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Abstract

Coupling between quantum systems allows for the discovery of in-
terference-based effects in materials or between different systems,
including Fano interferences and amplification due to constructive
interference. Strong coupling is a regime in which interacting quasi-
particles can exchange energy coherently, with potential applications
in quantum computing for manipulation and for extending the de-
coherence time. To be useful for application, these devices need to
be fabricated on-chip. In this thesis, the coupling between magnons
and phonons and between phonons and excitons is investigated in
nanoscale systems fabricated on-chip.

For the magnon-phonon coupling, the material of interest is
Galfenol, which is chosen due to its high magnetostriction coeffi-
cient of 395 ppm and ease of growth and device fabrication. A
nanograting with a trough depth of 7 nm, a width of 48 nm, and a
period of 120 nm is fabricated in a 20 nm thick Galfenol layer such
that the excited magnon and phonon modes are spatially confined
and overlap, and have similar frequencies. The device can then be
excited optically via a pump laser with a wavelength of 1050 nm
and probed by a probe laser with a wavelength of 780nm, enabling
the use of the polar magneto-optical Kerr effect and the photoelas-
tic effect to observe magnons and phonons, respectively. Using the
polar magneto-optical Kerr effect and increasing the external mag-
netic field from 200 mT t0 400 mT in 10 mT steps, the dynamics
of magnons are investigated, including the magnon-phonon interac-
tion. It is observed that at high pump laser fluence (10 mJ/cm?) the
magnon-phonon interaction exhibits a Fano-like interference effect
which is controllable by adjusting the pump laser fluence.

Alternatively, the device can be electrically excited via a mi-
crowave antenna which operates at frequencies between 10 to 20
GHz, and the microwaves generated have a power of 18 dBm. The
microwave-generated magnons are then detected via the inverse spin
Hall effect. In this work, the magnon spectra change with the ori-
entation of the external field relative to the Galfenol bar, with mea-
sured orientations of 0°, 45° and 90°. The origins of this spectral
change are explored, including the localisation of different magnon
modes within the bar; this was achieved using Ubermag to simulate
the magnons.

This thesis also explores the coupling of phonons and excitons,
where the material of choice is WSe,, which is a transition metal
dichalcogenide and a van der Waals material. This material is cho-
sen because the direct exciton resonance (1.62 eV) is close in energy
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to the probe laser photon energy (1.60 eV). This results in ampli-
fication of the phonon resonance via the photoelastic effect, which
depends on the exciton resonance and the Bragg condition.
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1 Introduction and Overview

1.1 Introduction

The strong strong coupling of quasiparticles is an area of interest due
to the combined particle gaining properties of the composite parti-
cles, in the case of magnons the advantageous property is the ease
of tunability with an external magnetic field, for phonons it is the
potential for relatively long lifetimes (33 ns [1]) therefore strong cou-
pling of magnons and phonons would produce tuneable long lifetime
particles, which could be used for stable data storage in quantum
computers. Furthermore, weak coupling of quasiparticles results in
driving interactions that can produce novel interference-based ef-
fects, which can be used to amplify signals for improved detection
and excitation.

This thesis presents three different investigations that explore
phonons and magnons in nanostructures. To explore magnon sys-
tems, galfenol is used due to its high magnetostriction. This in-
creases the coupling between the magnetisation and strain in the
material, and therefore between magnons and phonons. To further
improve the coupling between magnons and phonons in this ma-
terial, nanostructures are produced to confine the phonon modes
spatially and to define the phonon frequency. In these works, a
nanograting milled into the galfenol surface is used, as well as a
superlattice in which the galfenol film is deposited on top.

The work presented in Chapter 2 examined the optical excita-
tion of magnons and phonons in a galfenol nanograting, using a
pump-probe technique in which two lasers with different repetition
rates asynchronously excite and probe the sample; this technique is
known as asynchronous optical sampling (ASOPS). Using ASOPS,
a Fano-like interference effect is observed that can be controlled
by varying the pump laser fluence, with 10 mJ/cm? yielding the
strongest interference.

In Chapter 3, phonons and excitons were investigated in flakes of
the transition metal dichalcogenide WSe,. These materials are also
van der Waals materials, meaning that the interaction between the
atomic layers is weak; therefore, different flake thicknesses can be
readily exfoliated. To observe the phonons in these flakes, the asyn-
chronous optical sampling technique is again utilised. In this work,
the probe laser was tuned to an energy near the exciton resonance,
resulting in two regions in which the phonon detection was ampli-
fied. The first region is for phonons with frequencies < 25 GHz; in
this region, the Bragg condition, as well as the increase in the pho-



toelastic constant due to the proximity of the exciton resonance,
enhances phonon detection. In the second region for phonons of
frequencies > 60 GHz, the increased generation of excitons, driven
by the decrease in the exciton energy band gap due to reduced layer
thickness and strain, strongly amplifies the sensitivity of the phonon
measurement.

Chapter 4 explores electrically excited magnons and phonons.
In these works, both a galfenol nanograting and a superlattice with
galfenol deposited on top are measured. The electrical excitation is
provided by a microwave antenna fabricated in close proximity to
the galfenol devices. In this work, only magnons were observed via
the electrical excitation; however, an optical pump-probe measure-
ment was done to observe the phonon modes. We did not observe
any interaction between magnons and phonons, interactions between
different magnon modes excited within the sample were observed;
therefore, simulations were undertaken to explore the origin, loca-
tion and type of these magnons.

1.2 Overview

This thesis is separated into three distinct investigation chapters,
plus the introduction and conclusion chapters.

Chapter 1 examines the motivations for the work and the back-
ground physics of key phenomena and experimental techniques re-
quired for understanding this thesis. The chapter is further split into
subchapters. The first is an introduction discussing ferromagnetism
and its historical and present importance. The next section presents
a literature review of the state of the field, specifically the coupling
of magnons, phonons, and excitons in nanoscale structures. The
following subchapter reviews important magnetic phenomena that
are relevant to the material used, the phenomena investigated, and
the experimental techniques applied. The subsequent three chapters
describe the investigations carried out. Due to the distinct nature of
each investigation, the relevant experimental methods have been de-
scribed within each chapter. Where there is use of the same method
in more than one chapter, the method is described in detail in one
chapter, then cross-referenced in the subsequent chapter.

Chapter 2 discusses the use of the Asynchronous Optical Sam-
pling (ASOPS) technique to detect and measure phonons and magnons
and their interaction in a galfenol nanograting. This experiment
observes a weak-coupling interaction in which the phonon-magnon
system exhibits a Fano-like resonance, controlled by the fluence
of the initial laser excitation pulse. The mechanisms behind this



interference-based effect are theoretically shown to be due to the
ultrafast demagnetisation of the material and spin current-induced
spin transfer torques.

Chapter 3 discusses the use of the ASOPS technique to explore
the amplification of the reflectivity due to the increase of the pho-
toelastic constants of multilayers of the TMD material, tungsten
diselenide, when the probe laser photon energy approaches the di-
rect exciton energy. This work shows that, across different phonon-
frequency regimes, detection sensitivity varies with material and
physical effects. In the phonon frequency range 10 - 30 GHz, the
sensitivity of the phonon detection is directly controlled by the re-
fractive index and photoelastic constant, and the Bragg condition
for constructive interference of reflected light is satisfied. In the
phonon frequency range greater than 60 GHz, excitons excited by
the pump laser have a decrease in energy level due to the strain from
the phonons. Since the excitons emit photons equal to their energy
when they decay, the reflectivity of the photons from phonons is
amplified by exciton decay. Therefore, this effect could theoreti-
cally allow for the detection of single phonons

Chapter 4 discusses the excitation of magnons and phonons in
a galfenol nanograting via a microwave antenna using the inverse
spin Hall effect and the anisotropic magnetoresistance (AMR). This
chapter further delves into the different types of excited magnons,
including Damon-Eshbach, backwards volume, and Kittel magnons,
and their dependence on the sample geometry, the external field,
and the excitation direction. Simulations were conducted to model
the samples used and to explore the localisation and dominant in-
teractions underlying the different magnon modes observed in the
experimental data.

1.3 Magnetic Phenomena

Magnetic phenomena arise from the combined orbital and spin an-
gular momenta of the electrons. When the net total angular mo-
mentum of an atom is non-zero, the atom is said to have an atomic
magnetic moment [2]. In ferromagnetic materials, the exchange in-
teraction leads to neighbouring magnetic moments aligning, which
produces an ordered state. This net alignment allows for the mag-
netic material to create a magnetic field; the macroscopic alignment
direction of the magnetic moments that produces the magnetic field
is the magnetisation. The magnetisation is temperature dependent;
when the temperature is raised above the critical Curie tempera-
ture, the ordered structure breaks down, and the net magnetisation



is reduced to zero. Further magnetic effects arise from the crystal
symmetries of the material and produce favourable crystallographic
axes for the magnetisation to align with.

1.3.1 Ferromagnetism

A ferromagnet is a material that, due to the net alignment of the
magnetic moments, has a magnetisation, which produces an ex-
ternal magnetic field. The most common elemental ferromagnetic
materials are iron, nickel and cobalt, although other ferromagnetic
materials occur. Historically, ferromagnets have held great impor-
tance, with references to lodestones dating back to ancient Greece
and China [3]; these lodestones were pivotal for navigation using
compasses. Following this, during the Middle Ages, steel was widely
used in forging to produce weapons such as swords and arrow tips
[3]. Today, ferromagnetic materials play a vital role in our techno-
logical and scientific advancements.

In the 19*" century, due to advancements from the Industrial
Revolution, a more thorough investigation into the origins of elec-
tromagnetism began [4]. Much of this early work is credited to
Michael Faraday and his experimental observations, including that
of electromagnetic induction [5]. Around the same time, Lord Kelvin
observed that the resistance of magnetic materials changes depend-
ing on the axis of measurement [6]; this phenomenon later became
known as anisotropic magnetoresistance (AMR), which set the basis
of the field of spintronics, where both the spin and the charge of the
electrons are used. Toward the latter end of the 19'" and begin-
ning of the 20" century, quantum mechanics began to explain the
origins of magnetism [7], with Curie experimentally showing that
ferromagnets undergo a phase change above a specific temperature
known as the Curie temperature [8]. Ewing showed that magnetic
materials experience hysteresis [9]. The theory was then developed
by Langevin, resulting in a statistical framework to explain para-
magnetism [10]. Next, Weiss developed his molecular field theory,
which built on Langevin’s ideas and included domain formation [11].
Heisenberg then derived the origin of the molecular field [12], lead-
ing to the exchange interaction. To further explain the magnetic
properties of materials accurately, the energetics arising from the
material’s crystallographic structure must be accounted for. This
was explored by Beck [13], Webster [14, 15] and Honda and Kaya
[16].

Understanding the theory behind ferromagnetic materials en-
ables the development of technologies that utilise them. These in-



clude magnetic sensing devices, such as AMR sensors [17], which
were first designed in 1971 [18]. AMR sensors have a maximum in-
formation density of 5 Gb/in? [19]. GMR (giant magnetoresistance)
sensors are the next iteration of this technology, which occurred in
the 1990s [20] and have an information density of 100 Gb/in? [21].
TMR (tunnelling magnetoresistance) sensors are the most recent
iteration of this type of device. Although discovered in 1975 [22],
this discovery was made at low temperatures. More practical ap-
plications of this effect were demonstrated in 1995 [23]. These are
used in readheads; with each iteration, the size of the readheads is
reduced, allowing a greater storage density to be achieved.

There are also spin-valve devices called magnetic tunnel junc-
tions (MTJs). MTJs utilise TMR to produce MTJ-TMR devices
[24], in which the magnetisation of the free ferromagnetic layer
serves as the bit. MTJs have produced information densities up
to 300 Gb/in? [25]. MTJ-TMRs are used in hard drives and mag-
netoresistive random access memory (MRAM) [26], where MRAM
stores binary information and, like RAM, must be accessed quickly.
MRAM was first commercially available in 2006 [27]. Following this
idea of minimising the size of these technologies leads to the con-
cept of the quantisation of a spin wave, which is the magnon and is
discussed in Chapter 1.5.1.

1.3.2 Exchange

The exchange energy defines the interaction between neighbouring
electrons, causing their spins to be anti-aligned for anti-ferromagnets
or aligned for ferromagnets, depending on whether the exchange
integral is negative or positive, respectively. The energy takes the
form:

Eez = _2J81 © 82 (1)

where J is the exchange integral, s; and sy are the spin operators
of the two neighbouring electrons. A classical approximation can
also be take which reduces the spin operators to classical angular
momentum vectors with identical magnitudes this results in

E.. = —2J5%cos(¢) (2)

where, S is the magnitude of the spin, and ¢ is the angle between
the spins of neighbouring electrons.

Exchange energy has quantum mechanical origins [28, 29]. By
exchanging two identical particles, we expect to see either no change
in the wavefunction if the particles are bosons (1 (x1, xs) = ¥(x2, x1))
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and a change in sign if the particles are fermions (¢¥(xy,z5) =
—1)(x9, x1). This implies that the wavefunction for fermions is anti-
symmetric, and for bosons, it is symmetric. Now, focusing only on
the antisymmetric fermions the total wavefunction can be written
as

(w1, 22) = Y1(21)Pa(T2) — Y1 (22) 02 (1) (3)

Each wavefunction, v; can be further split into two parts: a spatial
and a spin part. Each part can be symmetric or antisymmetric, but
the overall wavefunction must be antisymmetric. Therefore, when
the spatial part is symmetric (the electrons are in the same orbital),
the spin part must be antisymmetric (the spins must be opposite)
and vice versa. However, factoring in the Coulomb interaction be-
tween different orbitals means electrons fill separate orbitals within
the subshell before filling an orbital, in order to reduce the Coulomb
repulsion as explained through Hund’s rule. The spin term, the
spatial term and the Coulomb term can be used to formulate the
Heisenberg Hamiltonian [30], which is given by

J
E:C—§—2J<81'82> (4)
The last term in this Hamiltonian is the exchange term. An ex-
change constant, A, can be introduced to characterise the strength
of the coupling between the spins.

o
A_aJS (5)

n is the number of atoms per unit cell, and a is the lattice parameter.

1.3.3 Spin Orbit Coupling

Spin-orbit coupling (SOC) is a relativistic quantum mechanical ef-
fect that comes from the interaction between the spin and orbital
angular momenta of an electron [2, 31]. SOC is observed by chang-
ing the reference frame of an atom from a static nucleus to the
moving frame of the electron [32]. This change of reference frame
induces an effective magnetic field that acts on the electron. The
Lorentz transformation of the magnetic field produces the equation
E X

7 (6)
Here, € is the electric field vector, v is the velocity of the nucleus
and c is the speed of light. By using cylindrical coordinates, the
electric field can be written as

B.ss =

C

e=-VV(r)= —Zd‘c/i—fﬂr), (7)
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where V(r) is the electric potential as a function of position r. Sub-
stituting this and then using AL = m.r X v, where h is the reduced
Planck’s constant, m,. is the mass of the electron and L is the orbital
angular momentum in unit of . produces an effective magnetic field
of the form

h dV(r)

merc?  dr

B.sr = — L (8)

This magnetic field and m = gehs/2m, modifies the Zeeman hamil-
tonian of the electron to become

1

Hel = —§m'Beff
B 1, geh h dV(r)
N 5(2m68)'( rmec?  dr L) 9)
2
__geh dV(’r’)S.L.

drm?2c?  dr

Here, the factor of a half arrives due to the relativistic Thomas pre-
cession [33], and g is the Lande g-factor, which is approximately
equal to 2 for the bare electron. g is also equal to 2 for the iron
group salts. This is due to the crystal field produced between the
magnetic electrons and the atomic ions, decoupling the orbital and
spin angular momentum and also quenching the orbital angular mo-
mentum. This results in the total angular momentum being equal
to the spin angular momentum only. [34] SOC is responsible for
extra splitting in the electronic band structure and causes many
magnetic phenomena, such as magnetocrystalline anisotropy [35],
the spin hall effect and anisotropic magnetoresistance [36].

1.3.4 Magnetocrystalline Anisotropy

There are magnetic phenomena that result from the crystal struc-
ture of the material. There are two types of crystallographic anisot-
ropies in the materials described in this thesis: uniaxial and cubic
anisotropies. These are caused by SOC, and its effects on the Fermi
surface [37], producing regions of high symmetry that are more or
less energetically favourable. These regions are the easy and hard
magnetic axes.

Uniaxial anisotropy is the result of there being one axis of high
symmetry within the lattice; this is given by

Buni = — K, cos*(0) [38] (10)

Here, E,,,; is the uniaxial magnetic free energy density of the system,
K, is the uniaxial anisotropy constant, and 6 is the angle between
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the easy axis and the magnetisation. Equation 10 can be reformu-
lated to:
E=—-K,(m u) (11)

Where here, m is the magnetic moment, and w is the direction of
the easy axis. This form of the uniaxial anisotropy is typically used
in micromagnetic simulations. However, this form of the equation
illustrates the effect of uniaxial anisotropy on the magnetisation, as
it encourages the alignment of the magnetisation and the easy axis
direction.

Cubic anisotropy is similar to uniaxial anisotropy; however, in
this case, there are three axes of high symmetry. Following a simi-
lar operation used above, the energy density of a system with this
symmetry is given by:

Boie =Kaal(m - wn)2(m - wg)? + (- w)*(m - wg)?
+(m - up)*(m-uz)?] + Kel[(m - uq)?(m - uz)*(m - us)?].
(12)
Eeupic s the cubic magnetic free energy density, K. and K. are
the cubic anisotropy constants, and u; 23 are perpendicular axes,
which are used to define the easy axes. To observe the effects of
this energy, assume the easy axes are the x, y, and z directions, and
the magnetisation first lies in the x direction; clearly, the energy
is zero. Next, take the magnetisation to be [m,m,0]; the resultant
energy is Feuie = Kam?, which, for K,; > 0, requires more energy,
suggesting that this term aligns the magnetisation along the easy
axes. The cubic anisotropy can be written in terms of the direction
cosines, which are the cosines of the angle between the crystal axes
and the magnetisation, defined as a; = cosf = m - x;/|m|. This
allows the cubic anisotropy energy to be written as

Eewic = Ka(a2as + asa; + atas) + Ke(ajasas). (13)

When using spherical coordinates, the direction cosines in the first
term can be written as

B K61<Sin4(9) sin2(24¢) + sin?(26) ) (14)

Here, 6 is the polar angle and ¢ is the azimuthal angle; this coor-
dinate transformation is shown in Figure 1. Typically, a first-order
term is sufficient, so the cubic anisotropy is written as

Ko .
Eevvic = Tl sin?(26). (15)



vV <

Figure 1: The coordinate system used to transform the cubic
anisotropy from Cartesian to spherical. This coordinate transform
allows for the first-order term in sin® to be taken. Here the radius
of the sphere is taken to be 1.



The samples used within these experiments have both uniaxial and
cubic anisotropies, so the total magnetocrystalline magnetic free
energy density term is

E= lifl sin®(20) + K,sin*(0) (16)

1.3.5 Anistropic Magnetoresistance

The fractional change of the electrical resistivity of a sample when
a magnetic field is applied is given by

Ap _ R(H) — R(0)

p R(0) a7

where Ap is the change in resistivity in the absence of a magnetic
field, p is the resistivity, and R(H) is the resistance dependent on
the magnetic field applied. Within ferromagnetic materials, this
idea can be extended further, with magnetoresistance depending
on the direction of the magnetisation with respect to the applied
current. SOC is responsible for the anisotropic magnetoresistance
(AMR) through its effects on the Fermi surface, density of states
and scattering rates [37]. When the magnetisation and the spin of
the conduction electrons are parallel or antiparallel, the scattering
rate is maximised as the scattering rate is proportional to |M - s|
[39, 40]. This understanding allowed Campbell, Fert and Jaoul to
derive their formula for AMR.

B _ P p

; ; (18)

where p|| is the resistivity when the current is applied parallel to the
magnetisation and p, is the resistivity when the current is applied
perpendicular to the magnetisation.

Phenomenologically, the longitudinal AMR, p,., is shown to
have non-crystalline components that give the traditional AMR.
They can also have crystalline components due to symmetries in

the crystal structure. The equation that factors in all these terms
is [40]

Apea
p(l’l}

= Crcos(2¢) + Cycos(2¢) + Cecos(4y) + Crocos(4y — 2¢).

(19)
Apg, is the difference between the longitudinal resistivity and the
average resistivity, p,, is the averaged longitudinal resistivity over
360°, Cr, Cy, Cc and Cy ¢ are the coefficients for each component
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of the AMR, which are non-crystalline, uniaxial, cubic and a term
which accounts for the interaction between the non-crystalline and
the crystalline effects, respectively. ¢ is the angle between the cur-
rent direction and the magnetisation, and v is the magnetisation an-
gle from the [110] direction. S. Roy [41] has shown that for galfenol,
the non-crystalline components dominate over the crystalline com-
ponent by at least an order of magnitude; therefore, it’s reasonable
to discount the crystalline terms. The coefficients used for galfenol
are C; = 0.02% and Cr ¢ = 0.14% [41].

1.3.6 Magnetostriction

Magnetostriction is a phenomenon that occurs in magnetic materi-
als, where the strain within the material changes when a magnetic
field is applied. This is typically due to the crystal lattice of the ma-
terial being distorted, caused by the rotation of the magnetisation
and the rearrangement of the domain structure [42]. Therefore, since
there is a saturation of the magnetisation, there is a maximum dis-
tortion reached at the saturation field; this is the saturation strain,
As. Magnetostriction is an anisotropic property of the material. For
example, the (100) direction is an easy axis in galfenol with a cor-
responding Ao value of 395 ppm [43] whereas, the (110) direction
has a A119 value of -16 ppm [43].

The strain within the material can be either compressive or ten-
sile, which is reflected by the sign of the magnetostriction variable,
with a negative corresponding to compressive strain and a positive
to tensile strain. The inverse effect, known as the Villari effect [44],
is also possible. This describes the change in magnetic anisotropy
induced within the material when a strain is applied. The energy
density contribution due to magnetostriction is given by

1 1 1
E = Bilew(a = 3) + eyy(03 — ) + exx(0f = 3)]

+Bslegy1an + €003 + €400 i3]

(20)

where B; and B, are the magnetoelastic constants, «,, are again the
direction cosines of the magnetisation vector and ¢;; are the compo-
nents of the strain tensor. For the works presented in this thesis, a
laser induces strain within the sample. It can be shown, via COM-
SOL simulation, that the shearing forces are confined to the GaAs
substrate [45]. This implies the shearing forces can be disregarded,
which justifies allowing the off-axis elements of the strain tensor to
be 0. Furthermore, thin films of galfenol are used in Chapters 2 and
4, meaning that as can be taken to be 0. This means a reduced
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form of equation 20 can be used,

1 1
E =5 [em(oz% - g) + gyy(ag - g)] (21)
The value of By is given by
3
B, = 5)\100(012 - Cn) (22)

here ¢35 and c¢q; are the elastic constants of bulk galfenol; these were
found to be ¢;; = 195 GPa and ¢;5 = 155 GPa by Clark [43].

