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Abstract

The advancement of quantum information theory has underscored the need to realize
networks based on entanglement among many qubits. In solid state spin qubit system:s,
the appropriate coupling mechanism depends strongly on the separation between qubits.
Interactions with nuclear spins can mediate coupling over extremely short distances on
the order of a few nanometers, whereas photonic links enable connections over kilometer
scale distances. However, connecting spin qubits at the on-chip scale calls for different
information carriers.

Bridging the intermediate, on-chip regime motivates hybrid quantum systems, since
no single qubit platform simultaneously provides long lived memory, fast control, and
scalable interconnects. In this context, phonons and magnons are promising on-chip me-
diators that can interface spin qubits with other quantum systems and enable hybrid quan-
tum architectures. This dissertation investigates phonon- and magnon-mediated interac-

tions with NV centers in diamond as a route toward hybrid quantum platforms.

Using engineered mechanical resonators, surface acoustic waves, and patterned mag-



coupling. We demonstrate tunable strain coupling achieved through interference between
two mechanical modes, providing additional control over the strain field experienced by
NV centers. We further show that spin waves can coherently manipulate NV center spin
states and enable spatial imaging of wavefronts. In addition, we demonstrate acoustic
generation of spin waves using surface acoustic waves and observe NV spin transitions
induced by the resulting magnons, establishing a phonon-magnon-spin coupling pathway.

All experiments presented in this dissertation are performed in the classically driven
regime, where the relevant strain and spin wave fields contain a large number of quanta.
While this regime does not yet realize coherent coupling at the single quantum level,
it elucidates the key physical mechanisms and coupling channels required for hybrid
quantum interfaces. The results of this work establish an experimental foundation for
NV center-based hybrid platforms in which phonons and magnons act as information

carriers.

Keywords: NV center, magnon, phonon, strain, SAW
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Preface

The strain-based experiments were carried out by constructing and operating the ex-
perimental setup together with Sunuk Choe, Wookyoung Choi, and Chanhu Park. The
strain related work was published in [“Tuning strain coupling between diamond oscilla-
tors and N'V centers via interference of two mechanical modes,” Dongkwon Lee, Seonho
Lee, Jaebum Park, Sungjin Jang, Chanhu Park, Sunuk Choe, Preeti Ovartchaiyapong,
Ania C. Bleszynski Jayich, and Donghun Lee, APL Quantum 2, 046107 (2025)]. I con-
tributed to fabrication, measurements, and manuscript preparation.

The spin wave imaging experiments were performed using a scanning setup, with the
technical support of Yuhan Lee, Seokmin Lee, Seongjin Jang, and Chanjong Ham. Some
of the spin wave results were obtained using a wire patterned YIG film provided by the
KAIST Ultrafast Spin Dynamics Lab (led by Kab-Jin Kim). The work on the spin wave
reflector described in Chapter 6 was published in [“Characterization of magnetic Bragg
reflectors on YIG thin film to control spin wave transmission,” Dongkwon Lee, Moojune

Song, Kihwan Kim, Albert Min Gyu Park, Mujin You, Youngseon Soon, Kab-Jin Kim,

and Donghun Lee, Journal of the Korean Physical Society (2025) 86:1066 -1071]. I was
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Chapter 1. Introduction

Advances in quantum mechanics have given rise to quantum information science,
in which quantum states serve as the fundamental units of information. A qubit oper-
ates on the basis of superposition and entanglement, phenomena that cannot be explained
within classical mechanics and require a fully quantum mechanical description. Many
theoretical and experimental studies have investigated the potential advantages of quan-
tum computing over classical computing.

Beyond the question of computational supremacy, however, Feynman’s well known
remark: “Nature isn’t classical, dammit, and if you want to make a simulation of nature,
you’d better make it quantum mechanical, and by golly it’s a wonderful problem, because
it doesn’t look so easy.” [2] highlights that quantum mechanical computation may be
essential for faithfully simulating physical phenomena in nature.

Growing interest in quantum information and its theoretical progress has naturally

raised the question of whether quantum computers can be realized in practice. Recently,

qubits have been realized on various physical platforms, including trapped ions [3]], neu-
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multiple qubits is required. Some researchers search for new qubit platforms that satisfy
these requirements [9], while others focus on building large scale qubit processors by in-
terconnecting many qubits. For example, a 54 qubit superconducting transmon processor
that demonstrated quantum advantage was reported [[10]].

Among the various qubit platforms, the nitrogen vacancy (NV) center in diamond,
a type of color center, has attracted significant attention because it can operate even at
room temperature. This feature makes NV centers promising as quantum sensors for
measuring specific physical quantities in practical settings. In particular, for magnetic
field sensing, their high sensitivity has enabled the detection of new physical phenomena
in fundamental science [11,|12]], and their room temperature operability has facilitated
applications as compact magnetic sensors in everyday environments [13H15].

Beyond the advantages of individual NV centers, coupling them to surrounding
qubits can further strengthen their potential for quantum computing. For instance, nu-
clear spins near an NV center experience weaker environmental interactions than the NV
electronic spin, and thus exhibit much longer coherence times [[16]]. Entanglement be-
tween the NV center and nearby nuclear spins provides benefits unattainable with an NV
center alone, and such schemes have been experimentally demonstrated [[17].

However, because the interaction range between an NV center and nuclear spins is
short, scaling up through NV and nuclear spin coupling is fundamentally limited. As an
alternative, entanglement mediated by the optical properties of NV centers has been de-
veloped. Entanglement between two remote NV centers by measuring photons entangled
with each NV center is demonstrated [18]].

To achieve scalable interconnections in NV centers-based qubit networks, a quantum




candidate is the phonon, the quantum of mechanical motion [19]. An experiment mea-
sured the coupling between NV centers and mechanical motion [[20]. Another candidate
is the magnon, the quantum of spin waves. Spin waves generate local magnetic fields,
which can interact with NV centers. This coupling has enabled spin wave imaging using
NV centers, and theoretical proposals have suggested magnon mediated entanglement
between NV centers [21]].

In this dissertation, the properties of the NV center as a qubit are investigated, and
the interactions between NV centers and phonons, NV centers and magnons, as well as
phonon-magnon coupling and their combined interaction with NV centers, are experi-
mentally demonstrated. Based on these results, the feasibility of phonons and magnons
as quantum information carriers for constructing NV center-based quantum networks is
explored.

Chapter 2 examines the fundamental characteristics of NV centers as qubits through
their electronic structure and optical properties, and presents experimental measurements
that validate these characteristics. Chapter 3 describes the confocal microscope setup
required for NV center measurements, along with the microwave electronics used for
NV state control and for generating spin waves and surface acoustic waves (SAWs).

Chapter 4 focuses on NV-phonon interactions. A mechanical resonator is fabricated
and actuated, and strain induced effects on NV centers are measured using a spin echo
protocol. In addition, to test whether strain coupling can be tuned via interference be-
tween distinct strain coupling, a resonator supporting two vibrational modes is fabricated,
and interference between the strain couplings of these modes is experimentally
terized.

Chapter 5 investigates NV-magnon interactions. The dispersion

is analyzed to identify wavelengths and frequencies capable of cohg
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centers. Spin wave properties such as directionality and wavelength are then character-
ized using NV-based measurements. Chapter 6 studies the confinement of spin waves
using a cavity structure. Simulations examine the possibility of spatial localization of
spin waves, and selective transmission of spin waves through a stripe patterned structure
is experimentally measured as a function of wavelength.

