG1 (c,d). Grooves are
marked by white (black) dashed lines in (a,c) (b,d). a,c) show the calculated BLS spin wave density for the
zoomed region in Fig 2.6b,e) for the BP and BG1, respectively. b,d) show single time traces spaced by 4 ns
starting at t = 135 ns

n width quantized modes, as shown by the dispersion relation in Fig 2.3. Without the effect
of width quantization, there would be no propagating modes at these frequencies. The width
quantization can be directly observed in A, B, and C in the bright-dark pattern across the width of
the crystal, with the number of anti-nodes (bright spots) across the width giving the lowest n mode
excited at this frequency. The BLS intensity measured is an order of magnitude reduced from the
measurements above FMR, and the spin wave pulse attenuates before the end of the scan region.
To disentangle the effects of width quantization and the magnonic crystal patterning, interfer-
ence patterns were calculated for each of the measured frequencies. The center and right columns
in Fig 2.4 and Fig 2.5 show calculated interference patterns both with (right column, R = 0.01)
and without (center column, i = 0) reflections. The process used to include the effect of reflec-

tions is detailed in Appendix A.l1. As can be seen when comparing two cases, the interference
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patterns calculated are in good agreement with the experimental data, and are present regardless
of reflections. The main interference pattern observed at each frequency is then due only to the
confined geometry of the magnonic crystal. The reflections take the form of a perturbation on top
that generate the ripples observed at the band gap frequencies. At the BP, the reflections only serve
to cause additional attenuation down the length of the crystal and do not generate an additional in-
terference pattern. At the band gaps, the reflections destructively interfere with the incoming spin
waves, forming a standing interference pattern that corresponds to a wavevector of ky, = mn/d,
where m is the band gap number. BG1 thus has anti-nodes at the center of each repetition of the
grooves, while BG2 has two anti-nodes, and BG3 has three. At BG3, the spatial resolution of the
experiment is no longer able to resolve the standing interference pattern. The fine features within
the lobes of the spin wave jet in BG3 are similarly smaller than the resolution of the experiment
and cannot be resolved.

The calculated patterns for the sub-FMR measurements, shown in Fig 2.5, are in similarly
good agreement with the patterns measured via BLS. These patterns demonstrate the importance
of considering higher n width quantized modes, for in order to achieve good agreement with ex-
periment, modes up to n = 45 must be considered. The lowest modes included for each patterns
are n = 13 for D, n = 15 for C, n = 19 for B, and n = 23 for A. The addition of reflections does
not change the overall spin wave pattern for these frequencies, only increasing attenuation down
the length of the crystal.

Aside from the interference patterns observed, the time-resolved BLS intensity allows direct
observation of the mechanism behind the band gap formation. Fig 2.6 shows the time-resolved BLS
intensity for the BP (a-c) and BG1 (d-f), averaged over the width of the crystal. The propagation
of the entire pulse along the entire length of the crystal can be seen in Fig 2.6a,d). The first
groove is located at x — o = 0.775 mm, and the dark horizontal features at position after this
coincide with the subsequent grooves. A zoomed in view of the region before the first groove can
be seen in Fig 2.6b,e). Single time traces are plotted in Fig 2.6c,f), showing both the buildup of

interference for BG1, and the lack of coherent interference for the BP. The single time traces show
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Figure 2.8: a) Width averaged time-resolved BLS intensity shifted by the average pulse group velocity for
the BP. The trailing edge of mode n = 45 is indicated by the dashed green line for the BP, and the solid
green line for BG1. The group velocities for each mode are shown in b), with triangles giving the group
velocity for each mode at the BP, and circles for BG1. The spatial distribution of the BLS intensity at the
time marked by the white dashed line in a) are shown for c) the BP and d) BG1. The predicted trailing edge
of direct arrivals for the pulse is marked by the green dashed (solid) lines for the BP (BG1). The region
where the reflection from the end of the crystal is present is shaded.

the formation of periodic structure at the same spacing as the grooves, marked by pink arrows
in Fig 2.6e,f). These dips form only after the pulse has had time to both reflect from the first
groove, and back propagate to interfere with the incident pulse. This is illustrated by the lack of
interference build up in the region indicated by the white dashed lines in Fig 2.6e). No buildup of
interference is observed for the BP, as there is no periodic structure in the region ahead of the first
groove. Through this, we have directly observed the mechanism for the band gap formation in this
magnonic crystal geometry.

In Fig 2.7, the calculated time-resolved spin wave density along the same region of the sample
as shown. In Figs. 2.6b and 2.6e, single time traces show the same buildup in periodic structure

ahead of the first groove at BG1, and a corresponding lack at the BP.
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Close examination of the measured TR-BLS intensity shows additional intensity lingering after
the main pulse passes through the crystal. Fig. 2.8a shows the TR-BLS intensity at the BP, after
having been shifted by the average group velocity of the pulse. The group velocity the frequencies
measured above FMR are v, = 53.5 £ 0.2,46.8 4= 0.5, 38.3 4= 0.5, and 33.44 &+ 0.08 km/s for the
BP, BG1, BG2, and BG3 respectively. The average group velocity for each pulse was extracted
through the use of cross correlation to track the pulse as it propagated through the crystal, as shown
in Fig. A3. A linear fit to the lag time vs measurement position given by the cross correlation was
used to find the group velocity, as shown in Fig. A3 a. The pulse was shifted so that the spatial
distribution of the spin wave density after the main pulse passed could be examined. Fig. 2.8c and
d show the spatial distribution for the BP and BG1 at time B. For the BP, the lagging spin wave
intensity forms the outline of the diamond pattern, similar to the measurements for the sub-FMR
frequencies shown in Fig. 2.5. This is due to the higher n width quantized modes having slower
group velocities for the BP, shown in Fig. 2.8b, when compared to the low n modes. As these
modes travel slower, they arrive later and form an interference pattern consisting only of them.
Predicted direct arrival times are shown in Fig. A4 for the BP and BG1 in a and b respectively.
Between the green dashed line and the shaded region in Fig. 2.8c, we expect only direct arrivals of
modes n > 21 to be present. Any spin waves from reflections in this region will be much lower in
amplitude than the direct arrivals. At BG1, the modes travel along a much narrower range of group
velocities and the spatial distribution of spin wave density does not form a coherent interference
pattern. The density at positions before the green line in Fig 2.8d is due to reflections from the

grooves trapping spin waves.

2.3.4 Discussion

The time and spatially resolved BLS measurements directly show the mechanism behind the
formation of band gaps in this magnonic crystal geometry through the buildup of interference
between reflected and incident spin waves. BLS measurements made along the center axis of the

crystal at various driving frequencies show the expected extinction in intensity at the band gap
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frequencies shown in microwave measurements, additional features appear that are not adequately
captured by the 1D model used to qualitatively describe the band gap formation. These features
indicate that there is some 2D nature to the spin wave propagation through the crystal.

2D time and spatially resolved maps of the spin wave pulse show complex interference patterns
that appear due to interference between width quantized modes. These modes appear due to the
finite width of the magnonic crystal. The interference patterns can be calculated using the disper-
sion relation for an infinite film, from which cuts along transverse wavevectors satisfying the width
quantization condition are made. As each mode has a slightly different dispersion relation, exciting
spin waves at a given frequency generates a range of spin waves with different wavevectors. The
difference between the longitudinal wavevector for each of these modes results in the formation
of the interference patterns observed. These patterns are endemic to the confined geometry of the
YIG strip and are not the result of the magnonic crystal patterning, as illustrated by the calculation
of these patterns both with and without the presence of reflections. The 1D model of the magnonic
crystal as a Bragg reflector captures the effect of the patterning, yet hides the complex interference
effects and localization of the spin wave density.

The mechanism behind band gap formation was directly observed in the time-resolved BLS
intensities measured at the band gap frequencies. By averaging the TR-BLS intensities over the
width of the crystal, buildup of interference ahead of the first groove becomes apparent. After the
pulse is partially reflected by the first groove, dips in the BLS intensity corresponding to the inter-
ference between the incident and reflected waves appears. Examining the calculated time resolved
spin wave density shows the same behaviour at the band gap frequencies, and a corresponding lack
of interference at the BP. In addition, lingering spin wave density due to reflection trapping spin
waves is observed in the TR-BLS measurement of BGI.