In this thesis, the material of interest is galfenol, an iron-gallium
alloy. Galfenol was developed as a cheaper, less brittle alternative
to other magnetostrictive materials such as terfenol-D and was first
produced by the U.S. Navy in 1998. When increasing the gallium
concentration within the alloy, the crystal structure of the material
changes from A2, which is the standard structure of iron, to D03
and finally into the L1, phase. As gallium content increases, the
magnetostriction constant exhibits two peaks: one at 19% and the
other at 28%. The first peak is due to nano-inclusions of gallium
[46]; however, the effect of these nano-inclusions on the A2 structure
of iron is an area of active research [47, 48]. It has been theorised
that the inclusions form a D03 structure within the A2 iron lattice,
and under the influence of an external magnetic field, this structure
deforms into the D09y structure. More recently, another theory has
suggested that fixed Ga-Ga neighbour pairs in the (100) direction
induce a tetragonal transformation of the A2 iron structure [49, 50].
The second peak is caused by a decrease in the material’s elastic
constants [51]. Following this second peak, the crystal structure
changes to the L1y structure, which is the equilibrium structure
when annealing temperatures are below 600°C [52]. The crystal
phases mentioned in this work are shown in Figure 3. Since both
the elastic constants and the magnetostrictive strain should be max-
imised to achieve the greatest magnetoelastic energy, the gallium
concentration will be 19% for this work. Comparing the magne-
tostriction variable of galfenol (Feg;Gajg) to the magnetic elements
shows a greatly increased value; this is shown in table 1

12



]
S

312 A,y (x 10°9)
S
o
®

100

A2 A2+DO0; 903

D i 1
0 10

Gallium content (at. %)

Figure 2: The change in the magnetostriction parameter of Fe-Ga
alloys with increasing gallium concentration. There are two peaks
in the figure at 19% and 28%, which occur due to the structures
the gallium forms within the iron lattice. This figure also shows
the different crystal phases the alloy has at the different gallium

20

concentrations. figure taken from [36]

Material %)\100
(10-°)
F€81Ga19 395 [43]
Fe 30 [43]
Ni -46 [42]
Co -75 [53]

Table 1: The magnetostriction variables for galfenol compared to
the ferromagnetic elements iron, nickel and cobalt
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Figure 3: The crystal structures that the galfenol exhibits with dif-
ferent gallium concentrations for the samples used. Iron atoms are
illustrated by the grey circles, and gallium atoms are represented
by the green circles. A2 is the standard a-Fe BCC structure. DOsj
is still a BCC structure, but some of the centre iron atoms are re-
placed with gallium. DO, is a FCC structure where some of the
face atoms are replaced with gallium. Finally, L1, is a FCC struc-
ture where the corner iron atoms are replaced by gallium; this is the
equilibrium crystal structure. Figure adapted from [36]
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1.3.7 Spin Current

The net movement of electrons produces charge currents. This
occurs in metals under the influence of an electric field. In non-
magnetic materials, the average of all the electron spins is zero;
however, if the material is ferromagnetic, the spins tend to align
due to the exchange interaction, and there is a net spin-polarisation
in the conduction band. This means that a charge current in a fer-
romagnetic material is spin-polarised. The spins, or local moments,
can, however, be transferred spatially via the exchange interaction
or via spin waves (magnons). This does not require the net move-
ment of any charge carriers; this is a spin current. Spin currents
originating from the exchange interaction take the form [54]

Ja?
J, = QTm(r) x Vm(r). (23)

Here, J is the spin current, J is the exchange integral, a is the lat-
tice constant, 7y is the gyromagnetic ratio, and m(r) is the magnetic
moment dependent on the position. This equation for the spin cur-
rent is derived by solving the undamped Landau-Lifschitz-Gilbert
(LLG) (see equation 28 below), where the only term contributing to
the effective field is from the exchange interaction. Spin currents,
which originate from exchange spin waves, take the form [54]

k

where k are the wavevectors, vy is the group velocity for a particular
wavevector, and ny is the distribution function of the magnons for
a particular wavevector. The benefits of spin currents over charge
currents include less energy wastage due to heating, as there is re-
duced resistance from the movement of electrons. However, there
are potential problems with spin currents, such as short diffusion
lengths.

1.3.8 Inverse Spin Hall Effect

The inverse spin Hall effect (ISHE) and the spin Hall effect (SHE)
arise from SOC. Spin Hall materials are a specific class of non-
magnetic metals or semiconductors which deflect conduction elec-
trons based on their spin orientation. After injecting a spin current,
the spin Hall material produces a charge current longitudinally to
the spin current. SHE requires charge currents, which, through the
influence of SOC, cause the opposing spins of the electrons to scatter
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in different directions transverse to the applied current. This gener-
ates a spin current within the spin hall material, which can be used
to induce magnetisation precession in a neighbouring ferromagnetic
material. ISHE and SHE are characterised by the SHE angle, 0gp,
which is defined as 5

chesgngXG. (25)
This defines how effective the conversion is between a spin current,
J s, in units of joules per square metre, and a charge current, J, in
units of amps per square metre. o is the spin polarisation vector. A
spin current is generated via magnetisation precession and injected
into the spin Hall material. The spin Hall material used within
these works is platinum. There are two types of SHE: intrinsic and
extrinsic effects. The extrinsic effect is due to the spin-dependent
scattering rates caused by SOC [55, 56, 57]. This results in spins
being selectively scattered off of material impurities, causing the
separation of the two spin directions. The intrinsic effect is due
to the Berry curvature derived from the material band structure
[58, 59, 60].

1.3.9 Magneto-Optical Kerr effect

Light is known to consist of perpendicularly oscillating electric and
magnetic field waves. By convention, the direction of electric field
oscillations is used to define the polarisation of the light. The po-
larisation of light comes in 3 flavours: linear, which occurs when
one of the horizontal or vertical components of the electric field has
a magnitude of 0, or when the phase and magnitude difference be-
tween these components is 0. If the magnitudes of both of these
components are non-zero and the phase difference between these
fields satisfies 0° < ¢ < 90°, the resultant polarisation is ellipti-
cal; finally, when the electric field vectors have a phase difference
of ¢ = 90° and are equal in magnitude, the polarisation is circular.
Mathematically, the polarisation can be modelled by an ellipse cir-
cumscribed by a rectangle, with a major axis, a, and a minor axis, b.
Figure 4 shows this polarisation ellipse. The tilt angle of the ellipse
from the x-axis is # and defines the magnitude of the electric field
components; when § = +45°, the magnitude of the components is
equal. The elliptic angle, y = arctan(b/a), defines how elliptic the
ellipse is, with 0 being a line and +45° being a circle; x is related
to the phase difference by x = ¢/2. The x and y axes represent the
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X = arctan(b/a)

2E,, b

2E,,

Figure 4: The polarisation ellipse when the x and y components of
the electric field are the x and y axes of the figure. The lengths of
the electric field components define the length of the sides of the
rectangle. The inscribed ellipse has a major and minor axis denoted
by a and b, respectively. The tilt angle of the ellipse is denoted by &,
and the elliptic angle, , is the arctangent of the ratio of the minor
axis to the major axis and defines whether the ellipse is a line, at
x = 0°, an ellipse, 0° < y < 45°, or a circle, y = 45°.

corresponding components of the electric field vector [61]

E, = Ey, cos(k - r — wt)

E, = Egycos(k - r —wt — ) (26)

where F,, F, and Fy,, Ey, are the x and y components of the electric
field and their corresponding magnitudes, k is the wavevector, r
is the position vector, w is the angular frequency and ¢ is time.
When the phase difference is set to 0°, the elliptic angle is also
0°, and therefore the minor axis is zero; therefore, this is the case
for linearly polarised light. When the phase difference is set to
90°, the elliptic angle is 45°. When the tilt angle is also 45°, the
resultant polarisation is circular. A figure illustrating these different
polarisations of light is given by Figure 5.

The polarisation of the incident light relative to the sample sur-
face is also important; this is referred to as s or p polarisation. P
polarisation occurs when the incident light is polarised parallel to
the sample surface, whereas s polarisation occurs when the incident
light is polarised perpendicular to the sample surface.

The magneto-optical Kerr effect (MOKE) arises from the inter-
action between the polarisation of light and the magnetisation of a
material. This interaction was first observed in 1877 by John Kerr
[63]. There are three distinct types of MOKE, which depend on the
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Figure 5: An illustration of the different polarisations of light based
on the phase shift of the components of the electric field vector.
From left to right, there is linearly polarised light where the electric
field vector oscillates in one direction. Elliptically polarised light
occurs when the difference in magnitude of the electric field compo-
nents is non-zero, and the phase difference between the components
is given by 0° < ¢ < 90°. Next, Circularly polarised light occurs
when the components of the electric field are of equal amplitude
and have a phase difference of 90°. 6 is the orientation of the ellipse
shown in Figure 4 and varies between +45°, and y is the elliptic
angle, which defines how circular the ellipse is and varies from 0 to
45°. Figure adapted from [62]

magnetisation direction within the material. A diagram illustrating
each type is shown in Figure 6, where the incident electric field has
a polarisation given by E! /p and a wavevector, k, and the reflected
electric field is similarly given by E /p Where the angle of incidence
is ¢ and finally the magnetisation is M.

Polar MOKE occurs when the magnetisation is out of the plane
of the material and is characterised by a change in the polarisation
of the reflected light. This type of MOKE is maximised when the
angle of the incident light is perpendicular to the surface.

Longitudinal MOKE occurs when the magnetisation is longitu-
dinal to the sample and is also characterised by a change in the
polarisation of the reflected light. This type of MOKE is minimised
when the angle of incidence is 0° and increases with angle.

Transverse MOKE occurs when the magnetisation is transverse
to the sample and is characterised by a change in the intensity. This
type of MOKE is also minimised when the angle of incidence is 0°,
with increasing magnitude when the angle of incidence increases.
For polar and longitudinal MOKE, the polarisation can be either s
or p. By having the incident light linearly polarised, the change in
polarisation is easier to quantify. For transverse MOKE, the polar-
isation of the incident light must be parallel to the sample surface;
therefore, p-polarised light must be used [61]. The change in polari-
sation (known as the Kerr angle ® ) and the change in intensity (9,)

18



a) b) c)

K K

Figure 6: Illustration showing the different geometries of MOKE
with the surface of the material shaded. a) Polar MOKE, where
either incident light that is s or p polarised with respect to the sam-
ple surface can be used, and the reflected light has a Kerr rotation
imparted such that the polarisation is elliptical. The magnetisation
of the sample is out of the plane of the sample. Polar MOKE is
optimised when # is 0°. b) Longitudinal MOKE, either incident
light that is s or p polarised with respect to the sample surface can
be used, and the reflected light has a Kerr rotation imparted such
that the polarisation is elliptical. The magnetisation of the sample
is parallel to both the reflection surface and the plane of incidence.
c¢) Transverse MOKE, where the incident light must be p-polarised
with respect to the sample surface, and the reflected light has a
change in intensity, but the polarisation remains unchanged. The
magnetisation of the sample is parallel to the reflection surface and
perpendicular to the plane of incidence.
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after the reflection can be rigorously derived by considering the in-
cident electric field vector and multiplying this by the Jones matrix
for the material to get the reflected electric field vector, where Jones
matrices are matrices that act on the electric field vectors and its
polarisation and transforms the polarisation depending on the ma-
trix parameters, which are determined via the material, namely the
refractive index. However, the calculation of the Jones matrix is not
important for the final result.

The general equations for the Kerr angle in the polar and longi-
tudinal regimes and the change of intensity in the transverse regime
are given by [61]

o (n2/n1)*(((ng/m1)* — sin?(#))"/?  sin(#) tan(6))

Y= ST Gy — D/ —tan2(0)

3 sin(0(ny/n1)?)(sin(0) tan(6) + v/(ng/n1)% — sin(6))

q>long _
" ((n2/m1)? = 1)((na/n1)? — tan*(0)+/ (na/n1)? — sin®(6)
gtrans _ -G 4tan<9<n2/n1)2> Q

((n2/n1)? = 1)((na/n1)? — tan*(0))
(27)

S denotes that the imaginary part of this equation is taken. n; is the
complex refractive index of the incident medium (n;) or the medium
reflected off of (ny), 6 is the angle of incidence, and Q is the Voigt
parameter, which is dependent on the magnetisation of the medium
reflected off and is a measure of how strongly the polarisation is
rotated [61]. The upper and lower branches (+ or -) produce the
Kerr angles for electric field components perpendicular and parallel
to the plane of the material, respectively.

This thesis utilises polar MOKE. Typically, MOKE is used to ei-
ther spatially resolve domain structures within a magnetic material
or to temporally observe the precession of the magnetisation vec-
tor. The temporal approach is of interest in this thesis because, by
measuring the oscillating polarisation, the lifetime, frequency, and
amplitude of the generated magnons can be determined.

1.4 Micromagnetism

Micromagnetism explains macroscale magnetic phenomena by ex-
ploring the micro- and submicroscale dynamics of the magnetisa-
tion within a material, treating the quantum magnetic moments as
part of a vector field and taking the continuum limit (where the
cell size is larger than the discrete unit, which in this case is the
atomic magnetic moment). This technique is usually used to sim-
ulate a magnetic system based on the magnetic free energy of the
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system and the equation of motion of the magnetisation, M. This
requires that the different energy density terms be defined, along
with a region (the sample dimensions) and a mesh (the size of each
magnetisation cell). The equation of motion, in this case, is the
Landau-Lifshitz-Gilbert (LLG) equation [64].

1.4.1 Landau-Lifshitz-Gilbert Equation

The LLG equation is

%:—nyHeﬁ—aA}S
where 7 is the gyromagnetic ratio, « is the damping parameter, M,
is the saturation magnetisation, H sy is the effective magnetic field
and M is the magnetisation. The first term of the LLG equation de-
scribes precessional motion. This can be derived by first considering
a classical torque caused by a magnetic field,

OL
T:E:,uo(mxH) (29)

M x (M x H ) (28)

T is a torque, L is the angular momentum, m is the magnetic mo-
ment, and pg is the permeability of free space. This, along with the
knowledge that the magnetic moment is intrinsic angular momen-
tum, can take the form.

m =L (30)

Where 7 is a scaled gyromagnetic ratio. Equating these two re-
lations and taking the combined magnetic moment of the system
(the magnetisation) produces the first term of the LLG equation,
which results in a rotational motion. The second term introduced
by Gilbert is a damping term. This term has phenomenological ori-
gins and allows the precession of the magnetisation to diminish over
time. The effective magnetic field parameter is defined by

1 OF
H,=-——2= 1
5T oM (31)

where E is the total magnetic free energy density of the system.

1.4.2 Magnetic Free Energy Density

The total magnetic free energy density is formed from the sum of
the magnetic free energy density terms. The terms of relevance are

E = Euniaatial + Ecubic + Eexchange + Emagnetoelastz'c + EZeeman + Edemag
(32)
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The new terms here are the Zeeman energy and the demagnetising
energy. The Zeeman energy used in the simulation has the form

EZeeman - _HJOM ' Hext (33)

This energy term describes the effect of an external magnetic field on
the magnetisation. The magnetisation aligns with the field, where
the strength of the interaction depends on the magnitude of the
magnetic field.

The demagnetising energy is more complicated. The basic form
used in the simulation is similar to the Zeeman energy, being

1
Edemag = _Q,LLOM -H;, (34)

where H;,; is the internal magnetic field, which arises from the
magnetisation itself [38].

A final key parameter to consider is the exchange length, which
defines the length over which the exchange interaction acts. When
defining a micromagnetic simulation, the mesh size must be less
than or equal to the exchange length for the effects of the exchange
interaction to be observed. The exchange length is given by

lew =\ = 35

= (3)
where [, is the exchange length, A is the exchange stiffness, and K
is the anisotropy coefficient.

1.4.3 Simulation

In micromagnetic simulations, a continuous approach to modelling
the LLG equation is not feasible; therefore, a discretised method is
used, known as the finite-difference method. This method works by
taking an initial known magnetisation at a point (r), M;(r), and
having the new magnetisation at the next time step but at the same
point, At, be M, 1(r). This allows the time derivative in the LLG
equation to be written as:
3M(’r) Mi+1(T>—Mi(T)

ot At ' (36)

This allows the LLG equation to be written as a finite-difference
equation, which is sufficiently discretised to be solved by a computer.
To achieve an appropriate level of detail, the time step should be
sufficiently small, depending on the timescale of the expected effect.
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The LLG is first solved for one position on the mesh; following this,
the neighbouring points are solved. This continues until all the
elements of the mesh have been solved for. The process is repeated
until the change in magnetisation at each point of the mesh falls
below a preset threshold. After this process, the solution for the
magnetisation is used as the new initial magnetisation in the next
iteration of the simulation. This process is repeated until the total
time is run.

This demonstrates the simplest case; within this thesis, Ubermag
[65] is used for simulations, and the equation used for each time step
is RK4; this is chosen as it is more accurate and, more importantly,
avoids instabilities. The RK4 equations are:

At
MZ'+1<T) = Ml(r) + F(kl + 2k2 + 2k3 + k4>
ky = Hepp(Mi(r), 1)

AN At

ko :Heff(Mi(r>+k177ti+7) (37)
At At

k’g = Heff(Mi(’l") -+ k’27,ti -+ 7)

k‘4 = Heff(Mi(T‘) + k‘gAt,ti + At)

where the k-parameters are used to determine the gradient at var-
ious points within the time step, thereby increasing accuracy and
removing divergences.

1.5 Quasiparticles

Quasiparticles are the result of a technique that is used to simplify
many-body interactions, allowing them to be treated as a single
particle. This includes the vibrations of coupled atoms in a lattice
(phonons), the oscillations of coupled magnetic moments (magnons)
and bound electron-hole pairs (excitons).

1.5.1 Magnons

Magnons are the quasiparticles that result from the quantisation
of spin waves, which are the coherent oscillations in the magnetic
moments of electrons within the lattice of a material. To derive the
dispersion relation, consider a ferromagnet in the ground state (all
the spins are aligned). If a 1D line of this ferromagnet is taken and
we assume all the spins interact only through the exchange interac-
tion, we can use a sum of the exchange energy given by equation 1
over each neighbouring spin. This type of spin wave is illustrated
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in Figure 7. By examining a single spin with coordinates p and its
two nearest neighbours, the energy can be written as.

E=-2Js,-(8p—1+ 8pt1) (38)

The magnetic moment of s, is given by m, = —gups,. The follow-
ing equation is obtained by substituting this in for s,,.

B = =y (<251 + 5y10) (39)

The second term acts like a magnetic field due to the exchange
interaction and can be defined as B,,. The torque on s, can now be
defined as:

dsy

kiU B,. (40)
This can be rewritten as
ds
d_tp =2J(8p X Sp_1+ Sp X Spi1). (41)

By splitting this vector equation into its Cartesian components, tak-
ing the initial magnetised state to be aligned in the z direction and
by making the assumption that the x and y components are small
due to a low-amplitude excitation, the z component can be taken to
be equal to the total magnitude of the spin, S, and a set of linear
equations can be acquired.

b 28

O (h )(252_32—1_3%1)

T (=) s ) (12)
ds’,

P

- _

dt

We make the ansatz that the solutions to the equations take the
form of a travelling wave given by:

_ uez(pka—wt)

SZI!
p
sY — 7Jei(pkafwt) (43)
P

where u and v are constants, k is the wavevector, a is the lattice
constant and w is the angular frequency. By substituting these
travelling wave solutions into the differential equations, it can be

shown that

hw =4JS5(1 — cos(ka)). (44)

24



Figure 7: An illustration of a one-dimensional spin wave from two
viewpoints. The distance between the neighbouring spins is a, which
is determined by the crystal structure. Figure adapted from [34]

Assuming that the wavelengths are larger than the spin spacing, a,
the small-angle approximation can be used, yielding the final form
of the 1D magnon dispersion relation [34]. This can be used to
produce Figure 8.

hw = 2JSa’k*. (45)

This form of the dispersion relation does not account for dipolar
interactions or the sample’s shape.

Within the works presented in Chapter 4, the sample is a thin
rectangular film, implying that it can be magnetised in either the
longitudinal or transverse direction. It is assumed that the sample
magnetisation is saturated by an external field applied in either
direction and that the sample is thin enough that the change in the
z-component, of the magnetic moment is approximately zero. This
allows the reduced magnetisation (m = M /M) to be written as
[66]

m(x,y,t) = M;& +my(z,y,t)g + m.(x,y,t)Z2. (46)

In this case, the external field direction is the x direction. By in-
cluding the Zeeman term, the exchange term, and the demagnetising
term, the effective field can now be defined as

2A
H. ;¢(x,y,t) =H,., + WVi,yM(x, y, t)+

(47)
4w/é(x,y,x',y') M (2! Y t)da' dy'

where the first term is the Zeeman field, the second term is the
exchange field with A = J(Sa)?/2 and the 2D laplacian being de-
rived by taking the continuum limit of the exchange energy and the
above assumption that the sample is a thin film, and the final term
is the demagnetising field with G being the Green’s function that
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Figure 8: The dispersion relation of a magnon from a 1D ferromag-
net with nearest-neighbour interactions considered. This applies to
positive wavevectors within the first Brillouin zone. Figure taken
from [34]
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Figure 9: An illustration of the geometry for DE mode magnons.
Here, the length is much greater than the width. The external field
and the magnetisation are parallel to each other, and the wavevec-
tors are perpendicular to them.

describes the dipolar interactions between spins. These terms can
then be used to solve the LLG equation; the full derivation of each
of these solutions is beyond the scope of this thesis, so only the
relevant results are presented here. First, consider a stripe where
the length of the stripe is much greater than its width, such that
the length can be approximated as infinite and the magnetisation
is longitudinal. This is illustrated in Figure 9. For wavevectors in
the transverse direction, the resultant dispersion relation for this
geometry is

Wm \9 wWH 2 )\m wH 2 )\m
_ B2l dmyWH g2 Amy g
(wM) (wM+am+ +47r)<wM+am 47r) mn T

Here wy = v4n My, o = A/27M,, wy = vHy,(z,y) is a demag-
netising field variable dependent on the internal fields, A,, are the
eigenvalues found from the dipolar interaction integral. k,, are the
wavevectors, which are scaled by the effective pinning parameter,
d(p), which is a function dependent on p, where p is the thickness,
t, divided by the width, w, of the sample stripe.

_ mmd(p) -2
= ) o
d(p) is given by: )
(p) ., (50)

~ p(1+2in(1/p)
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Figure 10: The dispersion curve for the DE modes in a galfenol
bar of width 3 pm, length 20 yum and thickness 36 nm. In this
figure, the dashed lines represent the dispersion if the wavevector
were continuous. The dots are the discrete values of the wavevector,
which are discretised due to the confinement from the width of the
bar. Equation 48 is implemented in Python to compute the first
6 DE modes; only discrete wavevectors are used. To produce the
continuous curve, wavevectors varying from 0 to 7x10* cm? with
1000 steps in between were used. The dispersion relation is shown
for three different magnetic fields of 50, 100 and 150 mT

Spin waves in this geometry are known as Damon-Eshbach (DE)
modes [67]. The calculated dispersion relation for the samples de-
scribed in Chapter 4 is shown in Figure 10.

In the transverse case, take the width to be much greater than
the length, again such that the width can be considered infinite,
illustrated in Figure 11.  In this geometry, there are modes lo-
calised in two regions of the sample: the edges and the centre. The
edge modes are exchange-dominated [68], with the region separating
the edges and the centre determined by the inhomogeneous internal
field. This results in an area where spin waves cannot be excited

due to there being no wavevectors that satisfy the phase relation
[69].

o= /k[Hmt(:E),w]dx =mr m=1,23.. (51)
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Figure 11: An illustration of the geometry for BV mode magnons.
Here, the width is much greater than the length. The external field,
magnetisation, and wavevectors are all parallel.

Here, ¢ is the phase of the magnons and k is the wavevector that
depends on the internal field H;,; and the frequency. The centre
modes are dipolar-dominated [68]. Due to the pinning at the edges
of the sample, the magnetisation is pinned parallel to the edges and
therefore perpendicular to the applied field and the wavevectors,
suggesting that the modes localised at the edges are DE modes.
The modes localised in the centre of the stripe are backward volume
(BV) modes [68]. The dispersion relation for BV spin wave modes
is given by [66]

(Lo =(Ch+ak)(Ch ok +1- P(RL).  (52)
Where P(kL) is given by P(kL) = 1— 1_@(};’—](:—“), and L is the thick-

ness of the sample. The dispersion relation for these modes for the
galfenol samples is shown in Figure 12. Magnons exist in ferromag-
nets and antiferromagnets. Ferromagnetic magnons are typically
of the order GHz, and antiferromagnetic magnons are of the order
THz.