Chapter 7 explores phonon-magnon interactions probed with NV centers. The sub-
strate and transducer used to generate SAWSs are described, and the generated waves
are confirmed via transmission measurements. A ferromagnetic film is deposited along
the acoustic wave propagation path, and spin wave excitation through magnetoelastic
coupling is demonstrated by magnetic field dependent changes in transmission. Finally,
coherent control of NV centers by these acoustically generated spin waves is demon-
strated, and a method for determining their wavelength using NV-based measurements is

presented.
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The nitrogen vacancy (NV) center is a point defect in the diamond crystal lattice,
formed when a substitutional nitrogen atom, a neighboring vacancy, and an extra elec-
tron combine within a diamond structure. The advantages of NV centers can be assessed
in terms of the DiVincenzo criteria [22], which specify the requirements for a physical
system to serve as a qubit platform for quantum computing. First, well defined qubits and
scalability: the electronic structure of an NV center provides two levels that can encode
a qubit, and the number of qubits can be scaled by exploiting interactions with nearby
nuclear spins [23]]. Second, initialization: the NV center can be initialized optically into
a well defined state. Third, coherence: NV centers exhibit coherence times that are long
compared to the timescales required for state manipulation [24]. Fourth, gate operations:
microwave fields enable coherent control of the qubit states. Fifth, measurement: the
qubit state can be read out optically through spin dependent fluorescence.

Among these strengths, the realization of entanglement between multiple NV centers
is particularly important. If entangled NV-NV networks can be implemented to achieve

scalability using NV centers alone, they would constitute an even more powerful_qubit

platform.

This chapter discusses these advantages of NV centers and introduces exp_éi'fnﬂlré
AFr o
demonstrations that show these properties. In this chapter, we provide an owﬂrv X
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NV center as a solid state spin qubit and introduce the key physical concepts required for
the later chapters. We first describe the ground state spin Hamiltonian and its splitting un-
der magnetic fields. Based on this framework, we explain coherent microwave control via
Rabi oscillations, followed by the optical initialization and readout mechanisms arising
from the NV photodynamics. We then discuss decoherence processes and coherence pre-
serving pulse protocols, and finally present experimental demonstrations of continuous

wave electron spin resonance (CWESR) and Rabi measurements used in this dissertation.

2.1 Hamiltonian of the NV center

Interactions between an NV center and external fields are described by its ground
state spin Hamiltonian. The NV center has an S = 1 electronic ground state triplet with

spin sublevels m; = 0,%1. In the absence of external fields, the Hamiltonian is
H/h=DS? 2.1)

where D is the zero field splitting (ZFS) parameter separating the m; = 0 level from the
my = *1 levels. At room temperature, the ZFS is D/21 ~ 2.87 GHz [25]. The operator
S, denotes the spin-1 operator along the z axis. For an NV center, the coordinate system
is defined such that the z axis lies along the nitrogen-vacancy symmetry axis. The x
axis may be chosen along any of the three equivalent carbon axes perpendicular to z;

owing to the threefold rotational symmetry of the defect, these choices are ph

equivalent. The m; = 0 state is separated from the m; = %1 states by D, v
states are degenerate in the absence of transverse strain or electrig

transverse strain and electric fields introduce an additional term th
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of the my = +1 manifold and can mix these states. Although this contribution is often
small in bulk diamond, it becomes crucial when NV centers are coupled to mechanical
excitations. The strain related terms in the Hamiltonian will be provided in Chapter[d A
common perturbation to the NV center is an applied magnetic field. Including the Zeeman

interaction, the Hamiltonian becomes
H/h=DS?+yB-§ (2.2)

where the magnetic field is B = (Bx,By,B;), the spin operator is S = (8, Sy,S;), and y
is the electron gyromagnetic ratio, ¥/27 ~ 2.8 MHz/G. A magnetic field applied along
the z direction lifts the degeneracy of the m; = £1 levels, giving eigenenergies E,, /i =
Dm? 4 yB,my, and hence a splitting between the m, = +1 and m; = —1 states of 2yB,. In
contrast, transverse magnetic field components (B, or By) mix the m; = 0 and m; = +1
states, so that the resulting eigenstates are superpositions of the zero field basis states.
In most experiments, a bias magnetic field is applied to remove the m; = +1 degeneracy
so that the two allowed electron spin resonance transitions, m; = 0 <> +1 and m; =0 <
—1, can be independently resolved. Therefore, the field is aligned as closely as possible
with the NV z axis while minimizing transverse components. Under this aligned field

condition, the Hamiltonian reduces to
H/h=DS2+7YB,S, (2.3)

In this dissertation, a DC magnetic field is used to tune the NV electron spin-tra

frequencies to achieve frequency matching with the spin wave.
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2.2 Rabi oscillation

Rabi oscillations serve two important purposes in this dissertation. First, they estab-
lish the basis for coherent qubit control and the calibration of 7 and 7/2 microwave
pulses. Second, the measured Rabi frequency provides a direct and quantitative probe of
the driving field amplitude, which we later use to estimate the strength of microwave stray
fields generated by spin waves. Transverse components of the field, B, and By, drive tran-
sitions between |0) and |£1). This is conveniently described in the rotating frame. For
an NV center aligned with a static magnetic field along the NV axis, the Hamiltonian is

given by Equation In the basis |[+1),|0),|—1), it can be written as

oy 0 0
H/h= 0O 0 0 2.4)
0 0 o

where @, (= D+ yB;) and w_;(= D — yB;) are the transition angular frequencies be-
tween |0) and |+1), and between |0) and |—1), respectively. When an AC magnetic
field is applied, the interaction term is YByc(t) - S = y[By(t)Sy + By(¢)S,]. For simplic-
ity, we consider only an x polarized field By(t) = Bycos @t. Using the spin-1 operator

(1|8, ]0) = 1/+/2, the Hamiltonian becomes

[OXN 1B cos wt
T V2
H/h = ¥Bx
/ 7 CoS Wt 0
0 % cos Wt
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To handle the time dependent terms, we move to a rotating frame using the unitary trans-

formation ~ _
eia)t 0 0
U= 0O 1 0 (2.6)
0 0 el(l)t

A state |y) in the lab frame is related to the rotating frame state | ) by

W =Uly), |y)=U"|p) (2.7)

Starting from the Schrédinger equation,

2 1) = Hy)
2 (U') =H (U 9)

_out 9 .
lUﬁW)‘i‘lgWﬁ—UHU )

we obtain the rotating frame Schrodinger equation id; | ) = H | ) with

- oU T
H=UHU"—iU— (2.8)
ot
Explicitly,

i1 — O ¥Bx iot

11 ¢ cos wt
H/h= %e*"“’t cos ot 0
By it

I 0 ﬂel Cos ¢t
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The terms e™®' cos ¢ contain rapidly oscillating contributions. Under the rotating wave

approximation (RWA), the fast terms at 2 are neglected:

. 1 . : 1
e'? coswt = ie"‘” (e +e7) ~ 3 (2.10)

Thus, the effective time independent Hamiltonian is

A 2753 0
H/h=| 1B: By 2.11
/ oo I (2.11)
¥Bx
i 0 3 A ]

where AL = w+] — @ are the detunings between the spin transition frequencies and the
rotating frame frequency. The off-diagonal terms induce transitions between the states,
while large detuning suppresses these transitions. For example, when A1 > A_1,¥B,/(2v/2),
the |[+1) state is effectively decoupled and the system reduces to the two level subspace

spanned by |0), |—1):

0 YBx
A/n= 22 2.12)
1B
22 Ay

To determine the time evolution, we write |§) = a|0) + B |—1). This evolution can be

expressed:

= i YBx
o= 2\@/3
B——i(;ﬁ%a%—A_lB)

10
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Combining these gives

2
. . YBx
O+iA_j0+ oa=0 2.13

o (2\/5) @13

The solutions are

a(t) = oitT [Acos <§;t> + Bsin <%t>]

B(t)= e*f%’% [(A_IA—HQB) cos (?) + (A_1B—iQA)sin (?)