These results suggest that the width-quantized modes are an important consideration for 1D
magnonic crystals in the MSSW geometry. If a magnonic crystal lattice parameter is chosen with
only the first width-quantized mode and there is no overlap between the band gap condition for

the first mode and any of the other modes, the best possible rejection that could be obtained is
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1010g((2i5:3’5“_ 1/n2)/(2i5:1’375_“ 1/n?)) = —7.4 dB since the transmission leakage from the
other modes will limit the possible rejection efficiency. This mode leakage should be reduced
substantially if the crystal is designed such that multiple modes simultaneously satisfy the band
gap criteria. For example, if the first six odd-numbered modes are blocked then the rejection
efficiency can be better than -15 dB. The effect of the width modes is, consequently, significant.
For the magnonic crystal used in our work, the grove depth is large (3.5 pm), which helps to obtain
a large rejection efficiencies. The expected band gaps overlap better for BG2 as compared to BGI,
and the former has a better rejection efficiency, which is consistent with the idea that it is important
to pay attention to the width modes. Previously, Chumak et al. found that BV magnonic crystals
have a much greater rejection efficiency at the band gaps as compared to the MSSW geometry
[64]. They showed that a transmission matrix model works well to explain the qualitative features
of the microwave transmission measurements made in both configurations, however, reflection
coefficients that differed by a factor of 12 were needed to match the experimental results, in spite
of the fact that their estimates based on the first Born approximation predict that the reflectivity
coefficients should be similar for the two configurations. They suggest that one of the possible
reasons for this difference is coupling of the incident BVMSW to higher-order thickness modes,
but the possible effects of width-quantized modes were not considered. Our results suggest that the
thickness modes may contribute to the observed difference in their measurements. Adding in the
thickness dimension may also be important, but the width dimension should not be neglected. In
particular, choosing the width of the YIG strip [ and dimensions of the the magnon crystal such that
the transmission of many of the odd numbered width quantized modes (n = 1, 3, 5, ...) as possible

are blocked at the same band gap frequencies will result in improved rejection efficiencies.

2.3.5 Conclusion

In conclusion, while it may be called a 1D magnonic crystal, the spin wave propagation
through a 1D magnonic crystal in the MSSW configuration is inherently two dimensional. TR-BLS

measurements show that quantization of the spin waves due to the finite width of the YIG strip lead
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to prominent, diamond-shaped interference patterns. Localized increases in the spin wave density
are observed, the distribution of which becomes increasingly complex with increasing frequency.
The experimentally measured patterns agree well with calculations that consider interference of the
width-quantized modes. The number of width quantized modes needed to reproduce the experi-
mental observations is not small - approximately 22 modes are needed. The underlying mechanism
for the formation of band gaps is also directly observed and replicated by the modeling. While the
prevailing 1D model for magnonic crystals provides a useful framework to obtain a qualitative
understanding of the expected band gap frequencies, consideration of the width quantization will
be a key consideration in the design of 1D magnonic crystals with improved rejection efficiencies.
Furthermore, the 2D nature of spin wave propagation in confined geometries detailed in this work
provides additional avenues to exploit when designing future magnonic crystals, for example, the
localization of spin wave density may be used as a potential tool in future device designs, either

through beneficial placement of transducers, or through targeted placement of control elements.
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Chapter 3
Magnonic notch filter based on spin wave caustic

beams

3.1 Context

This chapter consists of the paper Magnonic notch filter based on spin wave caustic beams,
which was accepted for publication in Applied Physics Letters in February 2024, as Editor’s Pick.?
The supplemental information is shown in section B.1. In this work, the propagation of spin
wave pulses through a 2D magnonic crystal were explored with time-resolved Brillouin light scat-
tering. The generation of spin wave caustic beams at the crystal edges and at the defect lattice
were observed and their relation to the formation of a rejection band in the transmission profile

was explored.

3.2 Paper Summary

Here we study a magnonic crystal made of low-damping yttrium iron garnet that utilizes
pseudo-caustic spin wave beams generated from subwavelength square well features arranged in a
two dimensional array. The lattice symmetry and the angle between the caustic beam propagation
direction and the applied magnetic field were tailored to optimize the interaction of spin waves
with the engineered defects. A prominent, narrow 3 MHz feature with a large rejection efficiency
is observed in the spin wave transmission spectrum that could be useful as a narrowband notch fil-

ter, and time- and space-resolved Brillouin light scattering (BLS) measurements suggest that that

2 Author list: Mitchell S. Swyt, Lia Compton, Arturo Reyes-Almanza, César L. Ordéfiez-Romero, Giuseppe Pirruccio,
H. J. Jason Liu, and Kristen S. Buchanan. The magnonic crystal was patterned by Arturo Reyes-Almanza, César L.
Ordéiiez-Romero, and Giuseppe Pirruccio (Universidad Nacional Auténoma de México). All Brillouin light scatter-
ing measurements were made by Mitchell S. Swyt and Lia Compton. Microwave measurements on the magnonic
crystal were made by Mitchell S. Swyt and Lia Compton. Microwave measurements on unpatterned YIG were
made by César L. Ordéfiez-Romero and Giuseppe Pirruccio. Calculations of the caustic beam properties were made
by Mitchell S. Swyt and Kristen S. Buchanan. The paper was written and edited by Mitchell S. Swyt, Kristen S.
Buchanan, H. J. Jason Liu, César L. Ordéfiez-Romero, and Giuseppe Pirruccio.
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both caustic interference and edge effects may contribute to this notch feature. Furthermore, the
BLS measurements show that caustics are generated efficiently at the laser ablated wells, and by
tuning the frequency by 30 MHz, the caustic beam angles and hence the details of how the spin
wave caustics hit the ablated wells change sufficiently to add and remove caustic beams, which can
be used to create additional device functionality. The generation and conversion of caustic beams

show promise for applications that require directional energy transport, and for magnonic devices.

3.3 Research Article

Magnonic devices use spin waves, also known as magnons, to transmit information and per-
form logic operations. These devices offer the possibility of chargeless, low power operation and
compatibility with CMOS, [5-10] and hybrid solutions for quantum information and magnonic
logic. [72] Magnonic crystals, artificial crystals with periodically modulated magnetic properties,
are one of the building blocks of magnonic devices including magnonic transistors. [89] Periodic
modulation can be achieved by altering the material properties, [76, 78,90, 91] or the geometry
by using patterned grooves. [64, 65] The simplest magnonic crystals are periodic in one dimen-
sion and show band gaps due to the interference of multiply reflected waves when the spin wave
wavevectors are integer multiples of 7/a, where a is the lattice parameter. [63-66] 2D magnonic
crystals have also been realized experimentally and form band structures that agree well with mi-
cromagnetic predictions, [79, 82,92-95] and diffractive effects from carefully arranged patterns
can be used to focus spin waves through Fresnel-type lenses and to generate repeated patterns via
the Talbot effect. [96]

Caustic beams, narrow (sub-wavelength) beams that can be generated in anisotropic systems,
exhibit a high degree of spatial coherence and are promising for applications that require direc-
tional energy transport. Caustics form in a variety of systems involving photons, phonons, and
magnons when anisotropies that lead to preferred group velocity directions are present. Spin wave
caustics can be realized in in-plane magnetized films, where spin wave beams will radiate from

a point source excitation along preferred directions. [97-99] Formally, caustics form at points in
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wave vector (k)-space where the curvature of an isofrequency curve, obtained from dispersion
relations, is zero, which corresponds to a region in k-space where the wave amplitudes are en-
hanced, and pseudo-caustic beams can be observed when an isofrequency curve has regions with
nearly constant group velocity directions even if the curvature of the isofrequency curve does not
drop to zero. [100, 101] Spin wave caustics have been observed from a variety of point sources
including defects, [83] patterned anti-dots and sub-wavelength features, [69, 102—104] and fem-
tosecond laser pulse excitations, [105]. Caustics have also been generated from the junction of a
thin waveguide and an extended film, [99] edge mode scattering, [100] and specially-designed an-
tennas. [98] Caustics are highly directional, and their angle of propagation can be controlled by the
angle and magnitude of the applied external field and the excitation frequency, which can be used
for frequency selectors and demultiplexers. [97,106,107] Furthermore, the effective wavelength of
a caustic A.¢r 1s also tunable, which may be useful for the design of interference-based magnonics
devices. Pseudo-caustic beams have been observed in a variety of magnetic systems, however the
potential of incorporating caustics into a magnonic crystal has remained largely unexplored thus
far.