Current research focuses on manipulating these quasiparticles
and on producing on-chip devices that utilise magnon properties
[70]. The work in this area has led to the development of magnonic
crystals [71, 72, 73|, where periodic variations in the spatial struc-
ture of a material manipulates the band structure of the excited
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Figure 12: The dispersion curve for the BV modes in a galfenol bar
with width 20 pm, length 3 ym, and thickness 36 nm. This figure is
produced in Python by modelling equation 52. In this figure, each
line represents a different internal field. The internal field depends
on the position in the bar and the external field. To simplify the
equation, the explicit position dependence and the external field are
neglected, and the internal field is set directly with the values taken
being 0, 100, 200 and 300 mT. The wavevectors varied from 0 to
8x10° cm?.
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magnons. This allows for confinement of specific modes and desired
frequencies. By tuning the band structure through the fabrication
of on-chip devices, logic gates can be developed, with XNOR and
NAND gates being first realised [74], followed by NOT [75], AND
[76], and OR [77] gates. Magnon transistors have also been demon-
strated, enabling the realisation of an XOR gate [78]. With these
developments, the transfer and manipulation of binary information
via magnons is now realisable. There has also been progress in mak-
ing read heads which utilise spin waves [79], where the amplitude
and the phase information of the wave can be used to interpret the
magnetic state of the magnetic storage device.

1.5.2 Phonons

Phonons are quasiparticles that arise from the quantisation of vibra-
tions within the lattice of any crystalline material. The dispersion
relation for this quasiparticle can be derived from a similar model
to that of magnons. Consider a 1D chain of particles with mass,
m, connected via spring-like bonds with spring constant, C'. Taking
a similar approach to the magnons and defining a particle, p, at
the position, z,, and only considering the interactions with its two
nearest neighbours, it can be shown that the equation of motion for
this system is

d*z,

a2 = C(LUP_H + Lp—1 — 2.73p) (53)
By taking an ansatz that the time dependence of the position takes
the form e~™!, substituting this into the left side of the equation
results in

m

—mw?z, = C(Tpi1 + Tp_1 — 27,). (54)

tka(pt1l

Letting z,+1 = e ) allows the above equation to take the form

mw? = —C(e™ e ™ — 2). (55)
Which can be simplified to be

, 4C  , ka

W’ = —sin (7) (56)
This form of the dispersion relation describes the simplest case in
which the lattice comprises identical atoms with identical interac-
tions. To model the more complex problem of two different atoms
in the basis, multiple masses can be used by modelling a pair of
coupled equations, both of the form of equation 53 but with differ-
ent masses m, and msy. An illustration of this situation is shown in
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Figure 13: An illustration of a one-dimensional chain of atoms con-
nected via springs, where the central atom is at position p and the
neighbours are at p-1 and p+1. The central atom has mass M, and
the neighbours have mass M;. This figure is adapted from [80].

Figure 13. The dispersion relation of the model with two different
masses allows for the observation of two distinct phonon modes: the
optical and the acoustic modes where the dispersion relation is given
by:

1 1
w? =2C (— + —) (optical branch)
mi mo (57)
w? :Llﬁa2 (acoustic branch)
2(mq + my)

This dispersion relation is shown in Figure 14.

The phonon modes previously discussed are bulk crystal modes;
however, phonon modes can also be localised only on the surface of a
material or in thin films. These are surface acoustic waves (SAWs).
Starting with Newton’s second law and Hooke’s law, the equation
of motion can be written as:

8t2 - 8xj ’

p (58)
Here, p is the mass density, u; are the displacement components
along each of the Cartesian axes x;, and T;; are components of the
stress tensor. By taking equation 58 and imposing the conditions
that the wave propagates in the plane of the sample along only the
axis x; and the boundary condition, the amplitude and displacement
decay rapidly in the x5 direction such that u, = 0. It can be shown
that the resultant displacement vectors for this wave are:

uy = Ajcos(k(xy — vt))

ug = Assin(k(zs — vt)). (59)

Where A; is the amplitude of the displacement component, and v
is the phase velocity. These equations indicate that in these waves,
the particles exhibit elliptical motion out of the sample plane; this
type of SAW is known as a Rayleigh wave [81]. The second-order
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Figure 14: The first Brillouin zone of the dispersion relation for
phonons in a crystal where there are two different atoms of different
masses comprising the crystal. The resulting dispersion produces
two branches: the upper branch is the optical branch, and the lower
branch is the acoustic branch. This figure is taken from [34].

33



mode of this type is called a Sezawa wave. There are other SAWs.
These include: p-waves, where the particle motion is longitudinal;
S-waves, where the particle motion is transverse but purely out of
the plane; and Love waves, where the particle motion is transverse
and in the plane. The only modes of interest in these experiments
are the Rayleigh waves.

1.5.3 Excitons

The exciton is a quasiparticle that differs from the previously ex-
plored particles. This particle is found in semiconductor materials
and is a bound electron-hole pair. This particle is derived from
the Schroedinger equation, where the Hamiltonian term contains
kinetic energy, potential energy and Coulomb interaction terms for
both the hole and the electron [82]. The resulting time-independent
Schroedinger equation takes the form:

h? 5 K2 ) o2
v — (B, — ——V3) —
2mome o) = 2momy, n) dmegen|Re — Ryl (60)
+‘/€(R€) + Vh(Rh)]¢(Rev Rh) = E¢<Rea Rh)

[(Ec -

E. and E, are the energies of the conduction band and the valence
band, mgm,. and mqgm, are the effective masses of the electrons
and the holes and ¢, is the relative permittivity of the holes. To
solve a simplified version of the equation, the free-space solutions
are explored (the potential energy terms are set to 0). With some
substitutions, the equation can be rewritten as [83]:

2 2 2
I 9 I 9 e

QmOmEh 47T€0€bR

M is the combined hole and electron mass, m,, is the sum of the
reciprocals of the masses, R is the difference between the electron
and hole position vectors, and V2  is the Laplacian using the centre
of mass coordinates. The terms in brackets can yield different solu-
tions, with the first term providing a plane wave solution, whereas
the other term describes a particle with hydrogen-like energy and
exists within the band gap, just below the conduction band [84].
These excitons are known as Wannier-Mott excitons [83, 85]. The

energy of these excitons is given by
E,=E,— —
n — g ﬁ (62)

where F, is the band gap energy, n is an integer, and r is the scaled
Rhyberg energy given by r = (mgm.;/2)(e?/4megeph)?. There are
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other types of excitons that are localised to singular atoms, known
as Frenkel excitons [83]. Frenkel excitons are not explored within
these works.

1.5.4 Coupling

Coupling is the interaction between particles or quasiparticles. There
are two coupling regimes: weak and strong. Weak coupling oc-
curs when the decay rate of the particles is lower than the energy
exchange rate, resulting in no lasting interaction between the par-
ticles. Strong coupling enables coherent energy transfer between
particles, allowing them to be treated as a single entity. This is
beneficial since the positive attributes of both individual particles
are now properties of the composite particle. Some attributes, such
as particle lifetimes and controllability, are desirable for implement-
ing particles in technologies. For example, phonons have lifetimes
on the order of 10s of ns [1], whereas magnon lifetimes are on the or-
der of 1 ns, so their composite particle would have a longer lifetime
than magnons alone, and magnons are easily tuneable via an exter-
nal field. To achieve strong coupling between magnons and phonons,
the spatial overlap of the modes and their respective lifetimes should
be optimised. This was accomplished by surface patterning a ferro-
magnetic film [1], which spatially confines the modes and allows for
the frequency of the allowed phonons to be selected. To separate
these two coupling regimes, cooperativity is defined as

/{2

C:M&

(63)

where k is the coupling strength that is characterised by A /2, which
is half the frequency splitting between the systems when they are in
resonance, and the As are the decay rates of the individual particles,
which are equivalent to the full width half maximum (FWHM) of
the resonant peak in the power spectrum for each excitation. If the
cooperativity is less than one, the weak-coupling regime applies; if
the cooperativity is greater than or equal to one, the strong-coupling
regime applies. There is also an ultra-strong coupling regime where
C is orders of magnitude greater than one; this regime is, however,
not reasonable to consider, as the particles used in these experiments
have only recently been strongly coupled for the first time.
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1.6 Fano Resonance

A Fano resonance is a resonant interaction between two weakly cou-
pled systems whereby the lineshape of the produced resonance is
asymmetric [86] as shown in Figure 15. Fano first described this
type of resonance while exploring autoionisation in helium atoms,
in which an electron-electron collision can excite an electron to an
ionisation state [87]. Fano resonances are, however, a general effect.

The equation that Fano derived to describe the resonance is given
by:

(qT/2 + w — wp)?
(T/2)? 4 (w — wo)?
where A is the amplitude of the resonance, q is a dimensionless
quantity that determines how asymmetric the resonance is (if q is
0, the resonance is symmetric), I' is the linewidth of the resonance,
and wy is the resonance frequency.

A= (64)
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Figure 15: The shape of a general Fano excitation. There is a drop
in the amplitude just before the resonant peak, and the amplitude
before the resonance is also lower than the amplitude past the res-
onance. In this figure, the frequency detuning describes where the
driving frequency and the harmonic frequency are the same, which
is where the x-axis is 0, and the linewidth is 2 Hz. The broadband
excitation frequency is swept from -20 Hz to 20 Hz. ¢ is a dimen-
sionless parameter which controls the asymmetry of the resonance.
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Fano resonances can be classically modelled by two damped cou-
pled harmonic oscillators in the weak coupling regime, with one of
the oscillators also being driven [88]. If the oscillators are set up
such that only the driven oscillator is damped and they have dif-
ferent natural frequencies (w; and ws, where w; < ws), then by
coupling the oscillators, their natural frequencies are shifted by a
factor proportional to the coupling parameter these new frequen-
cies are w; < wy and we > wy. When the drive frequency of the
driven oscillator passes through @, a phase of 7 is imparted on the
driven oscillator but not the free coupled oscillator. This change of
phase causes the two oscillators to transition from being in phase
and therefore constructively interfering to being out of phase and
destructively interfering [86]. Therefore, when viewing the ampli-
tude of the driven oscillator there is a symmetric peak when the
drive frequency is equal to w; but due to the imparted phase an
asymmetric peak when the drive frequency is ws. In experimen-
tal systems, a Fano resonance arises from the interaction between
a broadband excitation and a harmonic excitation. In the exam-
ple the driven oscillator acts as a broadband excitation due to the
damping and the free oscillator acts as a harmonic excitation.

In the work presented in Chapter 2 of this thesis, the broadband
excitation is the laser-excited magnons, which are excited through
two differing mechanisms, and the phonon excitation produces the
harmonic excitation. The magnons excited in this work are out
of phase below the phonon resonance and therefore destructively
interfere. However, once the magnon eigenfrequency is raised above
the phonon resonance, the magnons become in phase, producing
constructive interference. This change in phase of the system and
the lineshape of the magnon-phonon resonance suggests that a Fano
resonance Occurs.

1.7 ASOPS

ASOPS is an optical measurement technique that is used throughout
this thesis. This technique utilises two lasers, which are the pump
and probe, where the pump excites the sample, and the probe probes
the changes in the sample from the excitation, including the change
in the reflectivity and the change in the Kerr angle. The pump and
probe have a small difference in the repetition rates, which is referred
to as the offset frequency, which determines the time between the
laser pulses, resynchronise and therefore defines the time resolution
of the system.

The basic principle of ASOPS is illustrated in Figure 16. The two
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Figure 16: A schematic representation of the ASOPS measurement
process. This figure illustrates the concept that the pump and probe
lasers start with their pulses synchronised. Due to the difference in
repetition rates between the two lasers, the first subsequent probe
pulse arrives a time step of A7 seconds after the pump. This process
continues until the laser pulses realign after 1/Af, s [89].

laser pulses initially arrive at the sample simultaneously. However,
due to the offset frequency between repetition rates of the pump
and the probe, the second probe pulse arrives at the sample slightly
behind the pump excitation. This process continues until the pump
and probe synchronise their arrival again. This allows the sample to
be probed at periodically spaced intervals following an excitation.
The time between the two lasers resynchronising their arrivals is

given by
Af,

fr,pump

T t. (65)
Where 7 is the time between pulses, Af, is the offset frequency of
the repetition rates between the lasers, f; ,ump is the repetition rate
of the pump laser, and ¢ is the scan time, which is the time before
the pulses resynchronise. For the ASOPS systems within this thesis,
the scan time was 1.25 ms, and the time between pulses was 12.5
ns. To find the time resolution of the system

AT = Afr

B fr,pump fr,probe ’

(66)

here, f, probe is the repetition rate of the probe laser. This results in
the time resolution being 0.125 ps.
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1.8 Current Works in Magnon-Phonon and
Phonon-Exciton Coupling

The strong coupling of quasiparticles is an area of interest due to the
composite particle gaining properties of the constituent particles.
These properties can include the particle’s lifetime, tunability and
polarisation, along with the coherent exchange of energy between
each of the constituent particles.

In this thesis, the coupling of magnons and phonons to other
quasiparticles is explored, which includes magnon-phonon, phonon-
exciton, and magnon-phonon-photon coupling. The thesis builds
upon previous work reported in the literature, as described below,
in which these types of couplings have been investigated in bulk
materials and nanoscale devices.

Magnon-phonon coupling in bulk structures, arising from the
crossing of magnon and phonon dispersion curves, has been observed
since 1968 [90]. Alloys of iron and nickel were used, with composi-
tions ranging from Nig g Feg 19 to NiggsFegss, and each layer thick-
ness was of the order 600 nm. For these experiments, the frequency
range explored was 55 - 62.4 GHz. In this experiment, each of the
films was cooled to 77 K and a microwave driving field was applied
to each film at the frequencies previously mentioned. The difference
between the measured magnetic field that induces a resonance for
a chosen magnon mode and the expected magnetic field that in-
duces a resonance calculated from the dispersion relation, defined
as AH, is shown against the driving field frequency in Figure 2 of
[90]. The greater the deviation of AH, the stronger the magnetoe-
lastic coupling of the measured mode, as a deviation of 0 suggests
there is no magnon-phonon interaction. The strongest coupling was
measured in a film with composition NizgFesy, and the 24th-order
spin wave mode is excited by microwave frequencies of 58.5 GHz
and 62.2 GHz. This resulted in the strongest deviation from the
uncoupled spin wave resonance, with AH being =~ -50 Oe and =~
40 Oe, respectively. This work justifies the further exploration of
magnon-phonon coupling.

More recently, magnon-phonon coupling effects have been ob-
served in nanostructures, where the frequencies of the phonons can
be tuned by confinement. Strong coupling has been shown in differ-
ent nanostructures. One of these nanostructures is a nanomagnet,
which has been achieved by [91, 92]. The first group used a nickel
nanomagnet [91] with dimensions 330x330x30 nm?. The phonon
modes are excited optically using a pump-probe type apparatus with
a pump wavelength of 400 nm and a probe wavelength of 800 nm.
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The excited phonons then couple to the magnons, which are tuned
via an externally applied magnetic field which varies from 1 - 5 kOe.
The phonon frequency is determined by the type of strain which pro-
duces the phonon (compressive or shear). There are three phonon
modes which are detectable in this nanomagnet, with frequencies
of ~ 8, 11, 14.5 GHz. These phonon modes are characterised by
indices (1,0), (1,1) and (2,0) respectively. The indices describe the
direction of in-plane propagation (x, y). Phonon mode (2,0) is of
particular interest, as when the in-plane component of the magneti-
sation of the nanomagnet is aligned with the wavevector of these
phonon modes, the cooperativity, C'= x%/A\ Ay (Where & is the cou-
pling strength and )\; is the decay rate of each excitation), is 0.74,
which is below the strong coupling regime at C = 1. However, when
the angle between the in-plane component of the magnetisation and
the wavevector is 45°, the cooperativity is increased to 1.65, which
shows that the coupling of magnons and phonons is dependent on
the in-plane angle and on the external magnetic field.

The other work utilising nanomagnets [92] used the magnetic
material CoFe with dimensions 210x210x30 nm?3. The CoFe was
prepared in both the polycrystalline phase and the single-crystal
phase. The experimental setup is the same as in [91]. The phonons
of interest in this work are the (1,0) and the (1,1) phonons with
frequencies 13.6 and 20.7 GHz, respectively. The magnetic field
was swept from 3 - 6 kOe and the in-plane angle between the mag-
netisation and the phonon wavevectors was 0°. For the polycrys-
talline CoFe, the (1,1) phonon exhibited the anticrossing connected
to strong coupling, and the cooperativity was calculated to be 20.
In the single-crystal CoFe, the (1,0) phonon strongly couples to
the magnons with a cooperativity of 38. This shows that stronger
magnon-phonon coupling occurs in single-crystal samples, but the
phenomenon can also occur in polycrystalline materials.

Another type of nanostructure used to observe strong magnon-
phonon coupling was shown by [1]. This work looked at nanograt-
ings, where the periodicity of the nanograting determines the fre-
quencies of the surface acoustic wave phonons, which are confined
within the phonon cavity. The period was 200 nm in the [010] direc-
tion, which confines the static magnetisation to the [100] direction,
which is an easy magnetic axis for this material. The corresponding
phonon frequencies were 13 and 15 GHz for the transverse and lon-
gitudinal phonons, respectively. The magnetic material chosen was
galfenol, due to its high magnetostriction [43]. Again, this experi-
ment optically excites the phonons, which couple to the magnons.
In this case, the pump and probe wavelengths were 1040 and 780
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nm, respectively. The magnetic field was varied from 0 - 250 mT
and was applied along the [110] direction. The measured cooper-
ativity of the transverse phonon mode and the magnon mode was
7.8, which firmly lies in the strong coupling regime.

There are also examples of weakly coupled interactions (coop-
erativity < 1) between magnons and phonons that can be advan-
tageous for observing interference-based effects, including tunable
Fano interferences [93]. Z. Shen et al examined yttrium iron garnet
(YIG) microspheres and opal silica microspheres in contact. For
this experiment, the YIG spheres are excited via a vector network
analyser, producing microwave frequency photons that excite both
magnons and phonons in the YIG sphere, whereas the opal silica
sphere is excited via a laser pulse. This shows that increasing the
power of the microwave photons causes the system to evolve from
the laser exciting phonons in the opal sphere, which then excites
phonons in the YIG sphere at powers up to 3.2 mW. Above this
power threshold, the microwave photons become the driving force,
and the magnons are first excited in the YIG sphere, which drives
the phonons in the YIG before transferring into the opal sphere.
Figure 17 shows a schematic of the experimental setup. The work
goes further and looks at changing the phase of the microwave drive
and observes that when the phase is between 0 and 7 a Fano reso-
nance interaction occurs between the phonons produced in the two
spheres. This type of interaction is expanded on in this thesis with
a Fano resonance produced directly between the magnon-phonon
system, where the phase is tuned via the input power of the laser
used to excite the system.

Due to the recent observation of strong magnon-phonon coupling
in confined structures by C. Berk et al [91] and F. Godejohann et al
[1], there is now interest in further strongly coupling these systems
with photons, with work being conducted [94]. R.C. Shen et al
used an optical cavity containing a YIG sphere, where the sphere
is used to confine both the magnons and the phonons and observed
a cooperativity of 9400, this suggests they have shown ultrastrong
coupling is possible. The resonant frequency of the phonons and the
cavity is 7.2 GHz, and the magnetic field (which is applied out of the
plane of the cavity) is 257 mT. The cavity has dimensions 60x25x6
mm? and the YIG sphere has a diameter of 0.25 mm. Based on the
dimensions of the cavity and the operational frequency, this would
be too large to work as an on-chip-based device; however, the cavity
and phonon frequencies are close to the 10 GHz range of interest in
this thesis.

To explore other options to achieve on-chip strong magnon-pho-
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Figure 17: A schematic for the experiment undertaken by Z. Shen
et al [93]. A yttrium iron garnet (YIG) sphere is placed on top
of an opal microsphere substrate. The YIG sphere is excited via a
microwave frequency photon from a vector network analyser (VNA);
this results in both magnon and phonon excitations within the YIG
sphere, and the phonons are able to pass into the opal. Furthermore,
a laser is used to excite phonons in the opal, which then pass into
the YIG and further excite the magnons.

42



non-photon coupling, works which accomplish strong magnon-photon
coupling should be discussed. Coplanar waveguide geometries can
be used to produce on-chip devices which exhibit strong magnon-
photon coupling [95, 96, 97, 98, 99]. The work by Y. Li et al [96]
uses a layer of permalloy with lateral dimensions 14x900 um? and
thickness 30 nm along with a superconducting niobium meandering
coplanar waveguide with a resonant frequency of 5 GHz. The sys-
tem was cooled to 1.4 K, and an external field is swept from -100
to 100 mT at 45° to the permalloy bar. At ~ 20 mT the microwave
photons strongly couple to the magnons with a cooperativity of 68.
This work shows the dimensions of microwave-excited devices are
much more suited for on-chip devices.

The work by IW. Haygood et al [97] again looked at supercon-
ducting coplanar waveguides; however, the waveguide used in these
works was designed to have a resonant frequency of 13 GHz, allowing
it to be smaller and have a resonant frequency closer to the region
of interest. The material this group chose to use was Fe;;Coos due
to its ultralow damping. It was observed that for a fixed volume of
magnetic material (192 um?), by decreasing the centre width of the
coplanar waveguide, the coupling strength increases from 100 MHz
at 50 pum to 700 MHz at 6 pum, which results in a cooperativity at
6 pm of 720. The work in this thesis looks at the viability of us-
ing a microwave antenna instead of a waveguide to excite magnons
and phonons in a galfenol stripe with a nanograting patterned into
the surface. This is due to the much simpler fabrication and design
steps, as well as the broader operational frequencies.

There are works that also explore the strong coupling interaction
between excitons and phonons [100, 101]. Within these works, the
experimental setup is a pump-probe type setup designed to utilise
transient absorption spectroscopy. This technique requires a pump
laser to excite the sample, where the wavelengths used in these works
are 520 nm [100] and 532 nm [101]. Then, a spectrum of light is used
as a probe to explore the absorption or photoluminescence spectra
of the excited sample. Figure 18 shows the transient absorption
spectroscopy experimental scheme. The internal energy of the sam-
ple can be varied in a multitude of ways, such as the temperature,
as in [100], or the pump laser power, as in [101]. The results of these
works produce photoluminescence plots, where excited particles de-
cay and emit light with frequencies proportional to their energy. To
explore coupling between systems, another parameter related to the
system of interest can be varied in order to observe its impact on the
spectra. For the case of phonon-exciton coupling, the excitons are
excited when the probe energy is the same as the exciton excitation
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Figure 18: A general transient absorption spectroscopy setup util-
ising pump-probe techniques. The pump laser is used to excite the
sample of interest. A source of multiple wavelengths is then used
to probe the sample and observe the absorption spectrum. Further-
more, the setup uses a time delay between the pump and the probe
such that the time dependence of the absorption spectrum can also
be observed.

energy. To explore phonon-exciton coupling, the photoluminescence
data is Fourier transformed. The strong coupling is observed in the
transformed data as a nulling of the exciton excitation amplitude;
if the exciton peak is broader than the phonon peak, it can also be
observed as a splitting of the exciton excitation. The nulling occurs
due to the newly formed combined particle no longer having the
same energy as either composite particle alone.

K. Lin et al showed that [100], two materials are explored, the
first being butylammonium lead iodide, which shows strong cou-
pling between excitons and phonons with the phonon wavevector
being 100 cm™!, and the probe energy is between 600 - 625 nm.
The second material was hexylammonium lead iodide, which ex-
hibits weak coupling between two different phonons and excitons
since no splitting occurs in the spectra, the excited phonon modes
have wavevectors of 88 and 137 ecm™!. The works in this thesis ex-
plore a weak-coupling effect whereby strain, layer thickness, and the
Bragg condition increase the sensitivity of phonon detection via the
generation and decay of excitons.
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2 Fano-like Interference Effects in a
Coupled Magnon-Phonon Resonator

2.1 Introduction

This research was published in Physical Review Research [102] as
hybrid coherent control of magnons in a ferromagnetic phononic
resonator excited by laser pulses. The experimental measurements,
results and analysis described in this chapter were conducted by
the author in the laboratories of the Acoustics group at the Tech-
nical University of Dortmund under the supervision of Dr A. V.
Scherbakov. The sample deposition and fabrication were carried
out by A. Nadzeyka and A. W. Rushforth. Finally, the theoretical
understanding was produced by T. L. Linnik. S. M. Kukhtaruk and
A. D. Armour.