X

where A and B are determined by the initial conditions and

B 2
Q= 4|A2 “) 2.14
_1+<\@ (2.14)

is the generalized Rabi frequency. For the initial state |0) (Py = |a(0)]* =1, P_; =

|B(0)|> = 0), the populations oscillate at frequency Q/2 with amplitude

(.
A2+ (}/Bx/ﬂ)z

(2.15)

showing that larger detuning reduces the transition probability. Figure [2.1] presents Rabi
oscillations for different detunings, where increased detuning leads to less efficient tran-
sitions. A larger AC field amplitude yields a higher Rabi frequency. By measuring Q, the
AC magnetic field amplitude can be quantified. In this dissertation, we use Rabi oscilla-

tions to determine the amplitude of the stray field generated by spin waves. Beyond serv-

ing as a probe, Rabi oscillations enable coherent control of the qubit state: afi ideal 7 pulse

_ . . .« . " L
occurs at T = m/Q, while a /2 pulse preparing the superposition |yg = ﬁ(@fbjf
occurs at T = 7/(2Q). In practice, perfectly coherent Rabi oscillations are an lﬂg"a'{lt

11
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Figure 2.1: Rabi oscillations depend on the detuning condition. The behavior of Rabi
oscillations is governed by the detuning. As the detuning becomes large relative to the
amplitude of the driving AC magnetic field, the population oscillations exhibit a reduced
amplitude. In addition, the Rabi frequency is modified by the detuning, leading to a cor-
responding change in the oscillation frequency.

detuning, imperfect pulse control, and finite pulse duration errors distort the oscillations

and produce state errors. To mitigate these effects, more sophisticated pulse sequences

are employed for qubit manipulation [2634]].

2.3 Photodynamics of the NV center

One of the prominent properties of the NV center is that its spin state can be optically

read out and initialized. This section introduces the photodynamics of the

s can be found

3

following the model of J.-P. Tetienne et al. (2012), where further detai

[35]l. To describe photodynamics of the NV center, we consider eight effecti

s_+.dI%

states: triplet ground states (m; = +1,0, —1), triplet excited states (

12
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two intermediate singlet states (Figure@ (a)). Optical excitation drives transitions from
the ground state manifold to the excited state manifold. During radiative decay back
to the ground state manifold, photons are emitted, and the decay pathways depend on
the spin projection my. In particular, the m; = £1 in excited states have an additional
non-radiative decay channel through the singlet states. This spin dependent fluorescence
enables optical readout of the ground state spin. Moreover, the singlet mediated pathway
is spin nonconserving: population in the my; = 41 excited states preferentially relaxes to
the my; = 0 ground state. As a result, after sufficient optical pumping, the NV center is
polarized into the my; = 0 ground state.

Because the NV center energy levels are split according to my, an external magnetic
field modifies the level structure. A transverse magnetic field mixes the ground and ex-
cited state spin manifolds, which reduces the number of photons emitted under optical
excitation. Figure 2.2] (b) shows the calculated photoluminescence (PL) of an NV center
under an external magnetic field, illustrating how the field modifies the NV optical cycle.
As the magnitude of the magnetic field component transverse to the NV symmetry axis
increases, the PL decreases. This reduction is attributed to transverse field induced spin
state mixing, which diminishes the efficiency of optical spin polarization and enhances
intersystem crossing into non-radiative pathways, thereby lowering the observed PL. Be-
yond this transverse field dependence, the PL is also modulated by the magnetic field
component along the NV axis. In particular, characteristic features appear near ~ 50 mT
and ~ 100 mT, corresponding to the excited state level anti-crossing (ESLAC) and the

ground state level anti-crossing (GSLAC), respectively. Near these axial field resonances,

the relevant triplet spin sublevels become strongly mixed, altering the<Optical pumping
dynamics and consequently the PL. Overall, these results highlight

tive to both the magnitude and the direction of the applied magneti

13
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NV measurements, it is therefore essential to align the magnetic field with the NV axis
so as to minimize transverse components and maintain high PL, while also accounting
for PL variations that can occur in the vicinity of the ESLAC and GSLAC fields. At these
fields, the my; = 0 and m; = —1 levels approach a level anticrossing, which enhances
state mixing and results in a sharp reduction in PL. Therefore, when accurate NV center
measurements are required, PL reductions due to magnetic field induced mixing must be
taken into account. Unless a specific experiment requires otherwise, the magnetic field

should be aligned with the NV axis to maintain strong optical contrast.

14
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Figure 2.2: Photodynamics of NV centers. (a) Optical transitions between ground states
and excited states. Ground state population is optically excited by a green laser and sub-
sequently decays radiatively to the ground state, emitting photons. The m excited
states have an additional non-radiative decay pathway (red dashed lineg). (b) Calculated
NV PL as a function of magnetic field. B, denotes the field component'along the i

and B denotes the transverse component.
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2.4 Decoherence

Quantum states are inevitably coupled to their environment. Because the environment
interacts with a quantum system, the system gradually loses the information encoded in
its state, leading to decoherence [[36]]. This process is unavoidable and ultimately limits
practical applications of quantum coherence. Decoherence is typically characterized by
the timescale over which a quantum state preserves its coherence. Since multiple mech-
anisms can contribute, coherence loss can manifest in different ways. Two characteristic
times are commonly used to quantify these processes: T1 and T, [37]]. The T; relaxation
time (energy relaxation time) quantifies energy exchange between the system and its en-
vironment, the timescale over which the system approaches thermal equilibrium. For ex-
ample, an NV center can exchange energy with the surrounding lattice, causing its spin
population to relax toward the thermal state. The T, dephasing time (phase relaxation
time) quantifies the loss of phase coherence, the timescale over which the relative phase
of a superposition state becomes randomized. In NV centers, dephasing often arises from
interactions with nearby nuclear spins. These spins generate a local magnetic field at the
NV center and fluctuations of this field cause the NV spin phase to wander, resulting in
decoherence. A convenient way to visualize a qubit state is the Bloch sphere representa-
tion. In this picture, a qubit state corresponds to a vector on (or inside) a unit sphere. For

a pure qubit state |y) = a|0) 4+ b|1), the density matrix is

Poo  Poi la|*  ab*
p=ly){yl= =

Plo Pii ab |b}?
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2.4. Decoherence

The corresponding Bloch vector coordinates (x,y,z) are given by

X = 2Re[p01] = 2Re[ab*]
y=2Tm(po;] = 2Im|a"}] (2.17)

z=poo—pn = la]* —|b]

For example, the states |+) = = (|0) £ 1)) correspond to Bloch vectors (x, y,z) = (+1,0,0);
V2

thus, |+) lie along the x axis. In the Bloch sphere picture, T relaxation causes longitudi-

Figure 2.3: Bloch sphere. A qubit state can be represented as a vector. The north pole
corresponds to |0), whereas the south pole corresponds to |1). When a qubit is in a super-
position of |0) and |1), the vector lies away from the poles, pointing to a position on the
surface of the sphere.

nal decay, a change in the z component of the Bloch vector toward its,thermal value. In

contrast, T, processes induce decay of transverse coherence in the &y plane, shorte

the Bloch vector length. Quantum information can be encoded either in t
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Chapter 2. NV center

(longitudinal component) or in the relative phase (transverse component). Therefore, a
qubit loses different types of information on different timescales. The coherence times
are key properties of a qubit: longer coherence times imply slower information loss and
are essential for high fidelity quantum control. To mitigate decoherence, it is important
first to engineer qubits with intrinsically long coherence times. For NV centers, deep
defects located far from the surface typically exhibit longer coherence times than shal-
low ones, because surface related noise sources accelerate decoherence [38]]. Beyond de-
fect depth, several experimental conditions can be optimized to suppress dominant noise
channels [39]]. Nevertheless, since the environment is always present, decoherence cannot
be completely eliminated even in an idealized device. As an alternative, various control

protocols have been developed to extend the effective coherence time [31},40].