Here we investigate a 2D magnonic crystal with features that are small compared to the spin
wave wavelength. Microwave measurements of the transmission profile of the crystal show rich
features rather than the simple periodic band gaps that are observed for 1D magnonic crystals, and
time- and spatially-resolved Brillouin light scattering (BLS) measurements show that the small
relative feature sizes allow for the generation of spin wave caustics, creating an operational mech-
anism unlike other reports on 2D magnonic crystals. A pronounced narrow-band region with a
suppression of the transmission of > 20 dB is found when the magnetic field is applied at an angle
where the caustics are well aligned with the lattice of square wells, and BLS measurements sug-
gest that interference effects as well as interactions of the caustics with the sample edges may both
contribute to the observed suppression.

A 2D magnonic crystal was fabricated using a yttrium iron garnet (YIG) film, h = 6.4-um

thick, grown by liquid phase epitaxy on a gadolinium gallium garnet (GGG) substrate. YIG was
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Figure 3.1: Profilometry measurements of the 2D magnonic crystal showing (a) the patterned region and
(b) a cross-sectional profile along the length of the crystal through the second row from the top. The lattice
parameters a1 and as, spacing a, and width [ of the square wells are shown on (a).

chosen for its low magnetic damping and long spin wave propagation distances. [68] Gentle micro
laser ablation was used to create a two-dimensional lattice of square wells with depth d = 1.6 pum,
side length [ = 70 um, and nearest neighbor center-to-center spacing of a = 400 pm on a YIG strip
that was w = 2 mm wide and ~15 mm long. Femtosecond (230 fs) pulses centered around 515 nm
are generated by a high power ultrafast laser (Pharos, Light Conversion) with a repetition rate of 1
MHz. Pulses are focused to a 2 pm spot, which is at least two orders of magnitude smaller than the
spin wave wavelength and one order of magnitude smaller than the spatial resolution obtainable
with a traditional mask-assisted chemical etching. Figure 3.1 shows profilometry measurements
of the patterned region, which consists of a square lattice of wells rotated by 45° with respect
to the long axis of the crystal with an angle of 90° between the lattice vectors a; and a, with

la1| = |az| = a. The edges of the square wells are nearly vertical and the film surface near the
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Figure 3.2: Spin wave transmission profile in the MSSW configuration (¢ = 0°, green) and with H{ applied
at ¢ = 20° from the y-direction (blue). The inset shows a zoomed-in view of a sharp dip in transmission
observed for ¢ = 20° with a fit (red line). Dashed lines indicate frequencies at which the effective caustic
wavelength A.r¢ (Fig. 3.4(d)) satisfies the condition for destructive interference for ¢ = 0° (green) and
¢ = 20° (blue).

wells is unaffected by the patterning process. The well spacing a is on the order of the spin wave
wavelength A so that interference may occur, and [ is small relative to \.

Microwave antennas were placed approximately 3 mm before and 2 mm after the patterned
region to excite and detect spin waves, respectively. Transmission measurements were made using
a vector network analyzer with an in-plane external magnetic field of / = 865 Oe in the magne-
tostatic surface spin wave (MSSW) geometry (¢ = 0°), and with ¢ = 20°, where ¢ is the angle
of H with respect to the y-direction. An input power of F;, = —17 dBm was used, which is
within the linear response regime. Time- and spatially-resolved BLS measurements were made at
selected frequencies to investigate the details of the spin wave propagation patterns. Spin wave
pulses, 200 ns in duration, were generated using a microwave source and a microwave switch with
an input power of 4 dBm and a repetition time of 1.2 us, selected to remain in the linear response
regime and to minimize sample heating, respectively. BLS measurements were made with a 50 ym
spacing between points using a wavelength of 532 nm in a forward scattering configuration that is

sensitive to wavevectors up to at least 3.6 x 10* rad/cm. [55] The inelastically scattered light was
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Figure 3.3: Time-integrated BLS intensity maps with a logarithmic intensity scale for (a) 4.320 GHz, and
(b) 4.350 GHz with ¢ = 20°, and for (c) 4.320 GHz with ¢ = 0°. The spin waves are generated by the
antenna on the left. In (a) and (b), white arrows indicate where the main pulses hit the edge of the crystal,

and black arrows highlight selected caustics generated by the square wells. The white dots in the images are
areas where the transmitted light intensity was low.
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collected with a TFP2-HC tandem Fabry-Perot interferometer with a mirror spacing of 10 mm and
separated into 250 ps bins using a fast time-of-flight DAQ card.

Figure 3.2 shows transmission profiles of the 2D magnonic crystal in the MSSW geometry
(¢ = 0°) and for ¢ = 20°. The ¢ = 0° transmission profile is similar to the profile for MSSWs in
an unpatterned YIG strip (Fig. S1). The transmission increases sharply at approximately the ferro-
magnetic resonance (FMR) frequency, shows a maximum at just above FMR, and then decreases
gradually with increasing frequency due to a decrease in the excitation efficiency of the antenna
with increasing k. The modulations in the transmission profile between 4.3 and 4.5 GHz are at-
tributed primarily to the patterning of the film, while the narrow, periodic dips at about 4.45 GHz
and above are weak pinning modes. The most prominent feature in the MSSW transmission profile
is a broad dip centered at 4.42 GHz, but this feature shows a less dramatic maximum attenuation
as compared to band gap profiles observed for 1D YIG magnonic crystals, and may be due to the
film rather than the patterning (e.g., see [64]).

For ¢ = 20° (Fig. 3.2, blue), the transmission is reduced as compared to ¢ = 0°, and the
transmission profile shows a number of peaks and dips, most notably a deep, narrow dip appears at
fr = 4.352 GHz with a full width half max of 3 MHz (based on a Lorentzian fit) and an attenuation
of > 20 dB relative to the transmission profile at adjacent frequencies. Transmission measurements
on an unpatterned YIG strip from the same wafer (Supplemental Materials) show that the trans-
mission profiles can vary depending on the antenna placement for ¢ = 20°, which suggests that
transmission measurements alone are not sufficient to understand the spin wave propagation at this
angle.

BLS scans were collected to gain further insight into the spin wave propagation in the 2D
magnonic crystal. Figures 3.3(a) and (b) show time-integrated maps of the spin wave propagation
patterns obtained at 4.320 GHz, the peak transmission frequency, and at 4.350 GHz, near the notch
feature at f,. The ratios of input to transmitted counts are similar for Figs. 3.3(a) and (b), hence
the BLS measurements shown in Fig. 3.3(b) do not correspond exactly to the notch feature in

Fig. 3.2. Large (10 cm diameter) pole pieces were used to obtain a spatially uniform field, but a
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small gradient of ~ 3 Oe is present across the sample that shifts the spin wave frequencies by up
to 5 MHz, hence it is difficult to obtain scanned BLS measurements for the exact conditions that
correspond to the notch feature. The BLS measurements nevertheless provide direct insight into
how the spin wave propagation pattern changes with frequency.

In both Fig. 3.3(a) and (b) a strong initial bright beam is observed near the bottom of the an-
tenna. This initial beam interacts with the sample edge to create two main caustic beams with
widths of approximately 150-200 pm. These beams are well aligned with a series of wells, and
when the beams hit the wells they are scattered into additional caustics that appear as bright tracks
radiating from the wells. When the main beams (white arrows) and secondary caustics (black ar-
rows) interact with the edge of the YIG film, bright, coherent beams are also seen afterwards. These
are new caustics, not reflections, as the angles of the beam before and after the edge interactions
are symmetric with respect to the direction of H rather than the the edge normal. The propaga-
tion angles ¢,, were obtained from the BLS images directly and using a Radon transform method
that computes the line integrals of different paths through an image. This yields 0,, = 48.38° for
4.320 GHz, and 6,, = 47.62° for 4.350 GHz, with a difference of A = 0.77°.