Magnon-phonon coupling is an emerging area of research due to
the recent discovery of strong magnon-phonon coupling in a nanos-
tructure [1, 91]. This previous work explored coupling in the mag-
netic material galfenol using nanostructures fabricated on the mate-
rial’s surface. Other recent work looks at using magnon-phonon cou-
pling to produce high-sensitivity magnetic field sensors [103], sub-
harmonic magnon generation [104], strong coupling in magnetic van
der Waals materials [105] and on-chip hybrid systems [106]. Build-
ing on previous work, the effect of laser fluence on the excitation
of magnon modes in magnetic structures with an acoustic resonator
fabricated into the surface is explored.

For high laser fluence, this results in a Fano-like resonance that
suppresses the magnon amplitude when the magnon frequency is
0.4 GHz detuned below the phonon resonance frequency, and am-
plifies the magnon amplitude when the magnon frequency is above
the phonon frequency. However, for low laser fluence, the magnon
amplitude follows the expected gradual decrease in amplitude with
increasing external magnetic field. The amplification and suppres-
sion of the magnon signal in the high fluence case provides evidence
of a Fano-like interaction. Fano interference requires both harmonic
and broadband excitation of the system.

Within this work, the photons are used to excite both magnons
and phonons in the structure. The phonons at the frequency of
the acoustic resonator provide a finite-lifetime, quasi-harmonic ex-
citation of the magnons. The laser pulse provides a broadband
excitation to the magnons by inducing ultrafast electron-based ef-
fects, including demagnetising effects and spin current generation.
These different methods of magnon generation are controlled via the
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laser fluence, and each method produces magnons with a different
phase. The difference in the origin of magnon excitation allows the
phase relation and the eigenfrequency detuning between phonon and
magnon excitation to be controlled, producing a Fano-like spectrum.

The appearance of the Fano interference, only at the high flu-
ences, shows that the effect of increasing the fluence of the laser
changes the phase of the initial magnon, thereby allowing for the
interference effects to be tuned. Potential applications of this Fano-
like interference effect include sensing applications, including use in
temperature sensors [107, 108, 109, 110] and refractive index sen-
sors [111, 112, 113]. Other applications of Fano interference include
lasing [114] and hybrid coherent control of magnons mediated by
photon fluence, analogous to coherent control in other systems. Ex-
amples of systems which could take advantage of hybrid coherent
control include: multiple photonic cavities [115], single photonic cav-
ities coupled to a mechanical oscillator [116], single spins [117, 118],
spin ensembles [119], magnon-phonon and magnon-photon systems
[120, 121, 122], spin-valve ferromagnetic structures [123], antifer-
romagnetic magnons [124, 125] and hydrogen molecules [126]. Ad-
vancements in hybrid coherent control systems can further quantum
computing and communication technologies [127].

2.2 Methods
2.2.1 Set-up

This experiment makes use of ultrafast optical measurements, us-
ing a pump-probe type setup. The full optical setup is shown in
Figure 19, where two TOPTICA Yb-doped fibre ring harmonic os-
cillator lasers are used. The pump laser has a central wavelength of
1050 nm, a repetition rate of 80 MHz, a 150 fs pulse duration, a spot
diameter of 3 ym and a fluence varying from 1 - 10 mJ/cm?. The
probe laser is initially linearly polarised via a Glan-Taylor prism. It
has a central wavelength of 780 nm, a repetition rate of 80 MHz, a
150 fs pulse duration, a spot diameter of 1 um and a fluence of 1
mJ/cm?.

A synchronisation unit from Laser Quantum is used to maintain
an offset frequency of 800 Hz between the repetition rates of the
two lasers. This experiment uses a backside excitation scheme since
the pump photon energy is not great enough to surpass the band
gap energy of GaAs, which results in the GaAs substrate being
transparent from the perspective of the photon. The use of the
backside excitation scheme means that two microscope objectives
were used, which were both Mitutoyo NIR 20x lenses. The position
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of the backside objective is adjusted manually, whereas the frontside
objective is mounted on a piezotranslator (piezosystem jena, NV40
3CLE, Tritor 101), which is used to fine-tune the position of the
laser spot. This translator features three-dimensional travel, with
100 pm of movement in each axis.

Both the light reflected off the sample and the light modified
by the sample are detected by a balanced photoreceiver (Newport
balanced photoreceiver, model 2107) (BPR). The BPR is set such
that the low-pass filter is 100 Hz, the high-pass filter is 10 MHz, and
the gain is set to 100. The low-pass filter is also set to the DC set-
ting to measure the DC reflectivity while the pump laser is blocked.
An oscilloscope (Techtronix DPO 5104) is connected to the BPR in
order to read the electrical signal from the BPR. There are also non-
polarising beam splitter cubes and a half-waveplate paired with a
Wollaston prism, converting the elliptically polarised reflected light
into linearly polarised light with s and p-polarisation components,
which are separated by the Wollaston prism. To control the magnon
frequency, a water-cooled dipole electromagnet (GMW, 3480) is
placed around the sample, with a power supply (Ametek, XG 60-28)
controlling the current and thereby the applied field. The field was
varied between 200 and 400 mT in 10 mT steps. The pump excites
the sample, and the probe laser periodically probes the sample; this
is the ASOPS technique mentioned in Chapter 1.7. In this case, due
to the bandwidth of the BPR being smaller than the repetition rate
of the probe laser, the BPR bandwidth limits the resolution such
that the time resolution is no longer given by equation 66, but is
given by

AT = Afr
fr,pump
where B is the bandwidth of the BPR, which changes the time
resolution to be 1 ps.

Within this experiment, time-resolved polar MOKE (Chapter
1.2.8) is exploited to produce circularly polarised light, such that
when the Wollaston prism is placed before the BPR, the s and p
polarisations of the light are separated and received by the different
detectors in the BPR. This allows the change in Kerr angle to be
measured, which is equivalent to measuring the out-of-plane mag-
netisation component and, therefore, the spin wave oscillations. By
placing a half-waveplate before the Wollaston prism, the polarisa-
tion of the light can be adjusted such that only one polarisation
of the reflected light is maximised; this results in only one of the
BPR detectors being used, which allows the change in intensity to
be measured and allows for the phonon oscillations to be recorded

B! (67)

47



SJ101J99la(d

Figure 19: A schematic showing the ASOPS setup used for this
experiment. The probe wavelength is 780 nm, and the pump is
1050 nm. The spot size of the pump was 3 pm, and the probe
was 1 um. A balanced photoresistor setup is used to detect the
change in intensity and the change in Kerr angle. NPBSC is a
non-polarising beam splitter cube, A/2 is a waveplate, GTP is a
Glan-Taylor prism, and WP is a Wollaston prism. The A/2 and
WP combination before the balanced photodetector allows for the
phonon measurement scheme and magnon measurement scheme to
be switched between without changing the WP.
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after some processing, which will be elaborated on in Chapter 2.2.3.

2.2.2 Materials

The sample used was fabricated from a 20 nm layer of galfenol
(Feps1Gag.19), due to previous works [128] showing that the absorp-
tion depths of the pump and probe are 19 and 21 nm, respectively.
The galfenol was deposited onto the GaAs substrate. The galfenol
was produced by Dr Andrew Rushforth using DC magnetron sput-
tering. The sputtering process requires the chamber to be kept un-
der ultra-high vacuum conditions until the sputtering takes place,
when argon is injected into an electrically grounded shroud and then,
due to the material being sputtered, a DC field is applied with a
power of 27 W, which results in the argon becoming an ionised
plasma. The sputtering head acts as a cathode, attracting argon
ions, which results in bombardment of the target’s surface and al-
lows for the ejection of material from the target. To improve the
efficiency of this process, magnets are placed within the sputtering
head to produce a field perpendicular to the sputtering head surface
[129]. This field is used to contain the argon plasma. The target
material is deposited on the substrate, which is placed above the
target, at a rate of 0.3 As™' until the sample is 20 nm thick.

Following this, a 3 nm Chromium capping layer is sputtered on
top to prevent oxidation. To prepare the substrate for the sputtering
process, the GaAs [001] substrate is first etched in HCI to remove
any oxides that may have formed and then annealed at 500°C for
1 hour in ultra-high vacuum conditions; this provides a clean and
smooth surface ready for deposition, which is speculated to be due to
thermal desorption [130]; however, this has not been confirmed with
these samples. The GaAs substrate was oriented with the surface
in the [001] direction, which causes the surface layer of the GaAs to
have a face-centred cubic crystal structure, which is similar to the
surface of the D03 crystal structure of the composition of galfenol
used. The lattice constant of GaAs is ag = 0.565 nm, and the out-
of-plane lattice constant for galfenol is a = 0.287 nm. Therefore,
the lattice matching between the two materials is 1.6%, which is
low enough to ensure consistent growth of single-crystal thin films of
galfenol (via molecular beam epitaxy as well as sputtering) with few
dislocations and little impact on the internal strain of the galfenol
layer but does induce a magnetic uniaxial anisotropy [131, 132].
Previous work conducted shows that the growth strain relaxes at
the edges of the layer [36].

The sample was then ion-milled to produce nanogratings. The
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ion milling was done via an external company, Raith nanofabrica-
tion, using their Raith Velion FIB-SEM (focused ion beam-scanning
electron microscopy) system. The process uses Ga™ ions to mill into
the sample surface with sub-10 nm cutting resolution. The Raith
process is automated and resistless due to the SEM attachment
and the laser interferometer stage providing visual and translational
feedback, which allows the mask design to be milled without affect-
ing the surrounding areas. FIB milling utilises a similar process to
SEM, where a beam of charged particles is focused into a beam and
accelerated towards the sample surface by a larger potential differ-
ence. In this case, the charged particles are heavier than electrons.
Therefore, they experience less scattering [133]. The acceleration
voltage used was 35 kV with a beam current of 5.5 pA and a dose of
0.06 nC/pum? [134]. This ejects unwanted material from the surface.
The resulting nanogratings have a period of 120 nm, with trough
depths and widths of 7 nm and 48 nm, respectively. A scanning
electron microscope (SEM) image of the nanograting is shown in
Figure 20

2.2.3 Techniques

10000 averages of each of the time traces are taken to provide a
good signal-to-noise ratio. For the intensity measurements, the ther-
mal background must first be removed. This background is due to
the pump pulse thermally exciting electrons and further electron-
electron scattering. This energy is transferred to the lattice after
a few ps [135]. This lattice excitation is the origin of the phonons.
The energy transfer for the electrons to the lattice is given by a pair
of coupled equations:

T 2T
CEQ = meh —g(T. —T)) + P(z,1)
0T,
Clﬁ_tl = g(T.—T) [135].

where C, is the electron heat capacity, C; is the lattice heat capacity,
T, is the electron temperature, T; is the lattice temperature, s, is
the electron thermal conductivity, g is the electron lattice coupling
factor, and P(z,t) is a source term representing the laser pulse. This
thermal background is removed by fitting the time trace beyond
the initial intensity increase with exponential decay functions. The
residuals of this fitting process result in purely the phonon excita-
tion, where the time trace, fitting, and the residuals are shown in
Figure 21. The time trace can then be Fourier transformed to find
the frequency components using a rectangular window. Since the
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Figure 20: Scanning electron microscope images of the nanogratings
in a galfenol sample; the contrast and brightness have been increased
for increased visibility of the gratings. Top: 750x magnification
showing all the gratings in the sample and the deeper grooves to
locate the gratings. Bottom: 60000x magnification showing the
period of the grating and the trough width.
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measurements are taken on the nanograting, only phonon modes
localised to this nanograting are excited. This suggests that the
excited phonons are Rayleigh-type surface waves and that their fre-
quencies are determined by the nanograting milled into the surface.
A simplified calculation can give a rough estimate for the phonon
frequency by taking the speed of sound in galfenol, v, as 4879 ms™!
[136] and the period of the grating, P, as 120 nm, the frequency is
then v/2P this results in the frequency being ~ 20 GHz, which is
in agreement with the experimental results. This rough calculation
matching the experimental results provides strong evidence the de-
tected phonon is a surface wave since the speed of sound is halved
for surface waves compared to bulk waves [81].

Away from the grating surface, acoustic waves are still excited
due to the thickness of the sample; however, the frequency is not
limited by the periodicity of the nanograting. There is a second fre-
quency in the intensity signal at ~ 45 GHz; these are Brillouin oscil-
lations. Brillouin oscillations occur when the propagation length of
the probe pulse is greater than the thickness of the excited film. The
probe penetration depth was determined to be 20 nm [128], which
is the thickness of the sample. This results in the probe photons in-
teracting with the longitudinal phonons in the GaAs substrate. Due
to the different material properties of the substrate, the oscillations
observed are of a different frequency, given by

QnG’aAsv

- (69)

fBM'll =

where ngeas is the refractive index of GaAs equal to 3.679, v is
the longitudinal speed of sound in GaAs and equal to 4.731 nm/ps
[137]. This results in a Brillouin oscillation frequency of 45 GHz,
which is in agreement with the experimental results. The magnon
signal is collected via measuring the change in the Kerr angle; this
measurement does not require any background removal process, and
the Fourier transform can be done directly. An example of a magnon
time trace and Fourier transform is shown in Figure 22. The fre-
quency of the magnon excitation can be directly controlled by the
external magnetic field.

2.3 Results

By increasing the magnetic field and collecting the Fourier trans-
forms of the magnon signals, a colour map can be produced, which
shows how the magnon resonance changes with respect to the in-
creasing field. The amplitude of excitation is shown by the colour.
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Figure 21: (a) shows an example of a time-resolved fractional change
of probe intensity when the ASOPS system is configured to mea-
sure the change in intensity. This figure also shows the exponential
fitting applied to the time trace to remove the thermal background.
The inset shows the results of the residuals after the fit values are
removed, along with two frequency filters to separate the Rayleigh
mode (red) and the Brillouin oscillation (purple) (b) shows the FFT
of the residuals, which separate the frequency components. This
shows the Brillouin oscillations are at 44.7 GHz and the Rayleigh
mode phonons are at 19.7 GHz. Both these figures correspond to a
pump fluence of 10 mJ/cm?.
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Figure 22: (a) shows an example of a time-resolved difference be-
tween the s and p polarisations of the probe beam when the ASOPS
systems are configured to measure the change of the Kerr angle.
This time trace was specifically measured when the magnetic field
was set to 370 mT. (b) shows the FFT of the time trace. The fre-
quency of the magnon at 370 mT is approximately 23 GHz. Both
these figures correspond to a pump fluence of 10 mJ/cm?.  The
sidebands which appear here are due to the laser excited magnons
whereas the peak is due to phonon driven magnons.
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For a laser fluence of 1.2 mJ/cm?, the magnetic field was swept from
230 - 325 mT, in 5 mT steps. This allows for waterfall plots (Fig-
ure 23(a)) and a colour map (Figure 23(b)) to be produced, which
show the dependence of the measured amplitude of the magneti-
sation precession (i.e. magnons) on magnetic field. The resonant
magnon excitation is shown as light blue or green, and the excita-
tion follows a close to linear relation. The colour map further shows
the interaction between the magnons and phonons, which appears
as a bright spot. Strong coupling would be observed as an anticross-
ing in the colour map, as shown in [1]. This suggests that we have
a weakly coupled driving interaction where the phonons drive the
magnons.

This data can also be used to plot the amplitude change of the
magnons as the magnetic field is increased from 250 - 310 mT, this
follows the line fy, which includes the phonon interaction at 260
mT (Figure 23(c)), which shows the increase in amplitude due to
the phonon interaction but also shows the decrease in amplitude
after the resonant interaction. The FFT of the magnon amplitude
at 250 m'T, where the detuning between the phonon and magnon
frequencies is 0.4 GHz, is presented in Figure 23(d). Increasing the
laser fluence to 10 mJ/cm?, the same experiment was undertaken
with the magnetic field range used being 200 - 400 m'T, with the
magnetic field increasing in 10 mT steps. This allows the same fig-
ures as previously to be produced (Figures 24(a)-(d)). Figure 24(b)
again shows a colour map, which suggests again that the magnon-
phonon interaction is only in the weak coupling regime. However,
there is also a region where the magnon-phonon detuning is 0.4
GHz, where the amplitude of the magnon excitation is decreased.
Figure 24(c) further shows that there is a decrease in the ampli-
tude of the magnon excitation before the phonon interaction at 270
m'T. This also shows that the amplitude of the magnon excitation
decreases after crossing the phonon excitation, but the amplitude
doesn’t return to the value before crossing the phonon resonance.

If Figure 23(d) is compared to Figure 24(d), the shape of the
excitation is different, with the low fluence example being the typi-
cal case, taking a more symmetric excitation, and the high fluence
example taking a Fano-like interaction shape, which is asymmetric
in nature. The cause of this Fano-like interaction will be explained
in the following theory section.
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Figure 23: (a) Waterfall plot showing the magnon FFT figures offset
from each other from 230 - 325 mT, when the laser fluence is 1.2
mJem ™2 (b) shows a colour map, where the magnon resonance is
plotted labelled by fy and the phonon resonance is labelled by fg.
This plot shows that the magnon-phonon interaction shows weak
coupling between the two quasi-particles. (c) shows the amplitude of
the magnon resonance when the applied magnetic field is increased
from 230 - 310 m'T, this follows the line fy, which includes the phonon
resonance interaction, which occurs at 260 mT. (d) shows the FFT
of the magnon time trace at an applied field of 250 mT, where the
detuning of the magnon frequency from the phonon frequency is 0.4
GHz.
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Figure 24: (a) Waterfall plot showing all the magnon FFT figures
offset from each other from 200 - 400 mT, when the pump laser
fluence is 10 mJem™2.  (b) shows a colourmap, where the reso-
nance of the first magnon mode is plotted, labelled by f;. The
resonance of the second magnon mode is plotted and labelled by
fél). The phonon resonance is labelled by fr. This plot shows that
the magnon-phonon interaction shows weak coupling between the
two quasi-particles. (c) shows the amplitude of the magnon reso-
nance when the applied magnetic field is increased from 200 - 370
mT, this follows the line fy. The reduction of the amplitude before
the phonon resonance is labelled by the arrow. (d) shows the FFT
of the magnon time trace at an applied field of 250 mT, where the
detuning of the magnon frequency from the phonon frequency is 0.4
GHz, there is nulling of the magnon amplitude observed as well as
the resonance taking a more asymmetric shape than Figure 23
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2.4 Simulation and Modelling of Rayleigh Waves
and Magnon Modes in Galfenol Nanograt-
ings

The modelling of the grating structure using COMSOL [138] was
accomplished by Dr Serhii M Kukhtaruk, with the LLG analysis
being conducted by Dr Tatiana L Linnik and Dr Andrew D Armour.
These results are reproduced with their permission.

From the COMSOL modelling, a spatial profile of the strain com-
ponents of the ground-state phonon mode can be produced, with the
expected wavevector of the Rayleigh wave being ¢ = 27/d, where
d is the period of the nanograting. Input parameters for the simu-
lation include the elastic coefficients, c¢;;, and the density, p, of the
galfenol and the GaAs. For these we took the values from the lit-
erature: ¢ =193 GPa, ¢ = 156 GPa, ¢{*/ = 123 GPa and
p¢el = 7800 kg/m? [43]. Due to the ion milling process, which used
Ga' ions, it is theorised that the grooves have a higher concentra-
tion of Ga from implantation, which affects the elastic coefficients;
however, because the amount of material affected is small, the effect
on the results is negligible. 4% = 119 GPa, {4 = 53.8 GPa,
{4 = 59.5 GPa and p©4s = 5316 kg/m?® [137]. This produces a
phonon mode at 20.2 GHz, consistent with the experimental results.

The spatial distributions of the components of the strain tensor
from this simulation are presented in Figure 25. This figure shows
the dominant strain components, being ¢,,, €., and ... Of these
components, it can be seen that ¢,, is predominantly confined to
the GaAs substrate, and since the applied magnetic field is in the
plane of the sample, the out-of-plane strain component, ¢.., will
have little effect on the effective magnetic field. Therefore, the main
strain component of interest is e,,.

The COMSOL software is also used to model the magnon modes
within the nanograting. To model the LLG equations, a micro-
magnetic package was produced by Serhii M Kukhtaruk [139]. By
first assuming that the gallium concentration in the milled and un-
milled areas is constant at 19%, The material parameters needed for
Fegs1Gag 19 are: the saturation magnetisation uoMy = 1.65 T; the
exchange constant A = 18 pJ/m; the cubic and uniaxial anisotropies
K. = K, = 35 kJ/m? [140]. These parameters do not fit the exper-
imental data for the two lowest frequency magnon modes, fy and
fél), but were chosen because they agree with previously reported
values for the same composition of galfenol [140].

Since the nanograting was milled with Ga™ ions, the implanta-
tion of gallium into the milled areas suggests that the model should
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Figure 25: The simulated spatial distributions of the strain within
the galfenol layers and the GaAs substrate calculated via COMSOL.
Here, the colour scale shows the amplitude of the strain, with green
being defined as zero strain, and then red being positive strain and
blue being negative strain. The €,,, €., and ¢,, are are the dom-
inant components of the strain tensor. This also shows that the
xz component is confined to the substrate, and that the xx and zz
components have a seemingly inverse relationship. The elastic coef-
ficients and densities used were: ¢4 = 193 GPa, /2 = 156 GPa,
42— 123 GPa, p9of = 7800 Kg/m?, cfods = 119 GPa, cfods =
53.8 GPa, C{*4% = 59.5 GPa, and p©e1% = 5316 Kg/m3. The effect
of the gallium implantation is negligible due to the thickness of the
galfenol being much smaller than the phonon wavelength.
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have the milled areas with a higher gallium concentration. The
model provided the best fit when the gallium concentration in the
milled areas is 39%; however, further work is required to measure
this. For this composition of galfenol, the saturation magnetisa-
tion oM = 0.75 T and the exchange constant is A* = 1.2 pJ/m
[141]. The results of the model with a higher gallium concentration
is shown in Figure 26, this figure also shows the initial results with
the concentration of gallium remaining constant, which shows that
the effect of having the milled regions with a lower concentration of
gallium reduces the eigenfrequencies of the modes and the difference
in frequency between the different magnon modes.

The model also produced the spatial distribution shown in the
upper inset of Figure 26, which shows that the magnon modes are
both confined to the milled regions, which is similar to the e, dis-
tribution shown in Figure 25. Due to the spatial overlap of the
magnons and £,, strain component, it is determined that this com-
ponent of the strain is responsible for the quasi-harmonic phonon
excitation of the magnons.

The lower inset in Figure 26 shows a simulated spatial distribu-
tion of the electron temperatures 100 fs after the laser excitation
with the fluence of 10 mJ/cm? in the galfenol layer. This shows
that the temperature of the milled region is above 1000 K, which is
above the Curie temperature of Fegg1Gag g, T. = 973 K [142]. It
is also known that for galfenol, increasing the gallium concentration
decreases the Curie temperature [143], which suggests that the en-
tirety of the milled region is non-magnetic 100 fs after the optical
excitation. This non-uniform heating of the nanograting paired with
the non-uniform nature of the steady-state orientation of the mag-
netisation in the nanograting due to the complex dependence of the
demagnetising field’s spatial profile on the external field direction
[139] leads to spin diffusion between the two nanograting regions,
which dominates the broadband optical excitation of the magnons
for the high pump fluence [144, 145, 146, 123, 147, 148, 149]. The
complexities of this method of excitation are an ongoing area of
research [150].