2.5 Spin echo

Spin echo sequences are fundamentally designed to refocus dephasing and extend
spin coherence times. However, by selectively suppressing quasi-static noise while re-
maining sensitive to time dependent interactions, they also serve as powerful tools for
probing time varying interactions. In this dissertation, the spin echo pulse sequence is
used to probe strain interactions with the NV center. A Bloch sphere representation of
the sequence is shown in Figure[2.4] To probe the interaction, the spin state is first rotated
to the equator. In the equatorial plane, the state acquires a phase during the free evolu-

tion time (7' = 27) due to the strain interaction. A 7 pulse is applied halfway 1gh

this evolution period so that the phase contribution from the AC strainsis refocused and

adds constructively, rather than canceling. Finally, the state is rotated againdgm

AZH o »
the accumulated phase onto the z axis for readout. The accumulated phase "po (X'g

w

i i
°r
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evolution operator appears in the measured spin state population as

P(T)==(14cos6(T)) (2.18)

N =

In the spin echo sequence, the spin state is flipped at the midpoint of the total evolution
time 7 in order to accumulate the phase arising from an AC varying interaction. We drive
two mechanical modes simultaneously, where @; and @, are the angular frequencies of
the first and second modes, respectively, and ¢; and ¢, are their corresponding driving
phases. For simplicity, we consider only the parallel strain coupling G. Here, G| and
G» denote the parallel coupling strengths associated with the first and second mechanical

modes, respectively. G; /27 is the frequency shift in Hz. The accumulated phase is then

0(T =2t)=2n /OT (Gicos(mt+ ¢1) + Gacos(wat + ¢2)) dt

27
—/ (Gy cos(w1t+¢1)—I—Gzcos(a)zt—l—q)g))dt] (2.19)

During the evolution, the spin coherence decays exponentially. Including this decoher-

ence, the echo signal becomes

1+e T/ Mcos < Z 4Gi in’ (nJ;iT> sin (nfiT+¢i)>

—S1
i=1,2 Ji

1
Pecho (T =27) = & (2.20)

where f; = @;/27 are the mechanical mode frequencies in Hz. In chapter we measured
strain couplings using spin echo sequence and observed selective tuning in the strain

coupling through this measurement.
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T n
Microwave 2 2
Readout
Mechanicay \
. B S /
g —— \/\/ o
Trigger

Figure 2.4: Spin echo sequence. Starting from an initial state prepared in |0), a microwave
7/2 pulse creates a superposition state. During free evolution, the qubit acquires a phase
due to external interactions. A subsequent 7 pulse inverts the state so that an additional
phase is accumulated with opposite sign, refocusing static contributions while enhanc-
ing AC components. Finally, a second /2 pulse converts the accumulated phase into a
measurable population difference, enabling readout of the phase and extraction of the ex-
ternal interaction. This protocol is therefore sensitive to AC strain generated by mechan-
ical driving. By synchronizing the microwave pulses and the external drive to a common
trigger, the phase of the drive can be controlled.
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2.6 Experimental demonstration

To determine the ground state transition frequencies of an NV center, we use CWESR.
Continuous microwave driving induces population transitions between the qubit states.
By sweeping the microwave frequency, resonant and off-resonant conditions can be dis-
tinguished through the resulting change in population. For NV centers, these population
changes are read out optically via fluorescence photon counts. Because the spin reso-
nances shift under an external magnetic field, the transition frequencies can be tuned
accordingly. Owing to this field dependence, the NV center can also serve as a magnetic
field sensor.

After determining the electron spin resonance frequency using CWESR, microwave
pulses are employed to manipulate the qubit state. A resonant microwave field drives
coherent transitions between the spin levels, and the pulse duration determines the final
qubit state. Figure[2.5]shows an example of Rabi oscillations. From these data, we extract
the 7 pulse time, the duration required to invert the population between two states. Rabi
measurements are therefore fundamental for coherent qubit control. In addition, the Rabi
oscillation frequency is proportional to the applied microwave field amplitude, enabling
estimation of the microwave field strength. In this sense, the NV center can also function
as a microwave power sensor [41,[42]]. In our experiments on yttrium iron garnet (YIG)
films, we likewise use the NV center as a sensor for the local microwave magnetic field

[43].
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Figure 2.5: Measurement of the NV center. (a) CWESR spectra are used to determine the
NV center’s electronic resonance frequencies. The splitting between the two resonances
can be tuned by an external magnetic field. (b) Measurement of the Rabi oscillation. The
vertical axis corresponds to the population in |0). The oscillations indicate that the pop-
ulation coherently oscillates between |0) and |—1). (c) CWESR measurement sequence.
Optical pumping, microwave driving, and photon counting are performed simtultaneousty
while the microwave frequency is swept. (d) Rabi measurement sequenee. The firstlaser
pulse initializes the spin, and the second laser pulse is used for readout. The durati

the microwave pulse between the two laser pulses is swept. Photon counting is
after the microwave pulse. =
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Chapter 3. Experimental setup

In this chapter, we introduce the experimental setup designed to verify the properties
of NV centers discussed in the previous chapters. A confocal microscopy setup was built
to leverage the optical properties of the NV centers. In addition, a microwave system
was implemented to perform measurements such as CWESR and Rabi oscillations for
coherent spin manipulation. Furthermore, a vacuum chamber setup was developed to

investigate interactions between the NV centers and strain.

3.1 Optical system

The optical system is used for NV center readout. We built a confocal microscopy
setup. Figure [3.1] (a) shows the overall layout of optics. A 532 nm laser (MLL-III-532,
CNI Laser) is used to excite the NV center. A filter wheel is placed in front of the laser
to adjust its power; the wheel contains several neutral density (ND) filters with different
transmissions. The green beam is then sent to an acousto-optic modulator (AOM, ATM-

200C1, IntraAction). Owing to the acousto-optic effect, the direction of the_di
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Figure 3.1: Optical system for NV center measurement. (a) Schematic of optical system.
(b) Image acquired using the confocal microscopy setup. This image was taken near the
base of the diamond cantilever sample.

rescence. Because the NV center has a zero phonon line at 637 nm and emits a phonon
sideband from 637 to 850 nm, the resulting fluorescence passes through the dichroic beam
splitter and is directed to a fiber port coupled to an avalanche photodiode (APD, SPCM-
AQRH-10-FC, Excelitas). In contrast, the excitation beam is reflected by the dichroic
beam splitter and sent to a fast steering mirror (FSM, FSM-300-02, Newport). The FSM
tilts the reflected beam, thereby changing the incident angle into a pair of telescope lenses.
The telescope consists of two convex lenses with focal lengths f; and f,. The first lens is
placed at a distance f; from the FSM, and the second lens is positioned f; + f> from the
first lens. When the incident beam from the FSM has an angle 6;,, the focal position after

the second lens shifts laterally. Thus, the angular deflection of the FSM is conye
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ter, where they are transmitted to the APD. With this optical setup, photon counts are
collected at each lateral position to form a PL image map. From this map, the NV cen-
ter position can be identified; by focusing on that position, fluorescence signals from a
single NV center are obtained for subsequent measurements. Figure [3.1](b) shows a flu-
orescence image acquired by confocal microscopy. Bright, localized spots correspond to
NV centers or surface contaminants. When a diamond sample is loaded for the first time,
the confocal image is often cloudy rather than showing well localized points. To remove
bright contaminants, we illuminate the affected area with a focused laser. After several
hours of illumination, the PL in that region decreases, resulting in a clearer image with
distinct pointlike emitters. In addition, a 450 nm laser is included in the setup. When the
sample mounted on the stage is a mechanical oscillator, this laser is directed onto the
oscillating structure, and an optical interferometer is used to characterize its mechanical

motion.