The change in 0, is enough to change the alignment of the main beams with the wells and the
caustic patterns. At 4.320 GHz, caustics directed towards the top left are generated when the top
beam interacts with the lower set of intersected wells, and these back-directed beams are almost
completely absent at 4.350 GHz. At 4.320 GHz the bottom beam also creates forward-directed
caustics at each of these wells, marked by black arrows in Fig. 3.3(a). At 4.350 GHz, caustic
beams that are directed towards the bottom right are generated from the wells in the paths of both
the top and bottom beams (marked by black arrows in Fig. 3.3(b)), and the beams after the main
pulse hits the edge of the crystal are less intense and more diffuse in Fig. 3.3(b) (white arrows) as
compared to what is seen in Fig. 3.3(a).

Caustic spin wave beams are also observed in the MSSW geometry (Fig. 3.3(c)), however, the

initial beam spans the width of the YIG film so while caustics are generated at each of the wells,
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Figure 3.4: (a) Calculated dispersion relation for a YIG film with isofrequency curves (white) for f =
4.320 GHz and 4.350 GHz. Only the highest frequency mode is shown. Pseudo-caustic points are marked
with teal arrows that indicate the direction of the group velocity. The red arrow shows the wave vector
for one of the 4.320 GHz caustic points. (b) Group velocity magnitudes (top) and angle 6, (bottom) as a
function of 6y, both relative to H (y'), for 4.320 GHz. The vertical dashed line indicates the pseudo-caustic
point. (c) A versus f and 6,4, showing strong enhancement in specific directions. (d) Angles |6,,] (teal)
and |0y| (red) for the maximum A in (c), and Ac¢¢ (bottom) as a function of f. The inset shows a zoomed
view of Acr¢. The measurement frequencies, 4.320 and 4.350 GHz, are marked by vertical dashed lines. (e)
Calculated caustic for f = 4.320 GHz showing a plane wave with the caustic beam position overlaid (teal
lines) and the corresponding masked caustic beam (right).
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only a portion of the initial beam is converted to caustics. This explains why the features in the
transmission spectrum for ¢ = 0° are weak compared to those observed for a 1D magnonic crystal.

To confirm that the observed beams are caustics, the dispersion relation for the YIG film
(Fig. 3.4(a)) was calculated following the matrix method described by Kalinikos et al. [45] us-
ing a saturation magnetization M, = 1758 Oe, an exchange parameter of o, = 3.1 x 1071? cm?,
and unpinned boundary conditions since the transmission profile in the MSSW geometry (Fig. 3.2
(green)) shows only weak pinning modes.® The group velocity, v, = V2 f where f is frequency,
is perpendicular to an isofrequency curve in k-space, and the isofrequency curves in Fig. 3.4(a)
(white lines) show that a wide range of wave vectors will have similar 0, .

Caustic and pseudo-caustic points correspond to points in k-space where the curvature of the
isofrequency curve is zero or minimal, respectively. For 4.320 GHz a caustic point occurs with
0y, = 50.38°, and for 4.350 GHz a pseudo-caustic point is found with 0,, = 49.57°, with a

difference of A# = 0.81°, consistent with the BLS measurements. Caustic points can also be

identified using the amplitude enhancement factor [108]

1 dv,\ !

A= <@d_9;i> , 3.1
where 6, = arctan(k,//k,/) is the angle of the wavevector. The values of v, 6,,, and 6, are deter-
mined along an isofrequency curve (Fig. 3.4(b)) and used to calculate A (Fig. 3.4(c)). The caustic
or pseudo-caustic beam direction corresponds to the maximum of A for a given f. Figure 3.4(d)
shows that |6,,| decreases almost linearly with increasing f, while the effective wavelength of the
caustic A\err = A/cos(8,, — 6), the wavelength along the radiation direction, decreases rapidly

with increasing f, with Ao¢r = 1032 um for 4.320 GHz (Fig. 3.4(e)), and A.r¢ = 764 pm for
4.350 GHz. Note that the peak in A in Fig. 3.4(c) covers a broader range of 6,, at 4.350 GHz

3The dispersion relation surface was calculated numerically using the method described in Kalinikos et al. [45] Sec.
5. The isofrequency curves were found by fitting a spline to the surface at the selected frequencies. From the
isofrequency curve, the group velocity was found using a numerical gradient and smoothed with a Savitzky-Golay
filter to remove numerical noise.
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Figure 3.5: BLS intensity as a function of time integrated over the boxed regions in (g) and (h), where the
trace and box colors correspond. (a-f) BLS signals before and after the labeled wells in (g) and (h). “Pre" and
“Post" signals correspond to positions along the main beam before and after interaction with a well, “Caust."
is the caustic offshoot, and “Sum" is the sum of “Post" and “Caust." (black line). (i-n) BLS signals obtained
before (“Pre") and after (“Post") selected edge locations, where the integration regions are indicated by the
dashed boxes. The signals in (a-c,g,i-k) and (d-f,h,]-n) were obtained at 4.320 and 4.350 GHz, respectively,
for ¢ = 20°.

as compared to 4.320 GHz, which is likely the reason the caustics show greater broadening at
4.350 GHz as compared to 4.320 GHz in Fig. 3.3.

Figure 3.5 shows the time-dependent BLS measurements at selected positions. Strong caustics,
where approximately one third to one half of the original signal intensity goes into the caustic (the
ratio of the “Caust." curve to the “Pre." curve in Figs. 3.5(a-f)), are observed when the incoming
beam hits a well directly (Figs. 3.5(a,b,d)), and glancing interactions generate weaker caustics
(Figs. 3.5(c,e,f)) where the caustic intensity is less than one third of the initial signal. In all cases,
the caustic generation process is efficient. The sum of the post-caustic and caustic signals (black

lines in Fig. 3.5 (a-f)) shows only a 0-20% change as compared to the pre-caustic signal. In

contrast, as shown in Fig. 3.5(i-n), the intensity of a caustic beam drops by 33 to 66% (approximate
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attenuation of ~ —2 dB) when it is regenerated at the sample edge, and the losses vary considerably
with location, which is likely due to variations of the edge quality.

There are several possible explanations for the observed notch feature: (i) losses due to caustic
generation at the wells, (ii) losses due to edge interactions, and (iii) destructive interference of
forward- and backward-propagating caustics.

An upper limit for (i) is obtained by comparing the conversion losses for a caustic that inter-
sects seven wells along its path, estimated from Fig. 3.3(b), as compared to a caustic that misses
all of the wells, which yields ~6.8 dB (assumes a 20% loss per well). Mechanism (i) is insuffi-
cient to explain the > 20 dB rejection, especially since the difference in beam-well interactions for
Figs. 3.3(a) and (b) is ~2.

The losses due to interactions of the caustics with the sample edge are larger and more varied as
compared to losses at the wells. The main beams carry the majority of the energy for ¢ = 20°. The
position where these beams hit the edge for the second time (Fig. 3.5(k,n)) changes by ~500 pm
from f = 4.320 to 4.350 GHz, a large enough distance that it is likely that edge effects play a role
in the observed variations in the transmission spectrum for ¢ = 20° (Fig. 3.2). For surface and
backward volume spin waves the precession amplitudes are lower near edges, [109—111] which
reduces edge losses. As shown in the Supplemental Materials, the spin wave transmission in an
unpatterned YIG film is sensitive to the antenna placement for ¢ > 4°, which is likely due to edge
effects. The maximum edge loss observed in Fig. 3.5 is ~10 dB, which is still less than the notch
depth, though larger edge losses may be possible.

Destructive interference between the forward and backward-going caustics (ii1), may also ex-
plain the notch feature. While the 3 MHz notch width is small compared to the 10-50 MHz band
gaps typical for a 1D magnonic crystal, [66] A.¢r changes rapidly with frequency (Fig. 3.4(d)),
which would lead to a narrower band gap. Destructive caustic interference and reduced trans-
mission are expected when A.¢r = nm/acs¢, shown as dashed lines in Fig. 3.2, calculated using
a.s¢ = afor ¢ = 0°, and the well spacing along the main caustic path a.sr = |2a; +as| = 894 um

for ¢ = 20°. The calculated frequencies are close to several features in the transmission profiles,
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and the n = 2 line (4.331 GHz) is close to f,, within the uncertainty of the calculations. While
further investigations are needed to definitively determine the relative importance of each of these
mechanisms, these results highlight the unique potential of caustic beams for magnonics applica-
tions.