The dynamics of the magnons were modelled using the LLG
equation 28. To solve the LLG equation, the magnetic free energy
must first be defined to calculate the effective field given by equation
31. For this model, the only terms that are used are the uniaxial
anisotropy, the Zeeman, the demagnetisation and the magnetoelas-
tic terms. The exchange term is ignored due to its small influence on
ferromagnetic regions away from the layer interfaces [151, 152] and
since the exchange energy affects neighbouring spins, the frequency
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Figure 26: This figure shows the theoretical field dependence of the
first two magnon modes, where x is the gallium concentration in the
unmilled regions and x* is the gallium concentration in the milled
regions. The first mode is black and the second is red. The field
dependence of galfenol with a gallium composition of 19% in both
the milled and unmilled regions is represented by the dashed lines.
The field dependence when the gallium composition of the unmilled
regions remains at 19% but the milled regions have a gallium com-
position of 39% is given by the solid lines. The experimental results
are plotted as black squares for the first mode and red circles for
the second mode. The upper inset shows the spatial distribution of
both the magnon modes. The lower inset shows the temperature
distribution of the electrons in the galfenol layer 100 fs after the
optical excitation.
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range of the exchange magnons is proportional to the inverse of the
lattice constant, which results in magnon frequencies of the order 1
THz [153]. The cubic term is ignored due to the confinement of the
magnetisation caused by the grating, which results in the magneti-
sation lying in a local energy minimum, meaning the uniaxial term
is dominant.

Since the galfenol is a thin film the only component of the uni-
axial anisotropy of interest is the x-component and the form of the
demagnetising field is taken to be H;,; = poMs/2, which assumes
the film is infinite but is an appropriate simplification considering
the width of the peaks of the gratings (48 nm) is much smaller than
the length of the gratings (20 um). Therefore, the resultant energy
density takes the form:

E = —puoM,m - Hopy + K,m?2 + %ﬂOMsmz + Biggem?2.  (70)
The parameter values of the saturation field and the uniaxial anisotropy
field for high (low) pump fluence were found to be 1.70 T (1.79 T)
and 42 mT (49 mT), respectively. These were obtained by fitting
the magnetic field dependence of the ground magnon mode. From
previous work, the magnetoelastic constant is known to be B; = -
9 T [140]. Finally, the Gilbert damping coefficient is measured from
the full-width half maximum (FWHM) of the magnon mode, which
corresponds to o = 0.0085.

By assuming that the perturbations of the effective field due to
both the quasi-harmonic phonon excitation and the broadband opti-
cal excitations are small, the time evolution of H.¢; can be modelled
by

H.;¢(t) = Ho + 0 Hphonon(t) + 6 Hppoton (1) (71)

here, Hy is the static component of the effective field from the de-
magnetising term, the Zeeman term and the initial uniaxial and
magnetoelastic anisotropy terms, 6 Hphonon(t) is the perturbation
due to the phonon excitation resulting from the changing strain in
the magnetoelastic term, and 6§ Hphoton (f) is the perturbation due
to the photon excitation which results in a change of the uniaxial
anisotropy parameter. Hy is calculated by using equation 31 and
equation 70 with K, (t=0) and €,,(t=0). 6 Hphonon(t) is determined
by the time evolution of ¢,, for the Rayleigh phonon, which takes
the form ¢,, = —Asin(wgt)exp(—I'grt/2), where A is the ampli-
tude of the phonon excitation, wg is the frequency of the Rayleigh
phonon and I'g is the decay rate of the Rayleigh phonon. I'p was
experimentally measured from the FWHM of the spectral line of
the Rayleigh mode with a value of 1.25 GHz. The amplitude was
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estimated numerically via fitting to the Rayleigh mode for the two
pump fluences of 1.2 mJ/cm? and 10 mJ/cm?, which produced val-
ues for A of 5x107% and 3.5x 1075, respectively. This results in the
phonon-induced perturbation of the x component of the effective
field being

Tt
5 H phonon o (t) = —QBlAsin(th)exp(—TR)mox (72)

where my, is the x projection of the static magnetisation.

The optical perturbation is modelled considering two mecha-
nisms of excitations. The first excitation mechanism is ultrafast
demagnetisation, which is modelled as an instantaneous decrease
of the uniaxial anisotropy. This suggests that the corresponding
change in the x component of the optical excitation can be written
as

5thoton,a: (t) - 26Kum0x@(t)a (73)

here 0K, is the change of the uniaxial anisotropy coefficient and
O(t) is the Heaviside function which is 0 at t = 0 and 1 at t > 0.
Previous works on galfenol nanolayers [154] suggest that the change
in the uniaxial anisotropy coefficient is 0K, = 1 mT.

The second excitation mechanism is via spin transfer torques
(STT) induced by optically excited diffusive spin currents. The
method of including this spin torque into the LLG equation follows
[155], which models the excitation as a time-dependent modulation
of the effective field, which is in line with how the other perturba-
tions have been modelled. For the case of ultrashort spin diffusion,
the contribution to d Hppoton(t) can be taken to be a rectangular
pulse with a fixed direction (which is taken to be the x-axis to match
the phonon and demagnetising modulations), which takes the form

5thoton,m (t> = Astthttw0~ (74)

The amplitude of the pulse is Ay = 100 mT, and the duration
is 74y = 0.2 ps [156], and wy is the frequency of the pulse, which
corresponds to the magnon eigenfrequency. The condition wqTy
< 1 suggests that the time scale of the spin current-induced spin
transfer torque is much shorter than the time scale of the magnon
oscillations is satisfied. The two-photon-induced changes in the uni-
axial anisotropy coefficient occur in mixed proportions for all cases
other than the extremum values. The mixing of these mechanisms
is explored analytically.

To solve the LLG equation analytically, the spherical coordinate
system is used with the assumption that there are static angles and
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a time-dependent small perturbation to these angles, such that

0(t) = 0o + 36(1)
P(t) = o + 0(t)[157]

where 0(t) is the polar angle of the magnetisation vector, which can
take values from 0 to 27, 6, is the stationary polar angle with respect
to a given external magnetic field and 06(¢) is the time-dependent
perturbation to the stationary polar angle. ¢(t) is the azimuthal
angle, which can take values from 0 to 7, ¢ is the stationary az-
imuthal angle with respect to a given external magnetic field, and
d¢(t) is the perturbation of the azimuthal angle. The radial compo-
nent is 1 due to the normalising of the magnetisation components.
The change to spherical coordinates results in

(75)

1
¥dm (76)
__¢ - MshG
v o dt
where the h; terms take the form
1
he = i (Egp + Egol)
" w
he = = (Eps® + Ego0).

M

The E;; are the second derivatives of the magnetic free energy den-
sity, where the subscripts denote what the derivative is with re-
spect to. Finally, the magnetisation components are given by m, =
M;sinfyd¢ and my = M 06, which, by substituting equations 76 and
77 into each other and the spherical magnetisation components, re-
sult in a one-dimensional harmonic oscillator type equation for the
deviation of the in-plane azimuthal angle

d*6¢(t) doop(t)
gz oy

+W266(t) = gBlsm(th)exp(—%y (78)

here, I'y is a damping constant which is given by I'g = ya(Fpg+ Fyg)-
g is the coefficient which couples the driving term to the oscillator,
where the driving term in this case is due to the phonons and the
oscillator is the magnons. g takes the form g = wisin ¢g/Fys. The
solutions to equation 78 take the form

Lot

3P(t) = dPphonon(t) + ((5¢(O)cos(wot)+(5¢(O)wo’lsin(wot))exp(—7).

(79)
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dPphonon(t) is the partial solution due to the phonon driving inter-

action given by

It
2

)

dPphonon(t) = —asm(th)exp(—%) — beos(w,t)exp(—

I'ot T'ot
+bcos(wot)e:cp(—70) + (awr + b(Ty — FR)/2)walsin(wot)exp(—70)
(80)
and
0 gBRA b:g'BT'WR(FO_FR)
A2 + 20y — )2’ A? + w%(To — Ig)?’
2 TIlg
A:w%—wg—f—l— 5

The initial conditions required to solve the general solution are the
initial displacement and the initial velocity, which are the azimuthal
perturbation at time zero, d¢(0), and the first time derivative of the
azimuthal perturbation at time zero, §¢(0). These initial conditions
describe the different mechanisms of the broadband optical excita-
tion. The initial displacement is determined by the demagnetisation
effect, given by

56(0) = 28;?% S KumosO(t) = 2‘9;;% SKscospy0(t) = S0 p

60 60 Ego

(81)
Due to the step function, this mechanism describes a displacive ex-
citation because the instantaneous change in the uniaxial anisotropy
causes an instantaneous change in the magnetisation direction. The
spin transfer torque excitation sets the initial velocity

SZ‘TLQZS()

. sin
5¢(0) = _wz;%Astthtt = —on—
¢

Bimp. (82)
Since the spin transfer torque excitation has the form of a rect-
angular pulse, this describes an impulsive excitation. The inter-
ference effects are determined by the ratio between the displacive
and impulsive excitation, which determines the initial phase, and
the last term in equation 80 determines the phase at the magnon
frequency. An important point of note is that since 78 takes the
form of a damped and driven harmonic oscillator when the oscil-
lator frequency is passed through the driving frequency, a 7 phase
is imparted on the oscillator system. Proof of this is given in the
appendix Chapter Al.

The dependence of the magnon spectra on the pump fluence is mea-
sured for five laser fluences (1.2, 2.5, 4.0, 8.0 and 10.0 mJ/cm?).
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The lower laser fluences, 1.2 and 2.5 mJ/cm?, show no nulling of
the magnon amplitude. A dip in the magnon spectra first occurs at
4.0 mJ/cm?; and the nulling continues to deepen up to 10 mJ/cm?.
The change in fluence is modelled by varying the amplitudes of the
different magnon excitation mechanisms. This is achieved by chang-
ing Br, Bimp and Bg;. The relationship between each of the ex-
citation mechanisms defines the phase, whereas the absolute values
determine the total amplitude of the measured change in Kerr angle,
which decreases with increasing fluence due to the rising background
temperatures causing a decrease in the magnetoelastic constant and
the saturation magnetisation [156]. This means that the absolute
value of Bys and Bi decrease, which appears as the nulling detuned
from the phonon driving excitation. The value of By, is arbitrarily
fixed at 1 mT; this value is chosen such that the ratios between
the other excitations can be based upon it, since the absolute val-
ues are not important. The values taken for the other excitation
mechanism amplitudes are shown in Figure 27, which shows that
by increasing Br and B, the interference-based effects can be
modelled to match the experimental results.
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Figure 27: Left panels show experimental magnon spectra produced
through the collection of FF'T measurements for a variety of pump
fluences. Right panels show the results of the LLG equation for
different values of Bgs, Bimp and Bg, where the values of By;s and
Bimp determine the dominant optical excitation mechanism. The
value of B, given is at wy = wg.
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2.5 Conclusion

This chapter explored laser excitation of a nanograting milled into
the surface of the ferromagnetic material galfenol. This results in
the excitation of both magnons and Rayleigh mode phonons, which
are confined within the nanograting.

Experimentally, it was observed that at high pump laser flu-
ences (10mJ/cm?), the magnon spectral amplitude is nulled at a
detuning below the phonon frequency of 0.4 GHz, along with an
increase in the spectral amplitude above the phonon resonance in-
teraction. This is the form of a Fano-like resonance, which is an
interference-based resonance that originates from the interaction
between a quasi-harmonic excitation and a broadband excitation.
In this experiment, the quasi-harmonic excitation is due to the
Rayleigh mode phonon driving of the magnons. The broadband
excitation is due to optical excitation of the magnons. This optical
excitation of the magnons occurs via two separate mechanisms: ul-
trafast demagnetisation and STT induced by a spin current. The
initial phase of the magnon precession is determined by the ratio of
these two broadband excitation methods, which is controlled by the
laser fluence. This therefore allows the Fano-like resonance interac-
tion to be controlled.

The origin of the STT mechanism is hypothesised to be due to
gallium implantation in the milled regions caused by the ion milling
being accomplished using Ga™ ions. The increase of the gallium
concentration in the milled regions lowers the Curie Temperature of
these regions; this results in the laser pumping at high fluences rais-
ing the temperature of these regions beyond the Curie temperature,
which produces stripes of adjacent magnetically active and magnet-
ically dead regions that allow spins to be pumped through, inducing
an STT.

This hypothesis is further confirmed through modelling of the
nanograting, where the milled regions are taken to have a gallium
percentage of 39% (increased from 19%). With the two mechanisms
of the magnon excitation being determined, the LLG equation is
solved, providing further theoretical evidence of the origins of the
Fano-like resonance interaction.

This work could be further explored by experimentally confirm-
ing the concentration of gallium in the milled regions via external
uniform heating of the sample. Furthermore, the gallium concen-
tration can then be adjusted, changing the dependence of the Fano-
like resonance interaction on the pump fluence. The period of the
nanograting can also be adjusted, which would move the phonon
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resonance and, by extension, would allow the magnon nulling fre-
quency to be controlled.
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3 Enhanced Phonon-Photon Interaction
in Acoustic Nanocavities

3.1 Introduction

The work presented in this chapter is published in ACS Photon-
ics [158] as Enhanced photon-phonon interaction in WSey acoustic
nanocavities. Within this work, the sample preparation was under-
taken by G. Magnabosco, N. Vogel and C. Ruppert. The experi-
mental results were gathered by A. D. Carr with help from A. K.
Samusev. The data analysis was completed by A. D. Carr, A. V.
Akimov, A. V. Scherbakov and A. K. Samusev. Finally, the theoret-
ical understanding was provided by T. L. Linnik and A. V. Akimov.

The work described in this chapter examines the use of van der
Waals (vdW) nanolayers of WSe, as acoustic nanocavities (ANCs).
VAW materials are composed of many atomic layers where the in-
terlayer force is the van der Waals interaction. The vdW material,
WSe,, was used due to the internal strain depending on the num-
ber of layers of the material [159, 160] as well as the direct exciton
resonance being close to the probe laser energy [161]. WSe; is a
transition metal dichalcogenide (TMD) with a crystal structure il-
lustrated in Figure 28, which is a family of materials that take the
form ME; where M is a transition metal and E is either sulfur, se-
lenium or tellurium. This family of materials possesses a variety of
properties, but all are semiconductors. The layers are deposited onto
an opal substrate layer, which provides mechanical support without
altering the acoustic properties of the nanolayers. The nanolayers
are excited and probed by lasers using a pump-probe measurement
technique. This allows for longitudinal phonons to be excited within
the nanolayers. This process is repeated for many layers of varying
thickness, which produce different fundamental frequencies depend-
ing on the thickness. This allows the amplitude as a function of the
fundamental frequency to be explored for higher-order harmonics
and fundamental modes.
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Figure 28: A cartoon that illustrates the hexagonal crystal structure
of WSey and the van der Waals interaction that occurs between
adjacent layers. The red atoms are selenium, and the blue atoms
are tungsten.
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3.2 Current Works in Phonon Nanocavities

The study of acoustic cavities began half a century ago, with the ex-
amination of bulk phonon modes confined in crystals, such as ruby
[162]. These produced low-frequency phonons (of the order MHz).
More recently, due to advancements in material science and fabrica-
tion techniques, devices can be made with nanostructures (gratings
[163], as described in the the previous chapter, waveguides [164] and
pillars [165]), superlattices [166, 167] and membranes of semiconduc-
tor material (examples include Si [168, 169] and GaAs [170]). This
allows for GHz to sub-THz frequency phonons to be achieved, which
have found use in various applications, including filters [171], modu-
lators [172], sensors [173], optical cooling [174], and the performance
of quantum operations [175, 176, 177]. Current research looks to ex-
tend this range further into the THz range and the single-phonon
limit [178] to expand applications to more quantum technologies
and communications, which require high speeds and sensitivities.

The THz range is being reached by optimising the devices men-
tioned previously through the choice of material and device design.
This work utilises vdW nanolayers, which are a classification of ma-
terials characterised by the interaction between crystal layers, with
the primary interaction being van der Waals forces. vdW nanolay-
ers are chosen due to its ease of fabrication and the promising re-
sults showing sub-THz and THz acoustic properties in samples of
graphene [179] and various TMDs [180, 163].

Due to vdW materials being arranged in atomic layers, there
are higher-order phonon modes that can be excited as each layer
is only weakly bound to the adjacent layers, allowing these layers
to move more independently than a tightly bound crystal lattice.
These modes are separated into transverse and longitudinal waves;
the transverse waves are referred to as shear modes, with each layer
moving in the plane of the sample. The modes studied in this exper-
iment were the longitudinal modes, also known as breathing modes,
where the spacing between each layer varies. The relatively weak
vdW interaction enables the production of thin films through the
exfoliation process. Another key reason for using vdW materials
is that the Q-factor of devices fabricated using these materials is
greater than 102, resulting in fxQ reaching record-breaking values
of 10" Hz [181, 182]. Previously, studies of these materials have
focused on maximising the resonant frequency of the phonons or
minimising the decay rate [183, 184, 185]. Instead, this study looks
to maximise the amplitude of the detected signal, as this quality is
essential for the use of these materials in practical devices. TMDs
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are another family of materials composed of a transition metal atom
and two chalcogen atoms. Some TMDs are semiconductors which
can transition to superconductors by twisting adjacent layers [186].
They also possess favourable electrical and mechanical properties,
along with a direct bandgap and the ability to be scaled down to
atomic layers, making this family of materials an area of current
study [187]. WSey is used in this experiment because this mate-
rial has well-documented optical and elastic properties, including
the refractive index and its wavelength dependence [161, 188], the
deformation potential [189], and the speed of sound [190].
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Figure 29: A schematic showing the ASOPS setup used for this
experiment. The probe wavelength is 780 nm, and the pump is 525
nm. The spot size of both the pump and the probe was 1.5 pm. A
balanced photoresistor is used to detect the phonon intensity. MO
is a microscope objective, NPBS is a non-polarising beam splitter,
SF is a spatial filter, A/2 is a waveplate, and GTP is a Glan-Taylor
prism.

3.3 Methods
3.3.1 Setup

This experiment employed a pump-probe laser setup, which utilises
the asynchronous optical sampling (ASOPS) scheme. The experi-
mental setup is illustrated in Figure 29. This setup employs frontside
excitation, in which both the pump and probe lasers are incident
on the front face of the sample. In this experiment, two TOPTICA
Yb-doped fibre ring harmonic oscillator lasers are used as the pump
and probe. The pump and probe have central wavelengths of 1050
nm and 780 nm, respectively. To utilise the ASOPS scheme, the
lasers need to have a frequency offset between their repetition rates;
this is achieved by a synchronisation unit from Laser Quantum. The
offset frequency is set to 800 Hz. Within these works, the second
harmonic of the pump was utilised; therefore, the pump wavelength
is 525 nm. The second harmonic of the laser is achieved by using a
beta-barium borate (BBO) crystal. This crystal enables the process
of second-harmonic generation (SHG). This is a nonlinear process
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which converts two photons of equal frequency to one photon of half
the wavelength.

In front of the sample is a microscope objective, which focuses
the laser light into a spot on the sample. The microscope objective
used is the Mitutoyo NIR 20x lens. Before the microscope objec-
tive, the laser power is measured to be 0.3 mW. The fluence of the
laser measured on the sample is then calculated to be 0.15 mJ/cm?.
The microscope objective is attached to a piezotranslator (piezosys-
tem Jena, NV40 3CLE, Tritor 101), which is used for fine move-
ment of the laser spot. This translator features three-dimensional
travel, with 100 pm of movement in each axis. The light reflected
off the sample undergoes a change in intensity due to absorption,
re-emission, and reflection of the laser light.

This light is detected by a balanced photoreceiver (Newport bal-
anced photoreceiver, model 2107) (BPR). The BPR is set such that
the low-pass filter is 100 Hz, the high-pass filter is 10 MHz, and the
gain is set to 100. Furthermore, to measure the intensity change, one
of the pair of sensors on the BPR is covered. Thus, only the change
of intensity of a single polarisation is measured. The low-pass filter
is also set to the DC setting to measure the DC reflectivity while
the pump laser is blocked. An oscilloscope (Techtronix DPO 5104)
is connected to the BPR in order to read the electrical signal from
the BPR. Also connected to the oscilloscope is an electrical trigger-
ing system, which allows the resolution to be increased from 12 ns,
corresponding to the repetition rate of the lasers, to ~ 1 ps.

Additional optical elements are used, including half-waveplates,
polarised beam splitter cubes, non-polarised beam splitter cubes,
and Glan-Taylor prisms. There is also a microscope and lamp used
to observe the placement of the laser beams, ensuring a good laser
shape, overlap, and placement.

3.3.2 Materials

The substrate of this sample is composed of silica particles that self-
assemble to form a colloidal crystal thin film, which is referred to
as an opal. These are chosen because they provide both mechanical
and thermal stability to the WSe, flakes while acting as a suspended
layer, therefore allowing the WSe, to flex in the longitudinal direc-
tion, which does not occur with typical substrates. A scanning elec-
tron microscope (SEM) image is shown in Figure 30a. The opals are
synthesised by a modified Stober process. The Stober process is a
complex process that primarily uses three chemicals: TEOS, water,
and ammonia [191]. The concentrations of each of these chemicals
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affect the size of the resultant opals. There are, however, other fac-
tors that affect growth, including temperature, additional solvents,
salts, and the dielectric properties of the solvent. If extra solvents
are used, the longer the alkyl chain, the larger the opals become, but
the more spherically symmetric they are. If the extra solvent is a
dielectric material, the larger the dielectric constant of the solvent,
the higher the stability of the colloid formed. Salts are used to re-
duce the formation of secondary particles, resulting in monodisperse
opals. Finally, temperature is used to produce smaller particles with
a narrow size distribution [191]. These opals were prepared using
vertical deposition, whereby a glass substrate is immersed in a 0.1
wt% particle suspension. The solvents are then dissolved over three
days at 65°C. This process produced opals with a diameter of 265
nm, which form a hexagonal close-packed structure.

On top of the opal substrate are thin films of WSe,, which range
in thickness from 8 - 130 nm. These films were produced by the
external company, HQ Graphene, where the films were exfoliated
from bulk samples of WSe;. These thin films are known as vdW
nanolayers. The process of transferring these vdW nanolayers to
the opal substrate uses a transfer stamp. This process usually uses
polydimethylsiloxane (PDMS) on top of a glass slide, which is affixed
using crystal scotch tape. Polycaprolacetone (PCL) is then spin-
coated and annealed onto the stamp. The PCL is heated to 57°C
when placed on top of the WSe,, then the PCL is cooled to allow
the WSey to be fixed to the stamp [192]. The PCL stamp is then
placed onto the opal substrate, and the temperature is raised to
>65°C to melt the PCL. This leaves the WSe, flakes on the opals
along with some PCL residue. A solvent bath of tetrahydrofuran
is used to remove the residue. An atomic force microscope (AFM)
image of a flake exfoliated on top of the opal substrate is shown in
Figure 30(b). The flakes were distributed across the surface of the
opal. Figure 31 shows a darkfield microscope image to illustrate the
spread of the flakes.
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Figure 30: (a) a scanning electron microscope (SEM) image of the

opal substrate. (b) An atomic force microscope image of 2 flakes of
WSe2 on top of the opal substrate [158].