3.2 Electronics

Microwave fields are used to manipulate the quantum state of the NV center. To
this end, we control the microwave frequency, power, and pulse timing. Figure [3.2]il-
lustrates the electronic system used in this work. A signal generator (SG384, Stanford
Research Systems) produces microwaves with the desired frequency and power. The out-
put is gated by a microwave switch (ZASWA-2-50DR+, Mini-Circuits), which transmits

the signal only when a TTL control input is high. This TTL signal is provided b

Blaster (PBESR-PRO-500-PCI, SpinCore). After the switch, the microwave is amplified

through an amplifier (ZHL-16W-43+, Mini-Circuits) and delivered

to a prnq_
A l
board (PCB) mounted near the sample. To protect the electronics from daw

25



Chapter 3. Experimental setup

e

Signal Switch
generator

RFOUTT TILIN -3 RFOUT2

-

N
.. GND
Amplifier 7, Circulator
[ [
hDirectiona_I_r
coupler

Figure 3.2: Electronic system. (a) Photograph of electronics system. (b) The signal gener-
ator produces the microwave signal and sends it to a switch, which controls the output so
that microwaves are delivered with the desired timing. The signal is then amplified to the
required power and transmitted to a PCB that contains the microwave circuitry needed
for the experiment. To protect the circuit, a circulator is inserted in the line so that any
microwaves reflected from the PCB are routed to a termination through a separate path.

flected power, a circulator routes any reflected signal into a separate path that terminates
at a matched load. We used two different PCB designs, as shown in Figure[3.3] In design-
ing the PCBs, the coplanar waveguide (CPW) parameters were chosen to set the signal
line width and the gap between the signal and ground lines, based on the substrate thick-
ness and dielectric constant, so as to achieve a 50 Q characteristic impedance. To connect

the PCB to the sample, we use wire bonding. Thin gold wires are bonded between. the
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3.2. Electronics

Figure 3.3: Various PCB designs. (a) A circular PCB. The signal pad is located at the
center, and ground pads are placed on both sides. The sample is mounted on top of the
PCB, and wire bonding is used to connect the signal and ground pads to the sample,
respectively. (b) A PCB with one elongated side was fabricated to fit the scanning setup.

use a vacuum chamber to achieve low pressure. A window is installed on the top of the
chamber to allow the laser beam to enter. Figure [3.4] shows the chamber and the sample
holder. The sample holder has a supporting arm that positions the sample close to the
window. Beneath the sample, a piezoelectric actuator is mounted for mechanical driving,

and it is secured by a bolt inserted from below.
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Figure 3.4: Setup used for strain measurements. (a) A vacuum chamber designed for
experiments under low pressure conditions. Optical signals from the NV centers inside
the chamber can be collected through the viewport at the center of the top flange. (b) A
sample holder installed inside the vacuum chamber. A piezoelectric actuator is placed
beneath the sample mount to drive mechanical oscillations.
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Chapter 4. Strain interaction

Mechanical waves are a form of wave motion that transport energy through the col-
lective motion of particles. They manifest across a wide range of length scales, from geo-
physical phenomena such as earthquakes to practical applications such as acoustic waves
in mobile devices. In solid-state platforms, mechanical excitations are often realized as
confined mechanical modes in resonators, enabling controlled and coherent interactions
with localized qubits. Recently, there has been growing interest in using such mechanical
excitations as a medium for quantum communication between spatially separated qubits.
To employ mechanical excitations as an information carrier, it is essential to develop a
detailed understanding of their interaction mechanisms with solid-state quantum systems.

The interaction between NV centers and mechanical waves can be realized in two
primary ways. First, mechanical waves can generate strain fields in the diamond host
crystal containing NV centers [44-47]. Such strain modifies the interatomic distances
of the lattice and consequently perturbs the NV center’s electronic structure, leading
to shifts and mixing in the electron spin resonance transitions. Second, a mechanical

resonator can produce an oscillating magnetic field gradient, such that the moti

resonator modulates the local magnetic field experienced by a nearby' NV center and
thereby affects its spin dynamics through magnetic coupling [48/49].

Strain mediated coupling is particularly attractive because it|can driﬂe
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between the m; = +1 and m; = —1 sublevels within the ground state spin triplet, en-
abling control pathways that are difficult to access using conventional magnetic field
based techniques. In this dissertation, we investigate the interaction between NV centers

and mechanical waves via strain field.

We first present a theoretical description of how strain influences the NV center
ground state triplet levels, and we describe the fabrication process of diamond mechanical
resonators designed to generate AC strain. We then report measurements of strain-NV
interactions using spin echo measurements. Next, we demonstrate, via spin echo mea-
surements, that the strain couplings produced by two simultaneously driven mechanical
modes add. Finally, through simulations of a membrane hosting nearly degenerate me-
chanical modes, we show that by controlling the relative amplitudes and phases of the
modes and combining their contributions, the effective strain coupling can be tailored for

a desired operation.

4.1 Theoretical description

To quantify the strain coupling strength G| and G, we first express the mechanical

deformation as a strain tensor and relate its components to the NV spin Hami

Strain quantifies the deformation of a material under applied stress.

_1 8u,~ 8uj -
Sij—i(aj +W)v (i=x,yz)
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4.1. Theoretical description

Here, u; is the displacement of a particle along i direction. It is represented by a 3 x 3

tensor whose components describe deformation along different directions.

Ex &y &g
Ex &y &y 4.2)

Ex & &

The strain tensor is symmetric, &; = €;; and therefore has six independent components

(Exx, Exy» Exz, Eyy, €7, €2). All components enter the strain affected Hamiltonian [50].