In summary, BLS measurements show that caustic formation is a primary consideration in the
behavior of this 2D magnonic crystal with subwavelength features. By tuning the frequency by
30 MHz, caustic beams can be turned on or off through changes in how the beams interact with
the wells. Since the caustic beam angle can also be tuned locally through small changes in A or
¢n, this effect may be useful for logic operations. Furthermore, an unusually deep (> 20 dB)
and narrow (3 MHz) feature is observed when H is applied in-plane at an angle of ¢ = 20°,
which may be due to edge effects, destructive interference of caustics, or a combination of these.
This could serve as a notch filter. Our results demonstrate the unique potential of caustics to add
functionality to magnonic devices by tuning the beam direction, exploiting the rapid change of
effective wavelength, and by tailoring the characteristics of edges to tune the caustic absorption

and regeneration process.
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Chapter 4
Low temperature Brillouin Light Scattering
measurement of the interfacial

Dzyaloshinskii-Moriya interaction

4.1 Context

This chapter consists of the paper Low temperature Brillouin Light Scattering measurement of
the interfacial Dzyaloshinskii-Moriya interaction, a manuscript under preparation.*

This paper reports the measurement of the temperature dependence of the interfacial Dzyaloshinskii-
Moriya interaction in Pt/Co from 15 K to room temperature by low temperature Brillouin light
scattering. It explores a temperature range unreported in the literature and provides a temperature

dependence consistent with measurements made above room temperature.

4.2 Paper Summary

There has been enormous recent interest in the Dzyaloshinskii-Moriya interaction (DMI), es-
pecially the interfacial DMI (iDMI) that arises at the interface of heavy metal (HM) and Ferro-
magnetic (FM) bilayer thin films due to a combination of large spin orbit coupling and broken
inversion symmetry. The iDMI can promote the formation of chiral magnetic spin textures such as
magnetic skyrmions and leads to anisotropic spin wave propagation effects, which are potentially
important for applications. Here we report direct measurement of the temperature dependence of
the iDMI in Pt/Co/SiO, thin films, an aspect that has received little attention thus far. Brillouin

Light Scattering measurements made from room temperature (RT,~ 300 K) down to 15 K show

4 Author list: Mitchell S. Swyt, Lia Compton, Md. A. Jafar Pikul, Yang Wang, John Q. Xiao, and Kristen S. Buchanan.
The films used were deposited by Yang Wang and John Q. Xiao (University of Delaware). The Brillouin light
scattering measurements were made by Mitchell S. Swyt and Lia Compton. Magnetometry was performed by Md.
A. Jafar Pikul. The paper was written and edited by Mitchell S. Swyt and Kristen S. Buchanan.
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that the iDMI increases with decreasing temperature following a scaling law of D oc M where
a = 4.5 + 0.8, a greater scaling than predicted by theory (o« = 1.5 or 2), but in agreement with

previous measurements of the iDMI at high temperatures.

4.3 Research Article

4.3.1 Introduction

The interfacial Dzyaloshinskii-Moriya interaction (iDMI), an antisymmetric exchange interac-
tion that occurs at the interface of magnetic and non-magnetic layers with large spin-orbit coupling,
has attracted considerable attention recently. The presence of iDMI leads to an energetically fa-
vored chirality or handedness, and this leads to interesting static and dynamic effects. The iDMI
stabilizes chiral spin textures, such as Néel domain walls with preferred chiralities and skyrmions,
small swirling spin textures with a central [12,29]. Skyrmions and chiral domain walls in a mag-
netic film or wire can be propelled by spin currents [13, 14] due to the spin transfer torque and spin
orbit torques. The iDMI also leads to unusual dynamic effects including anisotropic spin wave
propagation, caustic beams, unusual nonlinear effects [112]. Exploring the iDMI has consequently
become of particular interest in the pursuit of appropriate materials from which to build spintronic
devices.

Here we can add some references to theory papers on tunability of skyrmion size, to experi-
mental review papers on the DMI magnitude.

The interplay between magnetic anisotropy, exchange, and the iDMI leads to a complex mag-
netic phase diagram for the ground state, so the ability to tune the iDMI is essential in selecting
the desired spin texture. Sizeable iDMI has been observed in FM/HM bilayers [20-22], and the
iDMI has also been observed in FM/FMO,, [113,114], FM/MgO,, [115,116], and more [117-121].
In addition to looking for new materials, the ability to control the iDMI with an applied volt-
age [116] or with strain [122] has been demonstrated. Spintronic devices, such as racetrack mem-
ory [11], that rely on spin currents to manipulate magnetic textures necessarily involve the heating

of the device, as Joule heating is unavoidable with an applied current density. Thus, understand-
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ing the temperature dependence of the iDMI is necessary to understanding the behavior of these
devices in operation. Previous studies have explored temperature ranges above room temperature,
through measurements of domain expansion [123], and through Brillouin light scattering (BLS)
studies [124]. Both of these studies have reported similarly large deviations from the theoretical
dependence of D o< M2 [125] or D o< M2/? [126].

Here we report the measurement of the temperature dependence of the iDMI parameter along
the range from 15 K to 300 K for Pt/Co. Cryo-BLS was used to measure the frequency shift induced
by the iDMI for surface spin waves propagating in opposite directions, with magnetometry used
to measure the temperature profile of the magnetization. We find that for the system studied, the
iDMI varies strongly with temperature, with a greater dependence on the magnetization than theory
predicts. The measured dependence, however, is consistent within uncertainty of the dependencies

shown in [123, 124] for similar systems above room temperature.

4.3.2 Experimental Methods

The iDMI was measured using Brillouin Light Scattering (BLS) in the Damon-Eshbach (DE)
configuration. Each measurement was made at the same applied field, while the temperature of
the sample was varied. The applied field was parallel to the surface of the film, and perpendicular
to the plane of incidence of the laser. The iDMI has measurable effects on surface spin waves
in thin films [30, 127] that provide a means to probe the magnitude of the iDMI quantitatively.
In extended films with a HM/FM interface, the iDMI leads to an asymmetry in the dispersion
relation for surface waves. According to Moon et al. [30] (eq. 16) the frequency of a surface wave
is linearly proportional to the wavevector k in the limit |k|d << 1, where d is the thickness of
the magnetic thin film. These frequency shifts are resolvable by BLS, which has proven to be a
valuable technique to study spin dynamics [128], and has become one of the most reliable ways to
obtain quantitative measurements of the iDMI. [19, 54]

BLS measurements were performed on Pt/Co (Si/Ta/Pt/Co/Si02 [Sub./5/3/1/5 nm]) in a backscat-

tering configuration to probe the iDMI. The backscattered light was collected and analyzed using
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Figure 4.1: (a) BLS spectra for spin waves in Pt/Co measured at 7' = 238 K. Lorentzian fits are overlaid.
(b) Frequency shifts measured at room temperature for Pt/Co and W/Co as a function of wavevector. Linear
fits used to extract D are overlaid.

a Sandercock TFP2-HC interferometer with a mirror spacing of 8 mm, giving a fundamental fre-
quency resolution of the interferometer 2Ad, 2 = dy,,/F = 156 MHz. A Montana Instruments
Cryostation cryostat with the Magneto-Optical Module was used to cool the samples while allow-
ing for optical access. A calibrated temperature probe mounted inside the sample post, directly
under the sample, was used to measure the temperature of the sample. The sample was initially
cooled to 15 K, then warmed to each measurement temperature sequentially, up to RT. The samples
were mounted to the post with N-grease to ensure good thermal contact.