Figure 31: Dark-field microscope image of the WSe2 flakes, taken
at a magnification of 100x. This illustrates a rough representation
of the distribution of flakes across the substrate’s surface.
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3.3.3 Techniques

To collect the data, several averages were taken to improve the
signal-to-noise ratio. Typically, for these measurements, the num-
ber of time traces taken was 50000. In this case, as the change in
intensity is being measured, the averaged result appears as shown
in Figure 32. This data shows a sharp peak, which is due to the
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Figure 32: A change in intensity signal recorded by the BPR. This is
an averaged signal with 50000 averages taken. The inset shows the
phonon oscillations, which are determined by fitting an exponential
decay function to the data from the trough to the end and plotting
the residual data.

electronic background excitation. This excitation is not of inter-
est and is filtered out by fitting an exponential decay curve to the
start of the decay and the end of the data. This produces data
in the form of Figure 32 inset. This figure illustrates the oscilla-
tions caused by phonons. To extract the frequency components,
a fast Fourier transform (FFT) algorithm is performed; this takes
the data from the time domain to the frequency domain. A typical
frequency trace is shown in Figure 33. There is always a fundamen-
tal frequency, which is the fundamental breathing mode phonon.
The thickness of the flakes, d, was estimated using atomic force
microscopy (AFM) by Claudia Ruppert to calculate an estimated
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Figure 33: An example of a typical FFT. This figure displays a
fundamental frequency of f; = 16.9 GHz. The s = 1, 2, 3, 5 are
present in this data, where s is the order of the observed mode.
A frequency component is observed at f = 125 GHz, which is a
parasitic frequency resulting from the ASOPS process.
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speed of sound within WSe,. Five flakes where the fundamental fre-
quency was measured were taken and had the thickness measured
independently via AFM to determine the speed of sound in the flakes
by using fs = sv/2d, where v is the speed of sound in WSes, it is
calculated to be 2840420 ms™! (this is 12% greater than previous
works [190]), and s is the order of the harmonic, with s = 1 being
the fundamental frequency. This then also allows the thickness of
flakes not measured with AFM to be calculated. There are also
higher harmonics of this fundamental frequency; each harmonic is
an integer multiple of this fundamental frequency. Finally, there is
an extra frequency component at 125 GHz. This extra frequency is
an artefact caused by the lasers interfering; this effect is a type of
parasitic oscillation.

3.4 Results

For each WSe, flake, the reflectivity was measured without the
pump being applied to the sample. This was achieved by setting
the BPR to DC mode and recording the voltage. This parameter is
Ry. The change in reflectivity, AR, was then found from the Fourier
transform of the time trace. The amplitude of each harmonic was
then produced, which can be used to find the normalised change in
reflectivity, AR/Ry. The reflectivity, Ry, can be fitted for multilayer
dielectrics as given by [193]:

iy 4 735 + 12 T3 COS(% ny dcos(fs))

0 dmce (83)

1 + 12135 + 2r19 To3 COS(T ng d cos(f2))

where 1;; are the reflection coefficients, which depend on the refrac-
tive indices of adjacent layers. A = ¢/f is the wavelength of the
probe light. ns, is the refractive index of the WSey, 65 is the inci-
dent angle of light into the WSe, layer, and d is the thickness of the
WSe; layer. By taking the layers to be air (n = 1), WSes and opal
spheres (n = 1.5) and assuming that the incident angle between all
the layers is 0°, this produces Figure 34. The refractive index taken
for WSe, in the fitting is 5.26. This value is taken from databases
and papers [188, 161], which cite the complex refractive index for
the probe wavelength of 780 nm as 5.26+0.541.

As stated in Chapter 3.3.3, the FF'T of each of the time traces of
the WSe, flakes is taken. This allows each of the frequency compo-
nents to be separated, enabling the identification of the fundamen-
tal phonon frequency, along with its higher harmonics. Once the
frequency components have been found, frequency filters can be ap-
plied to the time trace, and individual waveforms can be extracted;
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Figure 34: Reflectivity measurements of all the WSe, flakes against
the fundamental phonon frequency of each flake. Equation 83 is
used to produce the fit, which confirms that the values of n, are
appropriate. The uncertainty in these measurements is low due to
low error in the responsivity of the photodiode and the high accuracy
of the power meter used; therefore, the experimental uncertainty of
the reflectivity is smaller than the point size (of the order 0.1 (Arb).
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Figure 35: The phonon signal from the inset in Figure 32 was taken,
and an FFT band filter was applied between 10 - 20 GHz to extract
only the fundamental frequency; this is the green curve. Using a
damped sine function, the oscillations are fitted to the filtered signal
to extract the decay rate and amplitude as shown by t0 and A,
respectively.

this process is done to determine the amplitude and decay rate with-
out any influence from the windowing function used for the FFT.
These waveforms take the form Agexp(-t/7s)sin(wst), where Ay is
the amplitude of the waveform for the s** harmonic, 7, is the decay
constant for the s harmonic and w, = 27 f, is the angular fre-
quency of the s harmonic. With the frequency of the waveforms
being known and estimates for the amplitudes (being found from the
amplitude of the FFT) and the decay constants (being found from
the half width half maximum of the peaks in the FFT), a fitting can
be produced to acquire more accurate values for the amplitude and
decay constants which are independent of the windowing function
used in the FFT, an example of which is shown in Figure 35, Figure
36a shows that there is a roughly inverse relationship between the
fundamental frequency of the phonons and the decay rate, meaning
high-frequency phonons decay more rapidly, which is expected due
to the higher energy requirement of higher frequency phonons.

The amplitudes of higher order harmonics can be plotted as a func-
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Figure 36: (a) The decay rates of the fundamental phonon modes
(s=1) show a negative proportional relationship between the decay
rate and the fundamental phonon frequency. As shown by Figure 35,
the errors are on the order of 0.01 ns. (b) The amplitude of different
harmonics for a selection of 5 different WSe, flakes is shown with the
fundamental frequency labelled. For 17.5 GHz, the even harmonics
are completely suppressed, and for 10.9 GHz, the 4th harmonic is
still present, differentiating it from other flakes. The error in the
amplitudes is also shown in Figure 35 to be on the order 1x10~7

tion of the fundamental frequency (Figure 36(b)). In some cases,
certain harmonics are suppressed. For all cases involving harmonics
with s>5, the amplitudes are negligible due to the greater energy
loss of higher frequency waves through damping, in agreement with
Figure 36(a). For this reason, Figure 37 only shows the amplitudes
of the first three harmonics (s = 1, 2, 3) corresponding to Figures
(a), (b) and (c) against the fundamental frequencies. Figure 37 also
shows a fitting process, which will be further explained in Chapter
3.5. The maximum amplitude of the fundamental frequency occurs
at f; &~ 18 GHz, corresponding to a flake thickness of 79 nm, which
is close to the Bragg thickness where dg = A\/2R{n} = 74 nm,
where R{n} is the real part of the refractive index of WSey when
the probe is considered. This peak in the phonon amplitude and its
proximity to the Bragg thickness suggest that there is a photoelastic
resonance-based effect within the TMD flakes. Also, for the funda-
mental frequency corresponding to the maximum amplitude for s =
1, there is a minimum in the amplitude for s = 2, and for s = 3, the
maximum is shifted to f; ~ 20 GHz.
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Figure 37: The amplitudes of harmonics compared to the funda-
mental frequency of the harmonics. (a) shows the fundamental fre-
quency amplitudes. (b) shows the amplitudes of the second-order
harmonics as a function of their fundamental frequency. (c) shows
the amplitudes of the third-order harmonics as a function of their
fundamental frequency. Each figure shows a fitting line (red) whose
equation is derived in Chapter 3.5. The insets show the spatial dis-
tribution of the phonon modes. The uncertainties in the amplitudes
are of the order 1x10~7 so are not shown.
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3.5 Simulation and Modelling of the Amplitude
of Longitudinal Phonon Modes in WSe,

The theoretical results in this section were produced by T. L. Lin-
nik and A. V. Akimov. To generate the fits used in Figure 37, the
strain amplitudes need to be calculated. Since the phonons are co-
herent, having been created via laser pulses, and were exclusively
longitudinal phonons, which is justified by comparing the measured
frequencies to theory via the frequency-wavelength relation, which
shows the transverse wave would have a frequency in the MHz range
due to the vastly different length scales in the transverse and lon-
gitudinal directions. The one-dimensional elastic equation can be
used.

0*u Do..(t, 2)
Pans = o
ot 0z (84)
0..(t,2) = poie.(t 2)+G(t,2).

Where p is the mass density of the WSe, and takes the value 9.32
gem ™2, u is the displacement vector of the atoms within the flake,
0..(t, z) is the zz component of the stress tensor (which implies that
it is the z-component of the stress acting in the z-plane). v is the
speed of sound in WSey, ¢,.(t, z) is the zz component of the strain;
the zz component has the same meaning as the stress. Finally, G(t,z)
is the stress generated via the ultrashort optical pulse delivered via
the pump laser, which is applied at t = 0. To solve equation 84, we
can impose Dirichlet boundary conditions such that o, (¢, z) = 0 at
z =0 and z = d. The optically generated stress takes the form

G(t,2) = DNoe™*O(t). (85)

Where D is a fitting parameter with units of energy, which depends
on the mechanism of stress generation. In this experiment, the
mechanisms involved are thermoelastic effects and effects through
the deformation potential. Ny is the density of excited electron-hole
pairs at the surface of the WSe,, with Ny = 7.3x10% m~3[194] for
a pump fluence of 0.15 mJem~2. « is the inverse of the penetration
depth, which for the pump laser wavelength A, = 525 nm, the
refractive index of WSe, was found to be nyym,, = 4.6+1.4i, using
the same databases used previously. Additionally, assuming there is
no ultrafast carrier diffusion and recombination, o = 3.3x10” m~!
[195]. © is a step function such that t <0 © =0att >0, 0 = 1.
For this one-dimensional case, the strain is given by e.,(t,2) = %.
By solving the elastic equation (equation 84) for the atomic displace-

ment vector and substituting this back into the strain equation, it
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can be shown that

DNO 1 s _—ad ds . iwst
o E[l —(—1)% ]a2 +q§3m(qsz)e . (86)

£..(t,s,2) =

Where s refers to the order of the harmonic, and q is the wavevector
of the s harmonic. This equation defines the spatial distribution
of the phonon modes.

To calculate the normalised change in reflectivity, an earlier the-
oretical approach was used [196], which results in

AR(t)
Ry

= 2R{C[(n + p)Ad(t) + p¥.(t)]}. (87)

Where p = dny,epe/de. is the reduced photoelastic constant, Ad(t)
= ugy(t) - up(t) is the change in layer thickness due to the generated
stress (ug is the displacement of the top of the flake and uq is the
bottom), C is a complex variable and defined by equation 88, W(t)
is a function which dependents on the change in strain over time and
the harmonic number of the generated strain. This determines the
strength of the photoelastic effect, W4(t), which is defined further in
equation 89.

C = 2i rag(L = vl (88)
(112 4 1o3€2h2d) (1 4 1191rp3e2ikad)
where k; (j = 1, 2, 3) are the wavevectors of the probe in the

air, WSe, flakes and opal, respectively, r;; are calculated by (k;-
k,)/ (ki +ky).

1 [ . )
U, (t) = 5/ €,.(t, s, Z)[T2362Zk2(d_z) + 7’2_316_2”“2(‘1_’3)]61,2 (89)
0

where this describes interactions between phonons and photons in
the WS, layers.

Since the probe wavelength is close to the direct exciton reso-
nance of WSe,, which is 1.62 eV [188], there is a strong dispersion
of the photon regime. With this regime of strong dispersion, the re-
duced photoelastic constant changes to p = Z dnyepe/d(fuw). Where
= = dEcsciton/de .. is the out-of-plane deformation potential, Eezciton
is the direct exciton energy, and finally, Aw is a quantum of energy
of the probe laser.

= is not known directly; however, other works have been done
[189] which show that under hydrostatic pressure, P, dEc;citon/dP
= 3.4 meVkbar~!. Then, assuming the effects of the out-of-plane
stress dominate, 2 = -v?p dEzciton/dP & -3 eV. This assumption
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Figure 38: Comparison of different deformation potential values
around a known value of -3 eV (black). Other values chosen are
-1, -0.3 and 1 eV, where -1 €V shows the closest fit to the data.

allows for an initial estimate of the deformation potential. There-
fore, a selection of deformation potentials were chosen around -3 eV
and compared in Figure 38.

dn/d(fw) can be determined from the dispersion of multilayer WSes,
which is computed in other works [188]. Figure 39a,b shows the de-
pendence of n and p on the photon energy within the vicinity of the
direct exciton resonance. When the real part of the reduced photoe-
lastic constant is greater than the real part of the refractive index,
the photoelastic effect is the dominant effect contributing to the
normalised change in reflectivity. The value of the reduced photoe-
lastic constant is greatly increased when the photon frequency is in
the vicinity of the exciton resonance, as shown in Figure 39b. This
is due to the rate of change of the refractive index being larger since
the probe photon energy is also generating excitons. For the case of
the probe laser, which is labelled in Figure 39¢, the photon energy
is within this peak in the reduced photoelastic constant caused by
the exciton resonance; therefore, for the probe laser wavelength, the
real part of p is increased, which in turn causes the photon-phonon
enhancement, since the photons are coupled to the excitons and the
excitons are coupled to the strain in the sample this allows for the
phonons to be driven via the pump laser but also via this exciton
pathway.

Figure 39(c) shows a contour plot of the amplitude of the first
harmonic’s dependence on the probe photon energy. There are two
regions separated by the frequency fz = 25 GHz. This frequency
is chosen because it is greater than the resonant effects that occur
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in Figure 37(a), which are due to the Bragg condition. In the re-
gion f; <fp, interference between the probe’s light reflected from
the ANC surfaces gives rise to photoelastic resonances (as previ-
ously discussed). In the region where f; >fp, which is well above
the Bragg condition, the peaks in amplitude are due to the gener-
ation of excitons. Since f; is a proxy for layer thickness, it can be
seen that a critical layer thickness is reached at f; ~ 0.5 GHz, which
corresponds to a layer thickness of 3 nm. This suggests there are two
layers of WSey [160]. The interaction between the strain in the ma-
terial [197] and the layer thickness [160] lowers the band gap energy
such that, without changing the pump fluence, the number of exci-
tons excited is increased. This region has a large linewidth of 0.13
eV; this broadening has been shown to be due to phonon-exciton
scattering events [198]. There is a region of amplitude nulling at a
photon energy of 1.59 eV, due to the sum of the refractive index and
the photoelastic constant producing a minimum in reflectivity. This
is due to the asymmetry of the refractive index and the photoelastic
constant, which leads to interference between the photons emitted
by the excitons and the reflected probe photons. The maximum in
the reflectivity is found in this region, which results in the sensitivity
of the detection of phonons being optimised in this region. There-
fore, the amplification of the higher-order mode of the fundamental
frequency 22.7 GHz, shown in Figure 36, is due to the higher-order
magnon being in this region of greatly increased sensitivity.
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Figure 39: (a) The dependence of the real (black) and imaginary
(red) parts of the refractive index, n, of WSes on photon energy.
Data collected from [161]. (b) The dependence of the real (black)
and imaginary (red) parts of the reduced photoelastic constant, p,
of WSey on photon energy. At the used photon energy of 1.6 eV
(indicated by the red arrow in panel (c)), the real part of p is greater
than the real part of n. (¢) Colourmap showing the amplitude of
the fundamental frequency as a function of frequency and photon
energy. There is a break in the frequency axis to display data col-
lected near the Bragg condition, fg, and far above it.
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3.6 Conclusion

This chapter explored the interactions between phonons, photons,
and excitons, specifically examining how photons in the proxim-
ity of the exciton resonance have increased detection sensitivity to
phonons, which occurs in two distinct regions with different origins;
however, both regions of increased sensitivity are due to the re-
fractive index and the changing photoelastic constant mediated by
excitons.

This work presents van der Waals films on an opal substrate,
with film thicknesses ranging from 8 - 130 nm. This allows for
longitudinal phonon modes of various fundamental frequencies to
be excited, depending on the thickness of the film. The phonons are
excited by lasers using the pump-probe regime, utilising ASOPS.

The experimental results indicate that when the fundamental
frequency of the excited phonons is close to the Bragg condition for
the probe laser, the sensitivity of the detection of the phonons is in-
creased due to the photons reflected from the top and bottom layers
of the flakes constructively interfering. There is also an observed
example where the s = 3 higher-order mode has a larger amplitude
than the fundamental harmonic; this is due to a second region of
high sensitivity at frequencies much greater than those that satisfy
the Bragg condition.

The theoretical explanation of these results shows that the phonon
signals are primarily dependent on two factors: the refractive in-
dex of the material, which itself is wavelength-dependent, and the
reduced photoelastic constant, which, away from the exciton reso-
nance, has the form p = dn,,./de,.. However, the probe frequency
lies close to the exciton resonance, changing the form of the reduced
photoelastic constant to p = Zdnyepe/d(Aw). This increases the
reduced photoelastic constant. Therefore, in the region where the
Bragg condition is satisfied (f; < 25 GHz), the reflectivity changes
from having the refractive index being the leading parameter to the
reduced photoelastic constant, which causes an amplification of the
phonon signal. In the region where f; > 25 GHz, there is another
region of reflectivity amplification. This amplification is due to the
layer thickness and strain lowering the exciton energy, such that, for
the same pump fluence, more excitons are excited and, upon decay,
emit more photons that interact with phonons, thereby increasing
the sensitivity of the measurement. Experimentally, an s = 3 har-
monic, with frequency = 66 GHz and amplitude = 9x 1075, was ob-
served to have an amplitude greater than the fundamental frequency
(amplitude = 4.5x107°). This suggests that this higher-order har-
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monic lies within this region of increased sensitivity. Furthermore,
this experiment opens discussion for the use of vdW ANCs for the
development of single phonon devices, since the amplitude is ap-
proximately Se,., where S is the sensitivity of detection, which in
this case S ~ 10. And e, is proportional to the square root of
the phonon density \/ﬁp. For a phonon generated with f; = 100
GHz, using a pump fluence of 0.15 mJ/cm?, the amplitude is A,
~ 107*, and therefore the phonon density is &~ 10? phonons/um?.
This means that to reach the single phonon limit, the pump fluence
must be decreased by two orders of magnitude, which decreases the
amplitude down to 107% and then results in a phonon density of 1
phonon/um?, which is detectable with current ASOPS equipment.
This experiment enables further investigation into magnetic van der
Waals materials [199, 200], which can be utilised to explore the phe-
nomenon of strong coupling between phonons and magnons. Using
this work, materials could be designed to select phonon frequencies
and amplitudes that drive spin wave precession more efficiently.
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4 Electrical Excitation and Detection of
Magnons

4.1 Introduction

This chapter investigates the electrical excitation and detection of
magnons in micro- and nanoscale structures fabricated from Galfenol
films sputtered on GaAs substrates and attempts to explore magnon-
phonon coupling in those structures. The magnetic part of each
device consists of a 3 um wide, 20 um long Galfenol bar fabricated
using photolithography and ion milling. To excite magnons, an on-
chip microwave antenna was fabricated in close proximity to the
Galfenol bar. The excited magnons pump spin-polarised electrons
into a layer of platinum sputtered on top of the Galfenol. The
pumped spin-polarised electrons produce a spin current in the plat-
inum layer, which, due to platinum being a spin Hall material, causes
a charge current to be produced through the inverse spin Hall effect
(ISHE), enabling detection of the magnons.

To investigate the coupling between magnons and phonons, the
magnetic part of the device was incorporated within a phonon cavity.
The phonon cavities were made by fabricating two different nanos-
tructures. The first is a nanograting [201, 1] that is ion-milled into
the magnetic part of the device, where the magnons are excited. The
second nanostructure used was a GaAs/AlAs superlattice [202, 203],
where the microwave antenna and magnetic bar are fabricated on
top of the superlattice. A cartoon of both of the devices used is
shown in Figure 40. To understand the magnon spectra experi-
mentally measured, micromagnetic simulations are undertaken to
model the magnetic part of the device. The results show a variety
of magnon modes, including backwards volume modes (BV) and
Damon-Eshbach modes (DE). The spatial profiles of these modes
are also calculated to determine whether they are centre or edge
modes.
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GaAs/AlAs
Superlattice

Figure 40: a) A schematic diagram of a nanograting device. The
device structure on the left is the antenna, with a microwave signal
applied at the input, which induces an alternating current I, . This
current then produces an alternating magnetic field H,., which al-
lows for a current, I?, . to be induced in the neighbouring magnetic
Galfenol bar. The bar has a nanograting milled into the surface.
A measurable voltage is present across the magnetic bar. b) A
schematic diagram of a superlattice device. This device does not
have the nanograting, but instead is fabricated above a GaAs/AlAs

superlattice.

4.2 Methods
4.2.1 Setup

The experiments described in this chapter utilise a microwave sig-
nal generator to excite magnons. The signal generator used is an
Anritsu MG3692C, with a frequency range of 10-20 GHz and an
output power ranging from 0 to 20 dBm. To detect the voltage
generated by the [SHE, a Stanford Research Systems model SR830
DSP lock-in amplifier was configured, with the internal reference
signal also modulating the microwave signal. The samples were
mounted on a sample stick and connected to instruments via semi-
rigid SMA cables, due to their low attenuation at high frequencies (>
10 GHz) [204]. The sample stick is designed to fit into a cryostat,
which features an electromagnet positioned at its base. However,
the cryostat’s cooling properties are not utilised in this experiment;
all experiments are conducted at room temperature. The electro-
magnet consists of two water-cooled copper coils and can produce a
magnetic field of up to 400 mT. A Kikusui PWR800M power supply
provides the current supplied to the coils. The samples used were
layers of Galfenol with a gallium concentration of 19%, which were
characterised previously by S. Bowe and D. Parkes [36, 132]. The
Galfenol layer was fabricated into a microwave antenna and a rect-
angular bar with dimensions 3 x 20 um? (the fabrication is discussed
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Figure 41: a) An illustration of the electrical setup that uses the
lock-in amplifier and signal generator (SG) and power supply unit
(PSU). b) An illustration of the sample stick where the rigid SMA
cables connect to the top and bottom of the sample holder. ¢) An
illustration of the sample holder where the sample is placed in the
centre directly on top of the substrate with the aluminium wires
bonded from one terminal to the device and then from the device
to the ground.

further in Chapter 4.2.2). The antenna was designed to maintain
a H0 €2 impedance across the device, while minimising capacitance
and overall fabrication time [205]. Contacts to the rectangular bar
were used to detect a DC voltage through the inverse spin Hall effect
(ISHE). The phase of the lock-in amplifier was adjusted such that
at the maximum applied external field, the signal in the x-channel is
maximised. The experimental setup, the sample stick and the sam-
ple holder are illustrated in Figure 41. Finally, in order to measure
the phonon modes in the structures, a pump-probe experiment was
undertaken, utilising the ASOPS technique described in Chapter 2.
The lasers used in this case are Tsunami Ti-sapphire oscillators from
Spectra Physics. This setup was used to detect phonons in three
different samples: two were nanogratings with different thicknesses
of Galfenol (20 nm and 30 nm), and the third was a superlattice
with a Galfenol layer sputtered on top.
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4.2.2 Materials and Devices

Within these works, four different layers of Galfenol were used. Each
of these layers was deposited as described in Chapter 2.3.2. These
layers are named S1, S2, S3 and S4. Each of the sample thicknesses
and the platinum capping layer thicknesses are listed in Table 2.
All of these samples were produced via magnetron sputtering on a
GaAs [100] layer. For sample S3, there was a superlattice struc-
ture grown via molecular beam epitaxy (MBE), topped with a 4
nm GaAs layer, which then had the 100 nm Galfenol and 5 nm
platinum layers sputtered on top. The superlattice structure con-
sists of repeated units of AlAs and GaAs with thicknesses of 108.6
nm and 90.5 nm, respectively. These repeated units are layered 10
times to impose boundary conditions on phonons in the z-direction.
The combination of the superlattice structure, the GaAs top layer,
Galfenol, and the Pt capping layer constitutes the phonon cavity as
a whole [206]. A rough estimate for the allowed frequencies of the
phonons, only taking into account the superlattice, is given by [207]:

1
fTL =n CGaAs CAlAs (90)
dGaAs daias

where f,, is the frequency of the nth harmonic, n is an integer, C;
is the speed of sound in each material of the superlattice and d; is
the thickness of each material in the repeated unit. In this case,
dgaas = 90.5 nm, Caeas = 4.73 ms~! [208], daas = 108.6 nm, Caas
= 5.65 ms~! [208], resulting in the superlattice having a funda-
mental phonon mode of 13.0 GHz. The repeating units are capped
with a 4 nm GaAs layer, onto which the Galfenol layer is sputtered.
The thickness of the capping GaAs layer is smaller than previously
used, as only the surface is required for the seeding of single-crystal
galfenol and for the imparting of the uniaxial anisotropy component,
but the layer should be thin enough to allow for the excitation of
phonons within the superlattice from the surface galfenol. In pre-
vious laser experiments, the GaAs substrate was thicker (0.5 mm)
because optical absorption was required only in the galfenol layer.
The deposition of the superlattice structure was performed by Dr
Richard Campion at the University of Nottingham.