Hstrain = [dAl &z + dA'l (gxx + gyy)]Sg
— [dE (€ — €yy) + dpr (€ + €2)] (S — 55) (4.3)

+ [de (& + &) + dpr (&2 + £)](SxSy + 5,5%)

These coefficients (dy, ,dA/I ,dg,dgr) are strain coupling constants, the labels (A or E) in-
dicate the symmetry of the corresponding strain components. Strain with A symmetry
affects the ZFS, whereas strain with E symmetry mixes the |+1) states. In the follow-
ing, we compute these effective couplings from the strain profile of the cantilever. In
this Hamiltonian, the xyz coordinate system is defined with respect to the diamond crys-
tal axes. The diamond lattice has four equivalent (111) directions. An NV center has a
symmetry axis along the nitrogen-vacancy direction, which we define as the z axis. The

x axis is chosen to be perpendicular to z within the plane spanned by z and one of the

three remaining crystal directions. The y axis is then defined to complet€ a right-handed
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important. As mentioned above, strain has directional components, so the strain profile
obtained in the cantilever frame must be converted into the NV center frame. Only the
strain components expressed in the NV frame enter Equation #.3)), allowing us to extract
G| and G for a given NV orientation. The cantilever coordinate system (x'y'7) is defined

by x' || [110], ¥ || [001], and 7’ || [110]. The four possible nitrogen-vacancy axes are

V] = [Iil]
vy = [111]
(4.4)
vy = [111]
vg = [111]
All these directions are represented in cantilever (x'y'z’) frame
! (0,1,—v2)
Vi=—7=U,1,—
V3
1
v = %(—ﬁ,—l,O)
1 4.5)
v3=—=(V2,-1,0
3 \/§( )
1
vg = —(0,1,v2)

S

3
To construct NV center frame (x,y, z), we take the z axis to lie along the nitrogen-vacancy,

one of the vectors ,v; (for example, v;). x axis perpendicular to z axis and lies in plane

made by two vectors, v; and v; (for example, v3). The y axis is defined by the cross
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product z and x.

_ 1

Z=wn= \@( V2,-1,0)

o= V) 4.6
‘v3 (o2 o] f(leO) (4.6)

Y =7%xx'=(0,0,1)

Using these vectors, the transform matrix from (xyz) to (x'y'7) is

X 1 —V2 0
1
On=|y | = NG 0 0 3 4.7)
14 V2 -1 0

Finally, strain defined in x'y'7’ frame is &, = 023€vy,035.

1 =2 0 1 0 —V2

1
€0 =0nEry203=3| 0 0 3|8 | V2 0 -1 4.8)

-2 -1 0 0 V3 0

Similarly, other choices of v; and v; define a corresponding matrix Q;; for each nitrogen-
vacancy orientation. We obtain the strain profile analytically or numerically, transform it

into NV center frame, and then compute the resulting couplings using Equation (#.3).

Hytrain = GHS? + Gl,x(S)% - Si) + GLJ(SXS)’ + SySX)
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G| =[da, &+ dr (&xx + &)l 4.9)
Gy =—[dp(&x —&y) +dp/(&x + &) (4.10)
Gy =[dE(&y +&x) +dp(&: + )] (4.11)

Exxs Exyy Exzy Eyy, Eyz, € 18 converted from strain in cantilever frame (x'y'Z). All coupling
coefficients are referred to [50] (d4, = —3 GHz, dA/1 =11.2 GHz, dp =2 GHz, dg = 6.6
GHz). Using the transformed strain components, we can compute the longitudinal and
transverse strain coupling strengths G| and G, which are then probed via phase locked

spin echo measurements.

4.2 Resonator fabrication

Unlike the cantilever geometry used in previous experiments [S1]], we aim to fabri-
cate resonators with a significant shear strain component and with two mechanical modes
whose frequencies are close to each other within the kHz range. To this end, we explored
T-shaped and U-shaped cantilevers. COMSOL simulations were employed to predict the
vibrational mode shapes and resonance frequencies. The T- and U-shaped structures have
a wide transverse geometry, which supports two characteristic modes: an in-phase vibra-
tion of the two arms, referred to as the flexural mode, and an out-of-phase vibration,
referred to as the torsional mode. In general, the flexural mode frequency is primarily

determined by the longitudinal length of the resonator, whereas the torsional mode fre-

A= g
h

an NV center located close to the base to maximize the coupling. T realize/the,




4.2. Resonator fabrication

diamond resonators, we fabricate them from a diamond plate into the target geometry.
We start with a 2 mm X 2 mm x 500 um diamond plate. Through a commercial service,
the plate is sliced and polished into three pieces, each with a thickness of approximately
20um. The fabrication process consists of three main steps: bonding, etching, and pat-

terning.

Flexural mode Torsional mode

U-shaped

T-shaped

Table 4.1: Mode shapes for U-shaped and T-shaped resonator. These resonators have two
distinct modes, which are divided by flexural mode and torsional mode.

* Bonding

Bonding is for easy handling during fabrication process. Since the diamond plate is small

(2 mm X 2 mm), handling it without bonding to a substrate can easily lead to.damage,

resulting in breakage or contamination. We use silicon oxide layer as bonding layer be-
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Figure 4.1: Bonding preparation step before loading in the bonder. (a) Diamond plate
cleaning. Interference patterns are visible on the diamond surface due to a gap between
the diamond and the substrate. The rough, uneven edges result from the diamond polish-
ing and slicing processes. (b) Diamond plate bonded with FOX. Before being placed on
a hot plate, small contamination was introduced by the cotton swab and the weight used
during pressing. Under the diamond plate, FOX spreads and bonds between the diamond
and the substrate. The disappearance of the interference pattern indicates that the gap is
filled with FOX. (c) After heating on a hot plate, contamination on the diamond surface
was removed.

substrate (Figure@ (a)). We press the stack with a weight for 1 - 2 min and use a cotton
swab to ensure a uniform bonding layer (Figure[d.1](b)). The sample is then baked on a hot
plate at 160 °C (Figure @ (c)). After hot plate, this stack is on the wafer bonder. Wafer
bonder is fabrication equipment for bonding a wafer stack. The wafer bonder offers sev-
eral adjustable parameters including temperature, temperature rising time, pressing force
or vacuum pressure. We tested these parameters under various conditions; in some runs
the diamond cracked or the bonding layer was nonuniform. These parameter have to be

checked in several tests.

36




4.2. Resonator fabrication

Figure 4.2: Results of the bonding process. (a) Unsuccessful case showing interference
patterns on the diamond plate, suggesting a nonuniform bonding layer. (b) Unsuccessful
case in which the diamond plate cracked during wafer bonding. (c) Successful case that
was used for the subsequent process.

steps before loading the sample into the bonder.
* Etching

The diamond plate is 20 um thick. To thin it down to our designed thickness, 1 um, we
etch diamond plate. Etching process is done in ICP-RIE. Before the main process, we test
etching rate by step etching and profiler. As shown in Figure .3} etching diamond cover-
ing half of the surface shows a step depth. During several tries, we estimated etching rate
as 1.7 pm/h (Figure[d.3] (c)). From etching rate, Etching time is about 9 hours. The etch-
ing time was divided into several cycles, between each cycle, monitoring thickness using
scanning electron microscopy (SEM), cleaning surface using IPA and acetone. We use
two different recipes, Ar/Cl, and O, etching, the former guarantees smooth surface but
slow etching rate, the latter provides a fast etch rate but results in poor surface quality. To
reach 1 pm thick, for smooth surface, Ar/Cl, etching is used. After patterning, defining

resonator shape, O, etching is used for fast process.
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Figure 4.3: Step etching to characterize the etch rate. (a) A Teflon tape mask covers half
of the dlamond (b) Schematic of the step etchlng procedure: the tape covered-te

step is formed at the boundary. (c) Step height measurement using @
The estimated etch rate for the Ar/Cl; recipe is 1.7 um/h.
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* Patterning