A saturating magnetic field, H, was applied parallel to the surface of the sample and perpen-
dicular to the plane of incidence of the light. The angle of incidence #, measured relative to normal
of the sample was fixed at 45° for measurements below room temperature and varied from 15° to
70° at room temperature. A single measurement at 45° has been shown to be sufficient to esti-
mate the iDMI, with the room temperature measurements confirming this assumption. Through

conservation of momentum, the in-plane wavevector is given by

k= 477 sin 6, 4.1
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where A is the wavelength of incident light, which is 532 nm for these measurements. For

nanometer-thick films, two peaks are generally detected that are due to surface waves with the

same |k|, one on the Stokes side of the spectrum and the other on the anti-Stokes side. The two
peaks are associated with surface waves that travel in opposing directions, one on the top and the
other on the bottom surface of the magnetic layer. The difference, A f, between the anti-Stokes
and Stokes peak frequencies f, was used to calculate the iDMI parameter. This was done for the
peaks of a single spectrum at a fixed field.

Laser heating of the laser spot region can change the local temperature of the sample, intro-
ducing uncertainty in the exact temperature measured. Laser power dependent measurements were
made on the Pt/Co sample to estimate the effect of laser heating on the measured iDMI. 10 mW of
incident laser power (1.21 kW/cm?) was chosen to minimize laser heating of the laser spot region
while also providing a sufficient signal-to-noise ratio. An achromatic, aspheric cemented-doublet
lens with a focal length of 100 mm was used to focus the sample beam, giving a spot diameter of
about 33 pym. These measurements were made at an apparent temperature of 50 K.

Magnetometry was performed to determine the temperature profile of the magnetization. A
Quantum Design MPMS3 SQUID magnetometer was used to measure magnetic hysteresis loops at
selected temperatures. The temperature profile was measured at a fixed saturating field of poH =

100 mT for the in-plane configuration. An out-of-plane hysteresis loop was measured at room

temperature to estimate the anisotropy.

4.3.3 Results and Discussion

Figure 4.1 (a) shows a typical BLS spectra for surface waves in Pt/Co, measured at 7' = 238 K
with an applied field poH = 150 mT. The spin wave signals were fit with a Lorentzian lineshape,
and the frequency shift, Af = |fas| — | fs|, was extracted from the fits. By varying the measured

wavevector, as shown for RT in Fig. 4.1 (b), a linear fit to the resulting frequency shifts can be used

70



1.72
151 — IP % Hysteresis
= | —— ooP 1.70 = Scan
1.0 ——- Fit
E 0.5 1
< |
< 00
= 051
-1.01
-1.51
-1.0 -05 00 05 1.0 0 100 200 300

HoH (T) T(K)

Figure 4.2: (a) Room temperature hysteresis loops for in-plane (blue) and out-of-plane (red) configurations,
showing an in-plane easy axis. (b) Magnetization measurements as a function of temperature for Pt/Co at
poH = 100 mT (blue), values extracted from hysteresis measurements at ;o4 = 100 mT (green stars), and
a fit overlaid (red). Coercivity versus temperature is shown in the inset (green stars) where the line is a guide
to the eye.

to calculate the iDMI parameter, according to

2|~|D
_2hID,

Af L

(4.2)

using a gyromagnetic ratio of |y| = 177.8 GHz/T, the saturation magnetization M, and the mea-
sured wavevector k. For the measurements below room temperature, the wavevector is fixed at
k = 16.7 rad/pum, which is sufficient to estimate the iDMI parameter using Eq. 4.2.

To understand the temperature dependence of the iDMI, the temperature profile of the mag-
netization is a necessity. Figure 4.2 (a) shows the RT in-plane and out-of-plane hysteresis loops
measured for Pt/Co, while the temperature profile of M, is shown in Fig. 4.2 (b, blue), measured at
a fixed field of ppH = 100 mT. The sample has an in-plane easy axis, with an effective anistropy

K.g = —0.48 MJ/m®. The magnetization above 75 K was fit to the Bloch law,

M(T) = M,(0 K) (1 - (%)3 , (4.3)
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Figure 4.3: (a) Measured spin wave frequencies, Stokes and Anti-Stokes, versus temperature. (b) FWHM
of the Lorentzian fit to the spin wave peak. (c) Extracted iDMI parameter D versus temperature, with fit
overlaid. (d) Log-log plot of D versus M, each normalized to their room temperature value. The linear fit,
logi0D/Dprr = alogigMs/Ms rr + 3, shows a power dependence of ov = 4.5 + 0.8 of D on M.

with M,(0 K) = 1665.2 + 0.7 MA/m, = 2.66 + 0.08, and 7, = 980 + 30 K. Hysteresis
measurements (green stars) at selected temperatures agree well with the temperature scan. The
deviation from the Bloch law at 7" < 75 K is attributed to the paramagnetic moment of oxygen
inclusions in the film, and consequently these points are neglected in the fit. The inset shows
the increase in coercivity at low temperatures. The deviation of M,(0 K), 3, and T, from their
theoretical values can be attributed to the polycrystalline nature of the sputtered film [129].

The surface wave frequencies were made along the range from 15 K to RT to determine the
temperature dependence of the iDMI. Fig. 4.3 (a) shows the measured spin wave frequencies and

(b) FWHM of the spin wave signal. The FWHM increases strongly at lower temperatures, with an
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Figure 4.4: (a) Measured spin wave frequencies (blue, red) and D (green) versus incident laser power. (b)
Apparent local temperature extracted from linear fits to the spin wave frequencies versus temperature, and
from the measured iDMI parameter versus temperature.

increase of 2 GHz for the Stokes frequency and 4.2 GHz for the Anti-Stokes from RT to 15 K. The
change in linewidth is consistent with low temperature ferromagnetic resonance studies on similar
Pt/Co systems [124]. Using Eq. 4.2 with the measured M (7T") and k& = 16.7 rad/um, the iDMI
parameter, shown in (c), is calculated from the frequencies shown in (a). A strong temperature
dependence is observed, with a change of -0.36 mJ/m? or 16.5%, from 15 K to RT. A log-log plot
of D and M, Fig. 4.3 (d), normalized to the RT values, shows a strong dependence of D on M.
The linear fit gives a power relationship of D oc M*5£08, The resulting temperature dependence
of D is overlaid on the data in (c).

From previous theoretical exploration of the iDMI [], we expect that D oc M? in a mean-field
approximation. This proportionality is similar to the exchange parameter, where A oc M? as well.
These studies indicate that the iDMI and the exchange scale with M in the same manner. However,
we observe a strong deviation from this scaling, as shown in Fig. 4.3 (c,d). This observation is
consistent with measurements of the iDMi in temperature ranges above RT, where Zhang et al.
[130] report D oc M?3-%5%9-33 ‘measured with BLS, and Schlotter et al. [123] report D oc M*9£0-7,
measured through domain expansion. Both studies were conducted for systems similar to that

reported here, being Co/Pt [1.5/1.5 nm] and [Pt/Co/Cul];5 [2/1.1/1 nm], respectively. These reports,
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taken together, indicate that the iDMI is more sensitive to temperature than predicted. Strain at
the interface induced by the change in temperature may be an explanation, as it has been shown
to strongly alter the iDMI [122]. As the spatial extent of the iDMI is limited to the interfacial
layer [131], any modification of the interface conditions, such as lattice strain, can play a role in
altering the iDMI.

Aside from changes in the interface conditions, local heating effects can influence BLS mea-
surements, especially at low temperatures where the heat capacity of the material is lower. To
explore the effect of laser heating, power dependent measurements at a fixed cryostat temperature
were made. Fig. 4.4 (a) shows the measured spin wave frequencies at a set sample temperature of
50 K for incident laser powers from 1 mW to 100 mW, with the extracted iDMI parameter shown
in green. An additional measurement, not shown, was made at 250 mW, but the power density
(30.25 kW/cm?) was sufficient to ablate the film. The laser power is measured just before the
sample lens and aperture to the cryostat. Using the frequencies for each temperature and a linear
fit to the frequencies shown in Fig. 4.3 (a), the apparent local temperature at each incident power
can be estimated. The extracted temperatures are shown in Fig. 4.4 (b) with a fit to the average

temperature at each power. A saturating function,

P
T =Ty——"7—+1 4.4
Prp, 0 (4.4)

was used to provide a phenomenological way to estimate the effects of local laser heating. For this
function, T is the local temperature with no incident laser, 7y + T, is the equilibrium temperature
at large laser powers, and P, s is the laser power at which the local temperature is halfway between
Ty and Ty + T'sqs. Here, Ty = 242 9K, Ty = 71 £ 10K, and Py /o = 13 == 2 mW.