The nanofabrication steps for each of the sample wafers begin
with scribing each into 5 mm x 5 mm chips. Following this, the chips
were then cleaned in 3 solvents in the order acetone, methanol and
finally IPA at room temperature, using a vibration stage to provide
gentle agitation for 10 minutes each. Once the chips were cleaned,
they were then prepared for photolithography. The first step in the
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Thickness (nm) | Pt cap Thickness (nm)
S1 20 10
S2 30 5
S3 100 )
S4 100 )

Table 2: The different sample thicknesses along with the thickness
of the platinum cap

photolithography process involves spin-coating photoresist on top of
the chips. Based on the photomask design, a positive photoresist
was required; given the high resolution of 0.5 um and the lift-off
structure produced, AR-P 5350 was used. The chip was placed in
the Laurell spin coater, a drop of AR-P 5350 was applied on top,
and the sample was spun at 4000 rpm for 60 s. After spin coating,
the chip is baked for 4 minutes at 105°C. Following this step, the
chip is placed in the MJB3 mask aligner so that the device structure
on the photomask is either 45° or 90° to the sample edge. The chip
is then exposed for 5 s to UV light from a mercury lamp, which
weakens the resist in the regions exposed. Next, the chip is agitated
in a development solution composed of a 1:3 ratio of AR300-35 and
deionised water for 45 s. The development step removes the resist
from the regions where the resist was weakened. The chips were
then ion-milled using argon ions with an acceleration voltage of 200
V for a time to etch fully through the Galfenol layer. To remove the
excess resist, the chips were placed in acetone at room temperature
in an ultrasonic bath at the lowest power setting for 20 minutes,
followed by rinsing in IPA.

Nanogratings, with troughs of width 100 nm and pitch 200 nm
and depth of 10 nm, were fabricated along the Galfenol bar samples
S1 and S2. The fabrication steps involved electron-beam lithography
(EBL), the deposition of a hard mask (Cr), and ion milling. The
sequence of steps is depicted in Figure 42. The EBL steps were
carried out by Sarah Heywood and Richard Cousins using electron-
beam resist CSAR 6200.09 and developer AR600-71.

Figure 43 shows an example of a completed device. Each of the
chips is named based on whether it has a phononic resonator or is a
control sample, as well as the orientation of the device with respect
to the sample edge; the names of each chip is shown in Table 3.
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Figure 42: An illustration showing the fabrication steps to produce
the nanogratings on the surface of the Galfenol.

FeGa

Photolithography lon milling

ﬁ

Grating(angle) | Control(angle) | Superlattice(angle)
ST G3(45) C3(45) n/a
S2 [ G1(45), G2(90) | C1(90), C2(45) n/a
S3 n/a n/a SL1(45), SL2(90)
S4 n/a C5(45), C6(90) n/a

Table 3: The names of each wafer and the samples fabricated from
them. The labels G, C, and SL indicate whether the sample has
a nanograting, is a control, or is a superlattice. The number in
brackets is the angle of the magnetic bar with respect to the crystal
edge.
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wra

Figure 43: A 50x magnified light microscope image of a completed
device showing the relevant lengths of the complete device. The
inset is at 100x magnification. The magnetic bar and the space
between the microwave antenna and the DC line are highlighted by
a green box. The pink boxes highlight the contact pads. The blue
box highlights the microwave antenna.
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4.3 Results
4.3.1 Data Analysis

An example of the raw data collected from the microwave experi-
ment is shown in Figure 44. The plot shows the DC voltage mea-
sured across the magnetic bar as a function of the applied magnetic
field. The main features in the data are the magnon resonances, rep-
resented by asymmetric features at approximately + 250 mT. There
is also an asymmetric background that saturates at high magnetic
fields and is therefore associated with the static magnetisation. This
data needs to be processed in order to extract the information about
the magnons. The first step in the process removes the small offset
in each of the data traces, the origin of which is likely to be an
instrument offset. The next step normalises the data such that the
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Figure 44: The data collected from the microwave experiments be-
fore any processing is done. The magnon excitation is at approxi-
mately £ 250 mT as well as a small hysteresis around 0 mT. For
this data, the microwave input has a frequency of 18.9 GHz and a
power of 63 mW, and the device used is C2. The external field is
applied at 45° with respect to the magnetic bar.

asymmetric background voltage varies between -0.5 and 0.5 pV at
the highest magnetic field. This is done because the power trans-
mitted to the device from the antenna is frequency dependent, and
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we do not have a direct measurement of the power at the device.
As shown in Figure 45a), the asymmetric background varies as a
function of the frequency. For one sample, we conducted an exper-
iment where we varied the microwave power at a fixed frequency.
Figure 46 shows that the magnitude of the asymmetric background
is approximately proportional to the power. Therefore, we used the
magnitude of the background signal as a proxy for the microwave
power reaching the sample, which is accounted for by normalising
the data with respect to the magnitude of the background, produc-
ing Figure 45b).
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Figure 45: a) A waterfall plot of the voltage measured from sample
C2, where the microwave signal is increased from 10 - 20 GHz in 0.1
GHz steps. This shows that the amplitude of each signal differs with
frequency. b) The same waterfall plot, but the voltage measured
from the sample is normalised such that the ’tails’ are at 0.5 pV.

Three different methods were used to analyse the data. The
first method of analysing the data fits an exponential decay func-
tion to the data, with the fitting function prioritising the low field
(0 - £20 mT) and high field regions (£300 - £400 mT). The val-
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Figure 46: The magnitude of the asymmetric voltage background
plotted against the power of the microwave signal from the signal
generator. The signal generator frequency is 18.9 GHz, the sample
used is C2, and the power is varied between 0.08 - 79 mW. The red
line is a linear fit to the data. This shows that the relationship be-
tween the input power and the amplitude of the background voltage
is linear.

ues of the function are then subtracted from the data to remove
the background; the resultant data is the residuals of the fitting
process. An example of the fitting used to produce the residuals
and the normalised data is shown in Figure 47. The residuals are
then collected across multiple input frequencies, enabling a colour
map to be produced that shows how the magnon mode varies with
applied frequency and external field. The second and third meth-
ods of analysing the data are similar in operation. The forward
sweeps (0 - £400 mT) and the backwards sweeps (£ 400 - 0 mT)
are paired together, and then the negative field data is flipped about
x = 0. Following this, flipping the data can either be added or sub-
tracted, resulting in the methods referred to as the addition and
subtraction methods. These methods are used due to the data con-
taining odd and even components; therefore, by adding the data
together, the odd components of the total function are removed,
whereas by subtracting the data sets, the even components of the
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Figure 47: The fitting used to remove the background signal com-
pared to the normalised data. This data is the same as that used in
Figure 44, where the field is swept from 400 - 0 mT. The function
used to fit the background is an exponential decay function given
by V. = Ae~(H==)/t 1} with the fitting parameters found to be
A=448 x107% 29 =955, t = 117, b = —1.45 x 107°.
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underlying function are removed. Skinner et al. [209] used a very
similar experimental method to investigate magnons in cobalt mi-
crobars. They noted that the DC voltage features generated by
magnons in their Co/Pt structures can arise from two main phe-
nomena: the ISHE due to spin pumping from the Co layer into the
Pt layer, and a voltage contribution from the AMR, which arises due
to the induced microwave current in the Co layer interacting with
the magnetisation-dependent resistivity of the layer. The features
associated with the magnons can be fitted to a Lorentzian with an-
tisymmetric and symmetric parts, such as in Figure 48. From the

YO+A*WA2/((X-X0)"2)+(W"2))+B*W* (x-X0)/((x-x0)"2)+(W*2))
0.3 4 ‘ y0 [ 0.01+9.12E-4
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Figure 48: The magnon excitation with both anti-symmetric and
symmetric Lorentzian fits applied. The microwave frequency applied
was 18.9 GHz, and the external applied field was at 45° to the
magnetic bar. Here, xg is the resonant magnetic field, w is the
magnetic linewidth of the excitation, yq is the offset voltage, A and
B are the magnitudes of the symmetric and the antisymmetric parts
as shown in equation 91, where A = Vyygpcos¢ + Visyr and B =
VA MR sin ¢

works of Skinner [209], it is shown that the even components of the
function are due to the ISHE and AMR and that the odd compo-
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nents are due to only AMR. With the equation taking the form:

AH?
Vie =(Vamr cos(@) + Visug) (0 = Hy)? + A o0
AH2(H — Hy)

+ Vanrsin(¢) (= Ho)  AHE
Where V. is the dc voltage measured by the lock-in amplifier. Vg
is the voltage component due to AMR, Visy g is the voltage compo-
nent due to the ISHE. ¢ is the phase difference between the magneti-
sation precession and the current coupled to the magnetic strip from
the microwave antenna. AH is the linewidth of the magnon signal,

H is the external magnetic field, and Hy is the magnon resonant
field. The voltage due to AMR is given by

1
Vamr = =12, ARA,.sin(20)h., (92)

2mw

where I°  is the current coupled to the magnetic strip from the
microwave antenna. AR is the AMR coefficent, A,, is related to
the xx-component of the susceptibility by A,. = Xuz/Ms. 6 is the
angle between the magnetisation and the length of the bar, and h,
is the amplitude of the microwave magnetic field. The voltage from

the ISHE is expanded by

Visng = QSHw(Q—;)Asdtanh(fpt )0 Rsind. (93)
sd

Here, Ogy is the spin Hall angle, w is the width of the bar, Ay is
the spin diffusion length of platinum, d,, is the thickness of the plat-
inum, 59 is the initial spin current, and R is the sample resistance.
The AMR voltage is dependent on sin(26), whereas the ISHE volt-
age depends on sin(f). This difference in the angular dependence
between the two sources of the voltages means that by sweeping
the field from positive to negative the angle changes by 180°, which
due to the dependences on 6 suggests that the voltage due to ISHE
changes in sign whereas the voltage component due to AMR keeps
the same sign, this suggest that the subtraction method as well as
extracting the even components which contains the ISHE and AMR
terms leaves intact the ISHE terms while reducing the AMR term.
The fitting parameters shown in Figure 48 suggests that AMR is
the dominant effect due to the magnitude of the fitting parameter
responsible for solely AMR being, |B| = 0.4 x4V, which is double the
magnitude of the fitting parameter which includes both the AMR
and ISHE effect terms, |A| = 0.2 pV. Figure 48 also shows that
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the magnetic linewidth measured at 18.9 GHz is 9.0 mT, which,
compared to the results from Skinner [209] of 30 mT measured at
23 Hz in Co and Parkes [131] of 8.7 mT measured at 10 GHz in
Galfenol, suggests the measured signals are of the order expected
for this material. The magnetic linewidth can also be used to find
the frequency linewidth using the gradient from Figure 50 to pro-
duce Af = 0.5 GHz; the lifetime of the magnon is then estimated
to be &~ 2 ns. Comparing this to an example where strong coupling
was observed [1], where the lifetime was found to be 5.9 ns, our
magnons decay three times faster.

From the electrical measurements, each of the samples in Table
3 was measured in two field orientations, except for sample C1, due
to its being damaged. These field orientations are 45° and 90° with
respect to the bar of magnetic material. The 0° orientation was not
of interest since equations 92 and 93 show that at 0° both of these
voltages are zero. Whereas at 45° the AMR voltage is maximised
and the ISHE voltage is non-zero, and at 90° the AMR voltage
is zero but the ISHE voltage is maximised. A single device was
measured with the magnetic field oriented at 0° to confirm that the
measured voltage shows no features; this is shown in Figure 49.
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Figure 49: A waterfall plot of the measured voltage of sample SL1,
where the applied magnetic field is oriented at 0° to the magnetic

bar. Clearly, there are no discernible features as is expected for this
orientation.
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Figure 50: Sample C2 with the magnetic field applied at 45°. The
figure is processed by taking the data from Figure 45 and finding
the residuals as shown in Figure 47. A colourmap is then produced
with the residuals data. This figure shows a magnon mode with an
approximately linear dependence of frequency on applied field.
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Figure 51: Sample C2 with the magnetic field applied at 45° pro-
cessed via a) the addition method, which shows both the ISHE and
a component of the AMR effect. b) shows the subtraction method,
which only contains a component of the AMR effect.
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An example of the data collected with the magnetic field applied
at 45° is shown in Figure 50, which depicts the control sample C2.
These results show a positive, approximately linear relationship be-
tween the magnetic field and the frequency. Figure 51 shows the
same data as Figure 50, but subtraction and addition methods have
been applied to separate the ISHE and AMR components. Fig-
ure 51b) shows a clear resonance line which suggests strong AMR
effects, whereas Figure 51a) shows a less distinct line, with gaps.
Since ¢ is not known, it cannot be determined whether this is also
due to AMR or the ISHE; however, it is clear that the AMR effect is
dominant overall, which is in agreement with the fitting parameters
shown in Figure 48.

When the magnetic field is oriented perpendicular to the mag-
netic bar in sample C2, a different magnon mode is observed. This
magnon mode’s frequency dependence on the magnetic field differs
from the typical results seen, where the frequency increases with
increasing magnetic field. Instead, this magnon frequency decreases
with increasing magnetic field up to a critical field value. An exam-
ple of this type of magnon mode is shown in Figure 52. The origins
and classification of this magnon are explored in Chapter 4.4.2.

The observable difference between the magnon mode in Figure
50 and the magnon mode in Figure 52 is that the mode in Figure
52 shows a decrease in frequency with increasing magnetic field.
This decreasing frequency continues until the internal demagnetis-
ing field is overcome by the externally applied field; the magnon
frequency then begins to increase with applied magnetic field. This
will be further shown in Chapter 4.4.2. Because Figure 52 shows
complex coupling interactions, the samples exhibiting these interac-
tions were further explored with higher-resolution scans around the
frequencies at which these modes occur. These high-resolution scans
were not undertaken for each sample due to time constraints. High
resolution scans of sample C2 with the magnetic field at 90°, with a
frequency range of 10.5-12 GHz, are shown in Figures 53a and 53b.

These figures show a magnon mode which decreases in frequency
as the magnetic field increases. Figure 53b) shows bright spots at
frequencies of 11.59, 11.65, and 11.71 GHz; these suggest a resonant
interaction. Figure 53a) shows an anticrossing at 10.82 GHz, which
suggests there is strong coupling. Since these measurements are in
the control sample C2, these interactions are attributed to other
magnon modes excited in the bar. Figure 54 shows the addition
(b4a)) and subtraction (54b)) data analysis methods for the data
shown in Figure 53a). This again shows that AMR is the dominant
effect in voltage generation when the magnetic field is applied per-
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Figure 52: Sample C2 with the magnetic field applied at 90° pro-
cessed by the exponential fitting method. This sample and field
geometry shows magnons that decrease in frequency with respect to

the magnetic field.
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Figure 53: Higher resolution scan of sample C2 with the magnetic
field at 90° a) shows the full range of the magnon modes with a
frequency resolution of 0.01 GHz, and b) shows a higher frequency
resolution image (0.005 GHz) of where the modes cross at 0 mT.
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Figure 54: Sample C2 with the magnetic field applied at 90° pro-
cessed via a) the addition method, which shows both the ISHE and
a component of the AMR effect. b) shows the subtraction method,
which only contains a component of the AMR effect.

pendicular to the magnetic bar in sample C2. These magnon modes
that decrease in frequency as the magnetic field is increased are also
observed in samples G3 (Figure A10), G2 (Figure A4), SL1 (Figure
A14) and SL2 (Figure A18). This shows that the effect is observed
across different sample thicknesses (20, 30, and 100 nm), different
Pt cap thicknesses (10 and 5 nm), and across control samples and
different nanostructures and crystallographic directions. The only
observed similarity is that the external field is applied at 90° to the
magnetic bar. This effect, however, is not observed in all samples
when the magnetic field is applied at 90° to the magnetic bar, with
devices C3 (Figure A8), G1 (Figure A6), C5 (Figure A12) and C6
(Figure A16) not producing this magnon spectra. This indicates
that the effect is observed only in five of the nine devices measured
in this orientation. We speculate that the quality of the bars was af-
fected during fabrication, thereby altering the magnetisation profile
across the edges of the bar.

Each of these samples exhibits the linear magnon structure shown
in Figure 50. By examining the subtraction and addition plots for
all samples, it is evident that the AMR contribution to the voltage
is greater than the ISHE contribution. These extra experimental
results are included in the appendix.

Overall, these results suggest that the AMR is predominantly re-
sponsible for the effects observed; therefore, the magnetic moments
must not be entirely aligned with the external field, and the geom-
etry of the sample and the field are also critical. This suggests that
shape anisotropy and the internal field play a key role in this effect.
To further explore the origins of the modes in these samples and the
interactions, micromagnetic simulations were done.

111



ASOPS experiments were undertaken to explore the phonon
modes within the nanogratings or superlattices in the devices. In
these experiments, only the change in reflectivity was recorded,
without any polarisation information, so only phonons, not magnons,
were detected. The FF'T signals for each of the grating samples are
shown in Figures 55 and 56. Figure 55 shows the phonons in sam-
ple S1, where the resonant frequency is 10.5 GHz, with a secondary
peak at 11.3 GHz, possibly due to imperfections from the fabrica-
tion process. The linewidth of the peak at 10.5 GHz is 0.4 GHz;
therefore, the lifetime is 2.5 ns. The higher-frequency modes are
not important because they lie above the measured frequency range
and are attributable to the system’s sampling rate and Brillouin
oscillations.

Figure 56 shows the phonons in sample S2, where the phonon
frequency is 10.9 GHz. The mode at 19.4 GHz is speculated to
be a higher-order phonon mode that is shifted in frequency due to
defects in the nanograting. The linewidth of the peak at 10.9 GHz is
also 0.4 GHz, and the lifetime is again 2.5 ns. The higher-frequency
modes are from the same origins as in Figure 55.

The superlattice results are shown in Figure 57. This shows the
phonons in the superlattice are at 12.6 GHz. The linewidth of this
peak is 0.8 GHz, which results in a lifetime of 1.25 ns.

Comparing the lifetimes of the phonons in our nanostructures to
those in works where strong magnon-phonon coupling is observed
[1], where the lifetimes are 33 ns, it is clear that the phonon lifetimes
in our structures are much shorter. For the gratings, this is because
our gratings were confined to an area of 3x20 um?, whereas in
Godejohann’s work the grating structure was larger, with an area
of 25x25 um?. For the case of the superlattice, the lifetimes of
the phonons are reduced due to the finite-size effect and the rel-
atively low frequency of the phonons confined in the structure.
Figure 18 shows the magnon spectra measured for samples S1 and
S2 with nanogratings, and for sample S3 with a superlattice struc-
ture, and corresponding spectra measured in control samples (with-
out nanogratings or superlattices), all with the field oriented at 45
degrees to the bar.

There are no discernible differences between the data from the
samples containing phonon cavities (nanogratings or superlattices)
and the control samples, and no features that would suggest cou-
pling between magnons and phonons across the measured frequency
range, which includes the range where the phonon resonances have
been identified in Figures 15 - 17. The samples where the magnetic
field is applied perpendicular to the magnetic bar are not shown
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in this comparison because we did not measure any correspond-
ing control-nanostructure pairs which exhibit these magnon modes.
Using the measured linewidths of the phonons and magnons, we
can determine an upper bound on the coupling strength (g) that
would be resolvable in principle from our measurements. Typically,
the strong coupling limit is resolvable when the cooperativity, C =
g2/ Af,,Afp < 1. Therefore, a coupling strength of 0.6 GHz or more
would be necessary in order to be resolvable from our data. This
would exceed the coupling strength of 0.2 GHz observed in optical
studies of similar nanogratings investigated in Galfenol layers [1].
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Figure 55: The FFT of the intensity signal measured by the BPR
for a sample of S1 with a nanograting milled into the surface. This
shows several peaks, with the modes of interest at 10.5 GHz and
11.3 GHz. The mode at 10.5 GHz is from the nanograting. The
mode at 33.4 GHz is an artefact of the sampling rate of the appa-
ratus. The mode at 43.7 GHz is due to Brillouin oscillations. The
modes above 20 GHz are not of interest because these phonons can-
not be resonantly excited by the generated magnons, which have a
maximum frequency of 20 GHz due to the signal generator used.
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Figure 56: The FFT of the intensity signal measured by the BPR
for a sample of 52 with a nanograting milled into the surface. This
shows several peaks with the mode of interest being at 10.9 GHz.
The mode observed at 19.4 GHz is speculated to be a higher-order
phonon mode that is shifted in frequency due to defects in the
nanograting. The mode at 33.4 GHz is an artefact of the sampling
rate of the apparatus. The mode at 43.9 GHz is due to Brillouin os-
cillations. The modes above 20 GHz are not of interest because these
phonons cannot be resonantly excited by the generated magnons,
which have a maximum frequency of 20 GHz due to the signal gen-
erator used.
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Figure 57: This shows the FFT of the intensity signal measured by
the BPR for a sample of S3, which is grown on top of a superlattice.
This shows several small peaks with the main mode of interest being
at 12.6 GHz.
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Figure 58: Each of these figures shows the frequency against mag-
netic field plots for the magnetic bar fabricated at 45° to the crystal
edge, and the magnetic field is applied at 45° to the magnetic bar. a)
An example of device G3 produced from sample S1 with a nanograt-
ing. There is no observed crossing or anticrossing at 10.5 GHz. b)
An example of the control sample C3, which is produced from sam-
ple S1. The difference between a) and b) is that a) some noisy
traces around 13.5 GHz, which is well away from the phonon fre-
quency. ¢) An example of device G1 produced from sample S2 with
a nanograting; there is no observed crossing or anticrossing at 10.9
GHz. d) An example of the control sample C2, which is produced
from sample S2. There is no discernible difference between the con-
trol and the grating. e) An example of device SL1 produced from
sample S3, grown on a superlattice. There is no observed crossing
or anticrossing at 12.6 GHz. f) An example of the control sample
C5, which is produced from sample S4. There is no discernible dif-
ference between the control and the grating.
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Figure 59: a) Experimental and simulated results that Langer et
al. produced [210]. b) The reproduced results using Ubermag. The
same two magnon modes are present at the same frequencies with
inflexion points at the same fields. In the Ubermag simulation, there
is a sharp change in amplitude at approximately 250 mT. This is
due to a switch in the magnetisation orientation before saturation.
Overall, the key features observed by Langer et al. are replicated.

4.3.2 Simulations

In order to understand the magnon spectra observed in our micro-
bars when the field is oriented at 90 degrees to the bar, we performed
micromagnetic simulations. The micromagnetic simulation package
used was Ubermag [65]. To check the validity of our model, the first
simulation sought to replicate the work of Langer [210]. The param-
eters used here were: depth = 36.8 nm, width = 140 nm, and the
length is set to be infinite by using periodic boundary conditions.
The saturation magnetisation is pgMy = 0.9236 T and the exchange
stiffness, D, is 23.6 Tnm? [211, 212]. Therefore, only the Zeeman,
exchange and demagnetisation interactions are taken into account.

Reproducing the Langer et al. results confirmed that Ubermag
can produce reliable results for this geometry. These results are
shown in Figure 59. The Langer et al. simulation results show two
magnon modes, which at 0 mT are at approximately 10 GHz and
12.5 GHz. Both modes decrease in frequency as the field increases
up to 150 mT; the lower mode then rises until 200 mT, at which
point the two modes approach each other. After this point, the
upper mode continues to increase in frequency, whereas the lower
mode decreases until 300 mT, at which point the lower mode begins
to increase. Each of these features is reproduced in the Ubermag
simulations conducted. Furthermore, Langer et al. assign the upper
mode as a centre mode and the lower mode as an edge mode by
examining the spatial profiles of each mode and observing where
the modes are localised in the samples.