The patterning process follows a standard photolithography procedure. An aluminum
layer is used as the etch mask (Figure 4.4(b)). After the etching step, the aluminum layer
is removed using the developer MIF 300. At this point, the diamond resonators remain
attached to the substrate through the underlying oxide layer. To release the resonators, we
etch the silicon oxide beneath them by wet etching with buffered oxide etchant (BOE).
This BOE step removes the oxide layer and breaks the bonding between the diamond
and the substrate (Figure [#.4[c)). After wet etching, the diamond resonators are fully
released and no longer bonded to the substrate. Excessive wet etching can produce an
overly large undercut region, which degrades the quality of the mechanical motion. As
shown in Figure [d.4]c), the surface color provides a visual indication of any remaining
bonding layer. Therefore, the BOE etching should be performed in multiple short steps,
with essential optical microscope inspection between steps. Figures [{.4(d) and (e) show
tilted view SEM images confirming that the diamond structures are suspended above the

substrate.
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(a) |f|| l

Figure 4.4: Patterning process. (a) A patterned photoresist layer on the diamond plate. (b)
A metal mask on the plate. (c) Optical image of the final cantilever array. (d) SEM image
of a T-shaped cantilever. (¢) SEM image of a U-shaped cantilever.
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4.3 Spin echo experiments

Before measuring strain coupling to the NV center, the mechanical motion of the di-
amond structure is characterized using an optical interferometer. As shown in Figure 4.3
(a), the laser is focused at the point where the mechanical amplitude is maximized. By
sweeping the drive frequency, we record the photodetector signal to obtain the mechan-
ical response spectrum. As Figure @] (b) and (c), signal of each mode shows resonance
frequency and width of mechanical mode. We assign 582 kHz as flexural mode and 876
kHz as torsional mode. To study the interaction between the NV center and the AC strain
field, Spin echo measurement is used. Figure@ (a) and (b) show spin echo measurement
for two mechanical driving. These results demonstrate coupling bewteen the strain field
and the NV center for each mechanical driving mode. To verify our phase control ca-
pability, we perform phase locked spin echo measurements. Figure 4.6 (c) and (d) show
spin echo data acquired at a fixed drive phase. When the phase of the mechanical drive
is changed by 45°, the phase of the spin echo signal shifts by the same amount. These
results confirm that the spin echo sequence is synchronized with the mechanical drive

and that spin echo signals at a well defined phase can be reliably acquired.
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Figure 4.5: Optical interferometry. (a) Image when a laser is focused on a cantilever
tip. The vibration modes can be identified by using an interferometer to.measure
distance between the cantilever tip and the substrate below. (b) Frequéncy sweep for,
flexural mode. Its resonance frequency is 582 kHz. (c) Frequency sweep for torsional
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Figure 4.6: Spin echo measurements for (a) 582 kHz driving and (b) 876 kHz driving.
Phase lock spin echo measurements for (c) 582 kHz driving and (d) 876 kHz driving.
The measurement was repeated with three successive 45° phase shifts, and the results
show a corresponding continuous 45° shift.
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Beyond single mode frequency, we study spin echo measurement with two different
frequencies simultaneously. Figure shows phase dependent spin echo data. We vary
the phase of the 876 kHz drive in 45° steps while keeping the 582 kHz drive phase fixed.
Fitted phase values from spin echo measurement are agreed with controlled input phase
of mechanical drivings. Another spin echo measurement is variation in amplitude of
mechanical driving. Figure [4.8]shows amplitude variation spin echo measurements. o is
ratio of coupling strength Gsspxn,/Gs7eknz- Figure and Figure show that, like
single frequency spin echo, two frequencies spin echo measurements change by phase
and amplitude. 4 parameters, strain coupling strength and phase, G, G», ¢; and ¢, can
be controlled by one’s purpose, engineering strain coupling.

Strain coupling engineering has a flaw that two mechanical modes have different
frequency so that combination of G, G, ¢; and ¢, cannot yield perfect cancellation
of strain coupling. We design a membrane that has nearly degenerate mode frequencies.
Membrane is slightly asymmetric, 100.5 um x 99.5 um which breaks degeneracy of
mode frequencies. Two mode frequencies are 5.81 MHz and 5.88 MHz expected from
COMSOL simulation. By combining the two modes with appropriate amplitudes and
phases, we achieve advanced engineering strain coupling. At a certain position of mem-
brane, G| and G are derived from strain profile. We choose two combinations of driving
amplitude, in-phase 1:1 and out-of-phase 0.5:1. Equal amplitude driving with in phase
makes large G| and small G, and 0.5:1 driving amplitude with out of phase makes large
G, and small G. Figure@ (b) shows G coupling by spin echo signal. Blue data shows

large G| coupling. To demonstrate perpendicular coupling, G, Rabi oscillation betw

|4+1) and |—1) induced by G, . Figure [4.9] (c) shows G coupling by sfrain Rabi oscil-

(c) are acqix
h:{ i

i;%j

i i
°r

lation between |+1) and |—1). Simulation data in Figure 4.9|(b) and

Qutip simulation tool.
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t —229°

Normalized PL (arb. units)

Figure 4.7: Phase variation of echo measurements. Phase lock spin echo measurements
for two modes driving with difference phase input. The measurement was repeated with
three successive 90° phase shifts, and the fitted results show a corresponding continuous
90° shift.
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Normalized PL (arb. units)

Figure 4.8: Amplitude variation of echo measurements. Phase lock spin echo measure-
ments for two modes driving with amplitude variation. The red data is acquired by driving
only 876 kHz mode. & corresponds to relative amplitude of two modes.
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Figure 4.9: (a) Mode shapes of membrane. The asymmetric square membrane has two
nearly degenerate modes of which frequencies are 5.81 MHz and 5.88 MHz (b) Spin
echo simulation showing G| be controlled larger or smaller than single mode driving. The
yellow plot is for single mechanical mode. The blue plot is multimode driving for larger
parallel coupling. The red plot is multimode driving for smaller parallel coupling. (c) Rabi
oscillation showing G larger or smaller than single mode driving. The yellow plot is for
single mechanical mode. The blue plot is multimode driving for smaller perpendicular
coupling. The red plot is multimode driving for larger perpendicular coupling:
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4.4 Conclusions

In this chapter, we investigated the interaction between NV centers in diamond and
mechanically generated strain fields. To produce mechanical waves, we fabricated dia-
mond vibrating resonators designed to support two vibrational modes, and characterized
their mode spectra and profiles using optical interferometric readout. We then quantified
the strain coupling to NV center by employing phase locked spin echo measurements.
These experiments allowed us to extract the effective coupling strengths and to directly
observe how the echo response depends on the amplitude and phase of the mechani-
cal drive. We demonstrated that simultaneous driving of two mechanical modes enables
partial control of the effective strain coupling through interference. Furthermore, numer-
ical simulations showed that in membranes hosting nearly degenerate vibrational modes,
the strain coupling can be tuned with nearly complete selectivity, offering a route to-
ward engineered strain environments for NV spin control. For practical manipulation
of NV centers via strain, achieving a sufficiently large coupling strength is essential. In
this context, the mechanical quality factor of the diamond resonator plays a central role,
as it determines how efficiently mechanical energy is stored and thus how large a strain
amplitude can be generated for a given drive power. Enhancing the quality factor there-
fore directly improves the strain coupling strength. Two complementary strategies can
be pursued. First, resonator fabrication can be further optimized to minimize intrinsic
dissipation. Second, extrinsic losses can be mitigated by operating under improved envi-

ronmental conditions such as low pressure and low temperature. Together, these advances

would extend coherence of the mechanical modes and enable stronger, pore controllable

strain driving, thereby making strain based NV control a more powgrful tool df_qr"lﬁ )i
A=

quantum systems and related sensing technologies.