10 mW was chosen as the measurement power for the temperature dependent measurements
to balance signal-to-noise ratio (SNR) with local heating effects. Laser powers below 10 mW
show apparent temperatures closer to the cryostat temperature, but have much longer collection
times to achieve a similar SNR. The measurement position was changed between the temperature

sweep measurement and the power sweep. The change in local anisotropy conditions, due to
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changes in the local interface between measurement positions, shifts the spin wave frequencies by
~ 750 MHz, causing the apparent local temperature extracted from fits to the temperature sweep to
be shifted to larger temperatures, resulting in an overestimation of the local apparent temperature.

The local heating of the sample spot size likely resulted in a shift of the measured spin wave
frequencies, and consequently the iDMI parameter, at each measurement position in Fig. 4.3 (a,c)
toward smaller values. This will change the absolute values measured, but not the temperature

dependence, as the shifts should be consistent for each measurement position.

4.3.4 Conclusion

In conclusion, we have measured the temperature dependence of the iDMI along the range
from 15 K to RT. We found that D oc Mg where o = 4.5 £ 0.8, deviating from theory but
consistent with measurements of the iDMI above RT [123, 124]. Changes in strain at the Pt/Co
interface are a potential mechanism through which the iDMI may have an increased sensitivity
to temperature. We have briefly explored local laser heating effects, which result in a shift of
measured iDMI values to lower values. However, at a fixed laser power, the measured temperature

dependence of the iDMI remains unchanged.
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Chapter 5

Conclusion

This thesis explored two different types of magnonic crystals with time-resolved Brillouin light
scattering, and the temperature dependence of the interfacial Dzyaloshinskii-Moriya interaction, a
magnetic interaction important in magnonics and for stabilizing chiral spin textures. In Chapter
2, we presented the spatial and temporal mapping of spin wave pulses propagating through a 1D
magnonic crystal. The band gap formation, in which spin waves reflected from the magnonic
crystal lattice interfere destructively with incident spin waves, was observed building up in time.
Additional complex 2D interference patterns were observed, which change rapidly with spin wave
frequency and are not reported in the literature, were observed. We provide a method to calculate
these interference patterns and show their importance in understanding the spin wave propagation
through confined geometries like magnonic crystals.

In Chapter 3, we used time- and spatially-resolved BLS to map the spin wave propagation
through a new type of 2D magnonic crystal where the patterned features are small compared to
the spin wave wavelength. With the magnonic crystal consisting of square wells in a square lattice
rotated by 45°, the formation of spin wave caustic beams from the patterning, as well as from
the edge of the crystal, were observed. When the crystal was tilted in the applied field, we show
the compression of the spin wave pulse into two narrow caustic beams made the transmission
particularly sensitive to the edge characteristics of the sample and to the alignment of the main
caustic beams with the patterning lattice.

In Chapter 4, low temperature BLS measurements were performed to determine the temper-
ature dependence of the interfacial Dzyaloshinskii-Moriya interaction. With the use of a cryostat
with optical access, we measured the frequency shifts induced by the iDMI at the Pt/Co interface
along the temperature range from 15 K to room temperature. We show agreement in the measured
temperature dependence, D oc M25*08  with that reported in the literature for similar systems

above room temperature, measured either by BLS or by domain expansion.
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These studies provide insight into important characteristics of spin wave propagation previ-
ously ignored, in the case of the 1D magnonic crystal, new regimes of design for magnonic crys-
tals, for the 2D magnonic crystal, and bolster our understanding of the iDMI, a property important
in the stabilization of chiral magnetic textures. In all cases, BLS has proven to be an invaluable

tool in exploring the behavior of spin waves.
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Appendix A
The importance of two dimensional behavior of spin

waves in a 1D magnonic crystal

94



A.1 Calculation of interference patterns with reflections
Spatial Dependence

The complex interference patterns described in this work originate from the interference of
many width quantized spin wave modes. These patterns can be calculated following the procedure
given in [87]. A brief detailing of this procedure goes as follows. Due to the finite width of the YIG
strip, standing modes form across the width of the strip. Each standing mode must have transverse

wavevector, k,, satisfying

k, = nr/l (A1)
1
mp(y) ﬁsin(kyy) (A.2)

where [ is the width of the YIG strip. With the stripline excitation method used, only odd n» modes
are excited [67], and their amplitudes go as 1/n. The longitudinal wavevector k, for each mode
is determined by the dispersion relation shown previously in Fig 2.3. Each mode has a slightly
different dispersion relation, giving each mode a different wavevector for the same frequency. The
difference in wavevector for each mode causes the overall interference pattern to form. The spatial

distribution of the dynamic magnetization, m,,, each mode is then given by
Lo DT ikeato)
mn(x7y) X —SZTL(T?/)G ’ (A.3)
n

where the addition of an arbitrary phase factor, ¢, will be used to find the maximum in one cycle

later. The interference between the modes is given by
45
Ioc (Y my) (A4)
n=1

BLS as a technique is sensitive to the amplitude of the dynamic magnetization, so the maximum
of the intensity found in A.4 in one period using the phase factor ¢ is found. This pattern is then

what the BLS experiment will detect.
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Time Dependence

The model in A.1 does not account for a propagating wave packet, so we must extend m,, to
incorporate, in this case, a single square wave. Spatial decay will be introduced as well. The center
of the wave packet for each mode will travel at the group velocity, v,, with a width of 200 ns,

chosen to match the width of the experimental pulse. m,, is then given by

1 .
Mo (1) o sg(a)e—sin(y)el =) (A.5)

1, if|z —v,t] <wv, x 100 ns
sq(x) = (A.6)

0, if |z —vgt| > v, x 100 ns
Yg

Iy = (A.7)
[67e1%),)

where sq(x) is the square wave packet, Iy is the decay length, g = 1 x 107° is the damping
parameter for YIG, and wy = 4.23 GHz is the ferromagnetic resonance frequency for the applied

field. The pulse propagation is now included into the model.

Tracking Reflections

To include reflections from grooves in the sample, the sample is modeled as 41 separate re-
gions. Each groove is two distinct regions: the flat between grooves, and the groove itself. An
initial region between the antenna and the first groove is added, as well as the region after the last
groove. Each barrier will have a reflection efficiency IR, and a transmission efficiency 7' = 1 — R.
For MSSW, the R ~ 0.01.

When a wave is incident on a partially reflective barrier, such as when moving from one region
to the next, it is split by the partial transmission through the barrier. This generates an additional
wave traveling in the opposite direction, with an added phase of m. Each of these waves can
then propagate to their adjacent regions and be split again. To track the propagation of all of
the generated waves, we introduce additional variables A, xp, T, ¢, and 3, where A is the

wave’s amplitude, x; is the position of the last barrier the wave propagated through, x;.; is the
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total distance traveled by the wave up to the last barrier, ¢, is the phase added by reflections, and
B = 0,1 accounts for the direction of propagation of the wave. Including these variables, the time

dependent magnetization of each wave is given by

my, (m’ y7 t) o ésq(x)e(|xzb+xt0t)/ldszn(?y)e(1)szz (zixb)eithei(katot‘F(b'r‘F(é) (A.S)
n

1, if |z — (2 + (—=1)%(vgt — 240r))| < v, x 100 ns
sq(x) = (A.9)

0, if |z — (zp + (=1)P(vyt — 4e1))| > vy x 100 ns

Each wave can then be parameterized by a list of the variables

Cij - |:A B Lot ¢r:| : (AlO)

An array of these lists can be generated algorithmically to represent all waves in the sample. The
array will be N x 41, where N is how many times the waves will be allowed to propagate from
one region to the next, and each column will represent a region in the sample. The first entry in the

array represents the initial conditions of the wave excited at the stripline:

Coo = {nk 0 0 0] (A.11)

The amplitude is given by the excitation efficiency, 7.y, of the stripline antenna for that wavevec-
tor. 7.5 is taken from the Fourier transform of the field generated by the stripline antenna. The
wave will have no distance traveled, propagation in the 42 direction, and no phase added by re-
flection. Propagating this wave to the next region generates two waves in the next row of the
array:

Cio = [nkR 1 ag 7T:| (A.12)

Cn = {nkT 0 aop O} (A.13)
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(o represents the wave reflected from the first barrier, while C'; represents the transmitted wave.
The amplitude of each is multiplied by the transmission or reflection coefficient, depending. The
length of the region is added to the total distance traveled, and the reflected wave has a phase of 7
added. The next step in propagating the wave will generate two more waves, as the wave traveling

towards the antenna is no longer propagated.