Following this, the material parameters were changed to those
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Figure 60: Simulation showing frequency dependence of the mag-
netisation precession as a function of the applied magnetic field for
a bar with periodic boundary conditions in the y-axis, 3000 nm
wide in the x-axis and 20 nm thickness. For these results, cubic,
uniaxial, and shape anisotropies are included, as are the Zeeman
and exchange interactions and the demagnetising field. a) The x
component of the magnetisation. b) The y component of the mag-
netisation. ¢) The z component of the magnetisation.

of the galfenol, as well as including anisotropy terms; the cubic and
uniaxial anisotropy energy densities are K. = 33000 J/m? and K,
= 9000 J/m?3 [140]. The width of the bar was also increased from
140 nm to 3000 nm. The saturation magnetisation is 1.39x10°
A/m, the unitless Gilbert damping parameter is 0.017 and finally
the exchange constant is A = 1.9x107 J/m [213]. Comparing the
narrower permalloy bar in Figure 59b) to the 3000 nm wide Galfenol
bar (Figure 60), it can be observed that the magnons in the two
materials largely show similar magnon structures with rising and
falling modes. The difference between the two materials arises from
the number of observed magnon modes in galfenol, which is due to
the increased width of the simulated bar. Another key difference
lies in the magnon initial frequency, which arises from differences in
the magnetic parameters.

Figure 60, shows a large rising mode which increases in frequency
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Figure 61: Here, the experimental results shown in Figure 54b) are
compared to the simulated results. The main magnon mode is high-
lighted by the circle in either image. Furthermore, the simulation
shows many rising modes, which may explain the many interactions
with the prominent mode observed in the experimental results.

as the magnetic field increases up to &~ 350 mT, where a falling mode
intersects it and continues to decrease in frequency. Figure 60 also
appears to show many modes which interact with a falling mode
at approximately 20 mT; this interaction appears to change these
modes into rising modes. A deeper analysis of why this switch from
decreasing to increasing field is presented in the theory Chapter.
The results of the 3 pm wide bar with anisotropy can be com-
pared to the experimental results; this comparison is shown in Fig-
ure 61. Clearly, within the simulation, many modes are excited that
are not observed in the experiment. To characterise each of these
modes, the spatial distribution of these modes for various applied
field values was explored. To process the data to extract the spa-
tial distribution of the magnon modes, the magnetic field is fixed,
and a sample of the cells defined in the simulation is taken. In this
case, the cells are taken from the central yz plane, and every cell
in the x-direction of this plane is taken. The time dependence of
each of the magnetisation components in each cell is recorded. By
taking the FF'T of the magnetisation in each cell, the time domain is
changed to the frequency domain. Finally, each of the transformed
magnetisation components is arranged by the cell coordinates, which
produces the position-dependent frequency figures seen in Figure 62.
This figure shows that for low field values 0-200 mT, many modes
exist, with the highest amplitude modes being confined to the edges
of the sample; however, some lower amplitude modes exist solely
in the centre of the bar. Above 200 mT, there are fewer of these
centre modes, and the spatial distribution shows that the remaining
modes are confined only to the edges of the sample. However, there
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Figure 62: The spatial distribution of the magnon modes across
the width of the device. The Amplitude of the edge modes is much
greater than the centre modes; however, there are examples of modes
that extend into the centre region, such as at 400 mT at 11 GHz.
The structure of the modes in the centre of the bar is clearly complex
in nature.

is still a complex structure to the central region of the material. The
origins of these centre and edge modes are further discussed in the
theory Chapter.

Figure 62 shows the spatial distributions for external field values
between 0 - 500 mT in 100 mT steps; however, the spatial distribu-
tions for the external field values were calculated in 50 mT steps.
These extra figures are found in the appendix.
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4.4 Classifying the Origin and Type of Magnon
Modes Observed Within 3 ym Galfenol Bars

Different magnon modes are possible in magnetic devices, depending
on the magnitude and direction of the magnon wavevector with
respect to the magnetisation. The main magnon modes to be aware
of in the context of this work are the Kittel modes, which have the
wavevector, k, equal to 0 [34], Damon-Eshbach (DE) modes, where k
is perpendicular to the magnetisation [210] and Backwards Volume
(BV) modes for which k is parallel to the magnetisation.

DE modes have their phase and group velocities collinear. The
dispersion relation of these modes is given in Chapter 1.4.1, equation
45, as:

()2 = (k2 1 D a2 -2 =123,
W W " 4" wr ™ A4r Y
(94)

BV modes have a group velocity directed antiparallel to k& and the
phase velocity. The group velocity opposing the wavevector is why
these modes are referred to as backwards. The dispersion relation
for these modes is also given in Chapter 1.4.1, equation 49, as:
(—)? = (2 4 k) (22 4 ak® +1— P(kL)). (95
WM 2 WM
To further characterise the modes observed in these works, the
spatial origins of these modes are explored. To explore this, the
shape anisotropy of the sample needs to be factored in due to the
cuboidal shape of the bar. The combination of this shape anisotropy
and the direction of the applied external field results in an inhomo-
geneous internal demagnetising field, with the net effective magnetic
field approaching 0 closer to the edges of the sample and at the cen-
tre being equal in magnitude to the applied external field. Along
with this inhomogeneous internal field, there is also pinning of the
spins, which occurs at the edges of the sample. The pinning results
in the magnetisation at the edges of the sample being perpendicu-
lar to the applied field. These two effects, combined, produce two
distinct regions where magnons can be excited: the edges and the
centre. As the applied field increases, the boundary between these
regions is moved closer to the edge as the internal field begins to
homogenise. The boundary between these regions arises because the
spin waves that could be excited at the boundary are purely imagi-
nary. This results in spin wave wells at the edges and the centre of
the sample, where the allowed spin waves must obey

/k(Hmt(z), v)dz =nm n € Z[66]. (96)
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Figure 63: a) A cartoon of the full-size magnetic bar is simulated,
with the axes labelled. For b) - d), the magnetisation of the xy plane
of the simulated bar is shown; the z height is fixed in the centre of the
bar at 18.4 nm. The y-direction has periodic boundary conditions.
The colour shows the z component of the magnetisation, whereas
the arrows show the x and y components. The external field is 50
mT in the x-direction, such that the edge region has not been too
compressed. b) The x-direction is limited to 0 - 500 nm to show the
bottom edge of the bar, such that the effects of the edge pinning
can be observed. ¢) The x-direction is limited to 1250 - 1750 nm to
show the alignment of the magnetisation in the centre of the bar. d)
The x-direction is limited to 2500 - 3000 nm to show the top edge
of the bar again, so that the edge pinning can be observed. e) A
plot of how the magnetisation component changes throughout the
bar. In the centre, the magnetisation is saturated in the direction
of the external field, whereas at the edges, there is some rotation in
the plane. f) A plot showing how the exchange energy is distributed
throughout the bar. This figure clearly shows that the exchange
energy is minimised at the centre of the bar, and that the exchange
interaction is large at the edges.
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Where k(H;,.(z),v) is the wavevector as a function of the internal
magnetic field and the frequency; this is essentially the dispersion
relation. This integral being equal to an integer value of 7 suggests
that each of the excited modes must have nodes at the boundaries.

From works done by Slavin, Bayer and Demokritov [214, 215,
216, 217, 218], it was observed that modes localised at the edges
and the centre have different origins, with the modes localised at the
edges being due to the exchange interaction more than the dipolar
interaction (shown in Figure 63f) and the modes localised in the
centre being due more to the dipolar interaction than the exchange
interaction. In the simulated results shown in Figure 62, it can be
seen that modes with the largest amplitude are localised at the edges
of the sample. These results are consistent with those reported by
Slavin, Bayer, and Demokritov.

Results from Bayer [68] suggest that the modes confined to the
edge regions are DE-type magnons and the modes localised in the
central region are BV-type magnons. The type of these modes,
however, cannot be directly determined from these results without
further measurements using wavevector-dependent techniques.

From the addition and subtraction figures shown in Figures 51
and 54, the dominant effect towards generating the voltage is AMR.
This is consistent with the mode being localised at the sample edge,
due to the inhomogeneous internal field and edge pinning within this
region, which prevents the magnetisation from aligning with the ex-
ternal field. Additionally, in the experimental data shown in Figure
61b), there are instances of crossings occurring from 11.6 - 11.8 GHz
and an anticrossing occurring at 10.8 GHz. The modes that produce
these crossings and anticrossings are the rising modes, which are ob-
served to cross the falling mode shown in Figure 61a). These modes
are more dipolar than exchange, localised in the central region of
the bar, and are BV modes. There are differences between the sim-
ulated and experimental data, primarily a shift in the frequencies
and magnetic fields at which the modes occur, which is likely due to
the idealised nature of the simulations. Another difference between
the experimental and the simulated data is illustrated by Figure 60,
where it’s clear that a large number of the magnon modes are not
observed in the experimental setup, including the mode at 17.5 GHz
and many of the rising modes.

4.5 Conclusion

This experiment explores the electrical excitation and detection of
magnons. The experimental results show that the magnon spectrum
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is dependent on the orientation of the external magnetic field with
respect to the magnetic bar. When the field is oriented at 45° to the
bar, a linear mode is observed, whereas when the field is oriented at
90°, a falling magnon mode is observed. This falling magnon mode
is also observed to couple to other non-observed magnon modes,
with an example of an anticrossing between the falling and unob-
served modes. The characterisation of these coupled modes was
further explored via simulation, revealing a complex structure of
multiple magnon modes localised in different regions of the sample.
The boundaries between these regions are produced by the inter-
play between edge pinning and the effects of shape anisotropy on
the demagnetising field.

Through simulations, it was observed that some modes decrease
in frequency, then reach an inflexion point at which they increase in
frequency as the field increases. Further simulations show that this
inflexion point is associated with magnetisation saturation, which
occurs more readily in the central region of the bar due to the ab-
sence of edge pinning and a more homogeneous demagnetising field.
This suggests that modes originating at the centre of the bar have
an inflexion point closer to 0 mT. In contrast, the magnetisation,
which is confined to the edges and is affected by edge pinning and a
more inhomogeneous demagnetising field, produces modes that de-
crease in frequency up to much higher fields, as the magnetisation
is much harder to saturate.

Works from Slavin, Bayer and Demokritov [214, 219, 68] suggest
that the edge modes are due to exchange more than dipolar inter-
actions and the central modes are more dipolar than exchange in
nature. The work done agrees with this, since the magnetisation in
the edge region is perpendicular to the applied field. This is due
to edge pinning and the exchange interaction dominating over dipo-
lar interaction, whereas in the central area, the demagnetising field
plays a weaker role and allows for the alignment of the magneti-
sation with the external field. The authors mentioned previously
also determined that the edge modes are DE modes and the central
modes are BV modes; however, further work is needed to confirm
this in the samples used in these works. To experimentally continue
the characterisation of these magnon modes, the dynamics and the
dispersion relation of these excited magnons should be measured.
This is typically done through Brillouin light scattering (BLS) type
experiments.

Originally, this experiment was devised to observe strong cou-
pling between magnons and phonons in a microscale device. How-
ever, these measurements showed that coupling between the magnon
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and phonon systems could not be resolved with this specific device
structure and experimental setup. The phonons were shown to be
producible (measured via ASOPS) and have frequencies in the range
of the magnon measurements, but no coupling was observed. The
linewidth of the magnons was found to be approximately 0.5 GHz,
and the phonon linewidths were 0.4 GHz for the gratings. This
suggests that the magnons were decaying too rapidly to observe
any coupling effects between the magnons and phonons. To reduce
the linewidths of the excited magnons, different device structures
could be explored using waveguide devices commonly employed in
the field. This increases the decay rate of the magnons and increases
the coupling strength. The generation of the microwave could then
be changed to a vector network analyser (VNA), which would allow
for the transmission and reflection of the input signal to be mea-
sured, which is not possible with the current structure, and would
allow for more optimisation of the sample and the device.
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5 Conclusion

The three results chapters in this thesis describe three distinct in-
vestigations.

The first of these chapters is the observation of a Fano-like in-
terference effect between magnons and phonons. This is explored in
a Galfenol nanograting, which is used because Galfenol is a highly
magnetostrictive material. The nanograting is designed such that
the phonon frequency is tuned by the grating period; the grating also
spatially confines phonon modes, thereby increasing the interaction
between magnons and phonons, as they are spatially located in the
same region. The Galfenol nanograting is excited and probed via
a pump-probe laser technique known as ASOPS, which allows the
sample to be excited and probed at regular intervals determined by
the offset in the repetition rate of the laser pulses. The results of this
experiment show that the Fano-like interference is strongly fluence
dependent, as when the pump fluence is 1 mJ/cm?, the Fano-like
interference does not appear. The interaction between the magnons
and phonons is purely that of two weakly coupled oscillators. When
the pump fluence is increased to 10 mJ/cm?, the Fano-like interfer-
ence occurs. This is shown via simulations and theoretical analysis
to be due to the phase relation between two methods of magnon
excitation. The first of these is the ultrafast demagnetisation of the
sample via the laser pulse. The second excitation method is spin-
transfer torque induced by spin currents. Evidence indicates that
this method is caused by an increased concentration of Ga ions in
the milled regions of Galfenol, which reduces the material’s Curie
temperature in these regions; therefore, increasing the pump fluence
causes the milled region temperature to exceed the Curie tempera-
ture. It is the second excitation method that tunes the overall phase
of the magnon excitation and enables the Fano-like interference.

The second Chapter discusses the amplification of the phonon-
photon interaction mediated via excitons. This work explores thin
flakes of the Van der Waals TMD material WSey. These flakes
act as acoustic nanocavities for longitudinal phonon modes, where
the thickness of the flakes determines the fundamental phonon fre-
quency. In this work, the flakes were again excited and probed
via the ASOPS technique. This work shows that the relationship
between the refractive index and the photoelastic constant of the
material affects the reflectivity of the probe photons, where the re-
fractive index depends on the probe frequency and the photoelastic
constant initially only depends on the strain in the flakes, how-
ever, close to the direct exciton resonance the photoelastic constant
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changes to rely on the photon frequency and the strain. This results
in there being two regions of amplified phonon-photon interaction,
the first of which is when the fundamental phonon frequency is be-
low 25 GHz, in this region, the Bragg condition can be satisfied and
therefore due to the constructive interference of photons reflecting
of the top and bottom surfaces of the flakes the sensitivity to the
phonon amplitude is increased with further amplification occurring
when the probe photon frequency is at the exciton resonance due to
the emission of photons from the decay of the excitons at the probe
frequency. In the second region, the Bragg condition is not satisfied,
and the reflectivity peak arises from the decrease in flake thickness.
This reduces the exciton energy level, thereby increasing the num-
ber of excited excitons without increasing the pump fluence. The
outcome of the peak in reflectivity in this region is that phonons
with a fundamental frequency of 100 GHz would have an amplitude
of on the order 107*, and the number density of phonons is 10*
phonons/um?. By reducing the pump fluence, single-phonon detec-
tion would be possible by tuning the flake thickness and ensuring
the probe frequency is close to the exciton resonance.

The final chapter looks at the electrical excitation of magnons
and phonons in a micro-scale bar via a microwave antenna, with
detection of the magnon modes via the voltage generated by the
inverse spin Hall effect and the anisotropic magnetoresistance. The
phonons in this work are spatially confined in two different nanos-
tructures: nanogratings, where the periodicity determines the al-
lowed frequencies, and superlattices, where the period of repeated
layers of AlAs/GaAs defines the phonon frequency. In this work,
the interaction between phonons and magnons is not resolved. The
magnons measured in the samples depend on the orientation of
the external magnetic field relative to the fabricated magnetic bar.
When the field is applied at 45° to the bar, the observed magnon fre-
quency follows an approximately linear relationship with increasing
magnetic field; however, when the magnetic field is applied perpen-
dicular to the bar, the magnon frequency decreases with increasing
magnetic field, as well as exhibiting magnon-magnon crossings and
anticrossings. The origins of this phenomenon is explored further
via simulations, which reveal that, due to the anisotropy and shape
of the material, the internal field is inhomogeneous and there is also
edge pinning present in the material. The combination of these
effects results in two distinct regions in which magnons can be ex-
cited. These are the central region and the edge regions. Magnons
localised in the edge regions are dominated by the exchange in-
teraction, and magnons localised in the central region are dipolar

128



dominated. Comparing the simulation results with the experimen-
tal results shows that the observed mode is localised at the edge of
the bar and therefore exchange-dominant. In contrast, the modes
which couple to this edge mode and produce the crossings and an-
ticrossings are localised in the central region of the bar and are
dipolar dominant. It is also shown via the experimental results that
the origin of the voltage signal induced by the magnons is predom-
inantly via AMR. This further explains why only the edge mode is
observed, as in this region, the magnetisation is rotated away from
the longitudinal and transverse directions throughout.

This thesis has explored the coupling and detection of magnons,
phonons, photons, and excitons confined in nanostructures. These
works provide a step toward understanding optimal device struc-
tures for on-chip strongly coupled systems, as well as toward explor-
ing other interference-based effects that can be exploited to enhance
their detection and applications.
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Appendix

Al. The Phase Change of a Driven Harmonic
Oscillator

Beginning with the equation for a damped, driven harmonic oscil-
lator, as is the case in Chapter 2.

d? d
d_tg; + yd—f + wiz = Fysin(wt) (97)

Here, v describes the damping, wy is the resonant frequency of the
harmonic oscillator, w is the frequency of the driving force, and Fy
describes the amplitude of the driving force. To solve this equation,
we can use an anzats of the form:

z(t) = Acos(wt + @) (98)
which is the real part of
z(t) = Ae'@ite), (99)

This is a solution of 97. Which is inserted into the differential equa-
tion leads to

F0€i¢
2

A=
(Wi — w?) +iwy

(100)

The denominator of this equation is of the form of a complex num-
ber, so A can be rewritten as:

i
4= Toe” o ioen)

(101)

ret? r

This requires that r = \/(w? — w?)2 + (bw)? and 0 = tan™! (bw/wi —
w?). To ensure the amplitude is a real number ¢ = —@. Therefore,
when the phase angle ¢ is plotted as a function of w/wy, shown in
Figure A1l. The phase angle changes the oscillator from being in-
phase with the driving force when w << wy to being in quadrature
at the resonance of the oscillator to finally being out-of-phase when
w >> Wwop.
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Figure A1l: The phase between the driving force and the oscillator.
The system begins with the oscillator and the drive being in-phase,
and then the phase changes to be out-of-phase when the drive fre-
quency is greater than the oscillator resonant frequency.
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A2. Further Microwave Experimental Figures
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Figure A2: The different analysis methods applied to the data col-
lected for the control device C1, which was produced from sample
S2 and the device was fabricated at 90° to the crystal edge. In this
case, the field was applied at 45° to the magnetic bar. a) The fitting
method results. b) The addition method results. ¢) The subtraction
method results.
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Figure A3: The different analysis methods applied to the data col-
lected for the nanograting device G2, which was produced from
sample S2 and the device was fabricated at 90° to the crystal edge.
In this case, the field was applied at 45° to the magnetic bar. a)
The fitting method results. b) The addition method results. ¢) The
subtraction method results.
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Figure A4: The different analysis methods applied to the data col-
lected for the nanograting device G2, which was produced from
sample S2 and the device was fabricated at 90° to the crystal edge.
In this case, the field was applied at 90° to the magnetic bar. a)
The fitting method results. b) The addition method results. ¢) The
subtraction method results.
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Figure A5: The different analysis methods applied to the data col-
lected for the nanograting device G1, which was produced from
sample S2 and the device was fabricated at 45° to the crystal edge.
In this case, the field was applied at 45° to the magnetic bar. a)
The fitting method results. b) The addition method results. ¢) The
subtraction method results.
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Figure A6: The different analysis methods applied to the data col-
lected for the nanograting device G1, which was produced from
sample S2 and the device was fabricated at 45° to the crystal edge.
In this case, the field was applied at 90° to the magnetic bar. a)
The fitting method results. b) The addition method results. ¢) The
subtraction method results.
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Figure A7: The different analysis methods applied to the data col-
lected for the control device C3, which was produced from sample
S1 and the device was fabricated at 45° to the crystal edge. In this
case, the field was applied at 45° to the magnetic bar. a) The fitting
method results. b) The addition method results. ¢) The subtraction
method results.
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Figure A8: The different analysis methods applied to the data col-
lected for the control device C3, which was produced from sample
S1 and the device was fabricated at 45° to the crystal edge. In this
case, the field was applied at 90° to the magnetic bar. a) The fitting
method results. b) The addition method results. ¢) The subtraction
method results.
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Figure A9: The different analysis methods applied to the data col-
lected for the nanograting device G3, which was produced from
sample S1 and the device was fabricated at 45° to the crystal edge.
In this case, the field was applied at 45° to the magnetic bar. a)
The fitting method results. b) The addition method results. ¢) The
subtraction method results.
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Figure A10: The different analysis methods applied to the data
collected for the nanograting device G3, which was produced from
sample S2 and the device was fabricated at 45° to the crystal edge.
In this case, the field was applied at 90° to the magnetic bar. a)
The fitting method results. b) The addition method results. ¢) The
subtraction method results.
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Figure Al1l: The different analysis methods applied to the data
collected for the control device C5, which was produced from sample
S4 and the device was fabricated at 45° to the crystal edge. In this
case, the field was applied at 45° to the magnetic bar. a) The fitting
method results. b) The addition method results. ¢) The subtraction
method results.
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Figure A12: The different analysis methods applied to the data
collected for the control device C5, which was produced from sample
S4 and the device was fabricated at 45° to the crystal edge. In this
case, the field was applied at 90° to the magnetic bar. a) The fitting
method results. b) The addition method results. ¢) The subtraction
method results.
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Figure A13: The different analysis methods applied to the data
collected for the superlattice device SL1, which was produced from
sample S3 and the device was fabricated at 45° to the crystal edge.
In this case, the field was applied at 45° to the magnetic bar. a)
The fitting method results. b) The addition method results. ¢) The
subtraction method results.
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Figure Al4: The different analysis methods applied to the data
collected for the superlattice device SL1, which was produced from
sample S3 and the device was fabricated at 45° to the crystal edge.
In this case, the field was applied at 90° to the magnetic bar. a)
The fitting method results. b) The addition method results. ¢) The
subtraction method results.
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Figure A15: The different analysis methods applied to the data
collected for the control device C6, which was produced from sample
S4 and the device was fabricated at 90° to the crystal edge. In this
case, the field was applied at 45° to the magnetic bar. a) The fitting
method results. b) The addition method results. ¢) The subtraction
method results.
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Figure A16: The different analysis methods applied to the data
collected for the control device C6, which was produced from sample
S4 and the device was fabricated at 90° to the crystal edge. In this
case, the field was applied at 90° to the magnetic bar. a) The fitting
method results. b) The addition method results. ¢) The subtraction
method results.
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Figure A17: The different analysis methods applied to the data
collected for the superlattice device SL2, which was produced from
sample S3 and the device was fabricated at 90° to the crystal edge.
In this case, the field was applied at 45° to the magnetic bar. a)
The fitting method results. b) The addition method results. ¢) The
subtraction method results.
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Figure A18: The different analysis methods applied to the data
collected for the superlattice device SL2, which was produced from
sample S3 and the device was fabricated at 90° to the crystal edge.
In this case, the field was applied at 90° to the magnetic bar. a)
The fitting method results. b) The addition method results. ¢) The
subtraction method results.
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A3. Further Microwave Simulation Figures
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Figure A19: The spatial distribution of the magnon modes across
the width of the device, showing the intermediate field values not
shown in the main text. The Amplitude of the edge modes is much
greater than the centre modes; however, there are examples of modes
that extend into the centre region. The structure of the modes in
the centre of the bar is clearly complex in nature.
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