Co1 = {nkTR 1 ap+w 7T:| (A.14)
Cop = {nkTQ 0 ap+w O} (A.15)
A third propagation will give
Cs3 = {nkT:g 0 ag+w-+a 0] (A.16)
Csy = [nkRTQ 1 ap+w+a ﬂ} (A.17)
Cs = {nkRQT 0 ao+2w 24 (A.18)
Cso = [nkRTQ 1 ag+2w 7T:| (A.19)

The waves can be continually propagated in this way to track the reflections from all barriers
in the sample. Ultimately, there will be multiple waves in each region. The number of waves
present becomes large quickly with the number of propagations used, with many waves becoming
degenerate with each other in the same region. These waves, which have the same (, x;,, and ¢,,
are grouped, with their amplitudes added to reduce the number of waves used in the calculation.
With the array of lists generated, the time resolved propagation of the pulse through the sample
can be calculated. The magnetization is then calculated for the spatial extent of the sample, over

the time range of interest, and the intensity observed via BLS, according to Eq A.4, is found. This
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method allows for an arbitrary number of reflections to be accounted for, though in practice the

computation time required scales quickly with the number of reflections.
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A.2 Supplemental Materials

A snapshot of the spin wave pulse propagating through the magnonic crystal as measured by
time-resolved Brillouin light scattering (TR-BLS) is shown for measurement frequencies above
ferromagnetic resonance (FMR) in Fig. A1l and below FMR in Fig. A2, and an animation showing
the full propagation of the spin wave pulses is included as Supplementary Material. Frames in the
animation are spaced by 250 ps. Each measurement was taken in the MSSW geometry with an
applied field of H = 865 Oe, with spin waves excited at f = 4.25,4.305, 4.38, and 4.455 GHz for
BP, BG1, BG2, and BG3, and f = 4.10,4.13,4.15, and 4.17 GHz for A, B, C, and D, respectively.
Measurement positions are spaced by 50 pm. The excited spin wave pulse has a width of 200 ns,
excitation power of 4 dBm, and a pulse spacing of 1250 ns. The excitation power and pulse spacing
were chosen to be in the linear response regime and to avoid sample heating. The time integrated
measurements for the BP, BG1, BG2, and BG3 are shown in Fig. 2.4 and A, B, C, and D in Fig. 2.5.

Pulse lag times as a function of position are shown in Fig. A3 a) for the BP. The lag times
were extracted using cross correlation to track the pulse as it propagated down the length of the
magnonic crystal. The reference pulse (Fig. A3 b), black) was taken at the midpoint along the
width of the crystal at the first measurement position. The slope of a linear fit to the lag times
gives the average group velocity of the spin wave pulse. Predicted direct arrival times for each
mode are shown in Fig. A4 for the BP and BG1. Square pulse envelopes were used, with group
velocities calculated from the dispersion relation shown in Fig. 2.3. Fig. A4 a) shows the high-n
width quantized modes arriving at later times, creating the observed tail on the pulse shape. At
times after the main pulse has propagated through the crystal, direct arrivals of high-n modes will
be present for the BP, forming the outline of the diamond pattern observed trailing the main pulse
in the animation. At BG1 and higher, the tail on the pulse is not due to direct arrivals of slower

modes, but due to reflections from grooves.
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a) time = 260.00 ns
BP

1 mm 1 mm

Figure Al: Snapshots of the spin wave pulses for a) the BP, b) BG1, ¢) BG2, and d) BG3, 260 ns after
excitation.

a) fime =260.00 ns
A

1 mm

1 mm ; =Y 1 mm

Figure A2: Snapshots of the spin wave pulses for measurement frequencies a) A, b) B, c¢) C, and d) D, 260
ns after excitation.
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Figure A3: a) Pulse lag times vs. position for the BP, found through cross correlation. Blue markers
indicate cross correlation amplitudes greater than 10% of the autocorrelation amplitude, and orange indicate
amplitudes lower than 10%. A linear fit (red) to the high amplitude points is overlaid. b) An example of the
cross correlated pulses, with the (black) reference pulse and (green) pulse further along the sample.
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Figure A4: Predicted arrival times for the first 45 odd width quantized modes for a) the BP and b) BG1.
The red dashed line indicates the time marked in Fig. 2.8 a), showing the presence of direct arrivals of n>21
for the BP, and no direct arrivals present for BG1.
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Appendix B
Magnonic notch filter based on spin wave caustic

beams
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B.1 Supplemental Materials

Spin wave transmission measurements were made on an unpatterned yttrium iron garnet (YIG)
strip cut from the same wafer as the magnonic crystal using a diamond saw, which is also how the
YIG strip for the magnonic crystal was prepared. The unpatterned YIG strip was 6.4-pm thick,
1.92-mm wide, close to the width of the YIG magnonic crystal, and 39.7-mm long. Due to the
cutting process, edge defects on the order of 100 ym are present. The exact defects present will
differ in the unpatterned and patterned samples, but the general characteristics of the defects are
the same. For the measurements on the unpatterned YIG strip, an external field of H = 770 Oe
was applied using a permanent magnet at angles of ¢ = —20° to 20° in steps of 2°, where ¢ is
the angle between the short axis of the YIG strip and H as defined in Fig. 3(a). The transmission
measurements for ¢ = 0°,4-20°, and —20° are shown in Fig. Al. The external field / used for the
measurements shown in Fig. A1 was lower than was used in Fig. 2 (H = 865 Oe) so transmission
profiles for the spin waves are shifted to a slightly lower frequency range, but the shape of the
transmission profiles change little with magnetic field and hence the transmission profile shape
can be compared to the measurements shown in Fig. 2. The spin wave transmission measurements
were made using three different input antenna positions with the same output antenna location, and
the distances between input and output antennas are indicated in the legend.

As shown in Fig. Al(a), the transmission profiles for ¢ = 0°, the magnetostatic surface wave
configuration, show very little transmission at the lowest frequencies, an abrupt increase in trans-
mission at a frequency of just over 4 GHz that coincides with the lowest frequency allowed by the
magnetostatic surface wave spin wave dispersion relations, and then the transmitted signal grad-
ually decreases with increasing frequency, which is due to a decrease in antenna efficiency with
increasing spin wave wavevector. The transmission profiles for ¢ = 0° are smooth, and are quite
similar for the different input antenna locations.

The transmission profiles for ¢ = 20° and ¢ = —20° (Figs. Al(b) and (c)) show a similar
onset frequency as the ¢ = 0° measurements, however, unlike the ¢ = 0° case, the transmission

profiles show peaks and dips of varied bandwidths, and the measured features change markedly
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with the position of the input antenna. These differences in transmission for ¢ = 420° are likely
due to edge effects. The transmission profiles begin to show significant differences based on input
antenna locations for |¢| > 4°, hence the position of the antenna relative to edge defects in the YIG
strip becomes an important consideration that can influence spin wave transmission for |¢| > 4°,

whereas for |¢| < 4° the spin wave transmission profiles are fairly insensitive to edge effects.

(@) (b) (c)
¢ =20° —— 8mm ¢=—20° — 8mm

Attenuation (dB)

40 42 44 46 40 42 44 46 40 42 44 46
Frequency (GHz) Frequency (GHz) Frequency (GHz)
Figure A1l: Spin wave transmission profiles of an unpatterned YIG strip measured with three input antenna

locations. The legend indicates the input-output antenna separation distance. An external field of H =
770 Oe was applied at (a) ¢ = 0°, (b) ¢ = 20°, and (c) ¢ = —20° from the short axis of the crystal.
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