48



Chapter 5. Spin wave interaction

A magnon is the quantum of a spin wave, and a spin wave is a collective oscillation
of electron spins in a magnetic material. Unlike charge currents, spin waves do not pro-
duce Joule heating, making magnons promising candidates for low power integrated chip
devices. Accordingly, extensive research has explored magnon based signal processing
and computing [[52-54]]. Experimentally, a simple way to excite coherent spin waves is
to place a current carrying wire near the magnetic material. When a microwave current
flows through a wire adjacent to a magnetic film, it generates an oscillating magnetic field
that induces spin precession in the film.

Spin waves can be detected in two main ways. One approach is transport detection
using inductive antennas [55]]. In this configuration, two antennas are positioned near the
magnetic film: one for excitation and the other for detection. By measuring the transmis-
sion parameters (Sy2 or S>1) with a vector network analyzer (VNA), the power carried by
spin waves from the excitation antenna to the detection antenna can be quantified. This
method is straightforward, however, because the spin wave propagation region is not di-
rectly probed by an antenna, it is difficult to determine what occurs within the magnetic

film during transmission.
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enables visualization of the wave dynamics. Such measurements can be performed us-
ing several techniques. Time resolved magneto-optic Kerr effect (TR-MOKE) imaging
exploits the magneto-optic Kerr effect, in which the polarization of light reflected from
a magnetized surface changes [56]. X-ray magnetic circular dichroism (XMCD) mea-
sures the difference in absorption between left- and right-circularly polarized X-rays.
Direct imaging techniques are particularly useful for investigating wave properties such
as wavelength and group velocity. This chapter discusses the dispersion of spin waves,
presents transmission measurements obtained using a VNA, and validates NV center state

manipulation mediated by spin waves.

5.1 Theoretical description of spin waves

Spin wave dynamics are governed by the Landau-Lifshitz-Gilbert (LLG) equation:

aM o aM
S M xH+ — (M x — 1
5 = VHoM % +MS( X dt) (5.1)

Here, M is magnetization, H is magnetic field, L is the vacuum magnetic permeability,
« is damping parameter and M is saturation magnetization. The first term on the right
hand side describes the precession of the magnetization about the effective magnetic field;
the precession frequency is proportional to the gyromagnetic ratio y. The second term is

the Gilbert damping term, which accounts for relaxation of the magnetization toward
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5.1. Theoretical description of spin waves

M = My+m and H = Hy + h where the dynamic parts are small, h < Hy and m < M.
The time dependence of the dynamic components is assumed to be harmonic, m, h o< e'®'
For simplicity, we first neglect the damping term and consider a static bias field along the

z axis, so that Hy || 2 and M || 2. Linearizing the LLG equation then yields

iom=yuy (Hym x Z2+MyZ x h)

= (a)om — (DMh) X Z (5-2)

where wy = —YUoHy and wyy = —ypM;. We use the convention ¥ < 0O for electron spins,

so that Wy = —7yUpHpy > 0. Solving for the relation between m and h gives

= =37 ''m (5.3)
h, —iw m,

The tensor ¥ is the Polder susceptibility, relating the dynamic magnetization to the dy-

namic magnetic field viam =} - h:

W —io
Om (5.4)

oy

Spin waves are collective magnetization excitations accompanied by dipolar fields that
satisfy Maxwell’s equations. Assuming plane wave solutions of the form expli(k - r —

or)], Maxwell’s equations for small AC fields (d is electric displacement fie
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netic field, e is electric field) become

Vd=ik-d=0 (5.5)
V-b=ik-b=0 (5.6)
V xe=ikxe=iob=ioyyh+m) (5.7)
Vxh=ikxh=—iond = —iwece (5.8)

Using the vector identity k x (k x e) = k(k - e) — ek? and combining the above equations,

we obtain

kx (kxe)=wkxb=oukx (h+m)

= o (—od +kxm) = —w’uyee + ook x m
Therefore, the AC electric and magnetic fields are

o ol (k x m)

5.9
k3 — k> )
2m — .
h:komz—k(kzm) (5.10)
k2 — k2

where ko is the electromagnetic wavenumber. In the regime relevant to magnetostatic spin
waves, the spin wave wavenumber satisfies k >> k. In this limit, e becomes negligible be-

cause the denominator grows as k>. In contrast, k remains finite since both its numerator
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5.1. Theoretical description of spin waves

and denominator scale quadratically with k. Then, Equation (5.3) - (5.8)) become

Ve=0 (5.11)
V.b=0 (5.12)
V x e=iob (5.13)
Vxh=0 (5.14)

This is known as the magnetostatic approximation. Since V x h = 0, we introduce a
magnetic scalar potential y such that h = —Vy. Using b = po(h+m) = uo(I+%) - h,

the condition V- b = 0 gives
V-uy(I+%)-Vy=0 (5.15)

Finally, the differential equation for the scalar potential becomes

Wy @y I’y J*y\  d*y
<1+w§_w2> (axZ 5 ) —0 (5.16)

This equation is known as Walker’s equation and describes magnetostatic spin wave
modes. Because My and H( are aligned along Z, the Polder susceptibility in equation
@) has axial symmetry (Xxx = Xyy; Xxy = —Xyx)- This symmetry allows Walker’s equa-
tion to separate into components transverse to the bias direction (x,y) and parallel to it
(2), leading to equation (5.16). Magnetostatic waves are classified by the relative orien-

tations of the bias field H and the wavevector k as shown in Table [5.1] If H-i
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the mode is a magnetostatic surface spin wave (MSSW). In this dissertation, we focus

Forward Backward
Surface wave
volume wave volume wave
H
H
“""--.—.{I /
(per;id?cular H | k HLlk
magnetized) (inplane magnetized) (inplane magnetized)

Table 5.1: Spin wave types for different geometries of the magnetic field H and wavevec-
tor k.

on MSSWs. Applying the boundary conditions at the surfaces of a magnetic thin film,

Walker’s equation yields the MSSW dispersion relation:

ou(H k) = —ngs\/[Zs a4 é (1— ekd)] [Z k41— é (1 — k)
(5.17)
Here d is the thickness of the magnetic film, and ., is the exchange interaction coef-
ficient. The parameters oy, d, and M, depend on the magnetic film properties. As the
external field H changes, the dispersion relation shifts, leading to changes in the spin

wave frequency and wavelength. Figure [5.1] shows the dispersion of MSSW

change interaction affects the dispersion only at short length scales; for’spin waves with
wavelengths above 1 um, its contribution can be neglected. In this dissertatig_ﬂ'%

glect exchange in the following analysis unless otherwise stated.

o/

[T
°r
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w
o

w

o
o

Frequency (GHz)
N

N
(&)

with exchange coupling
without exchange coupling

1 1 1 Il 1

0 5 10 15 20 25 30 35
Wavenumber (Mm'1 )

Figure 5.1: Calculated dispersion relation of magnetostatic surface spin waves. The exter-
nal magnetic field of 20 G. Other parameters are M, = 140 kA/m, @,y = 3 x 10710 m?,
and d = 100 nm. Exchange interaction dominates at shorter wavelengths. For wave-
lengths longer than 1 um, the exchange contribution is negligible.
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Chapter 5. Spin wave interaction

5.2 Transport of spin waves

Before investigating the interaction between the NV center and spin waves, we first
characterize spin wave generation and propagation via transmission measurements using
a vector network analyzer (VNA). The range of wavevectors that can be efficiently ex-
cited and detected is set by the spatial current distribution of the antenna, which is dictated
by the antenna geometry [58|]. We therefore evaluated two antenna designs. Table
compares their layouts and corresponding excitation spectra. The left panel shows a sim-
ple stripline antenna with enlarged pads for electrical contact. In real space, the stripline
current profile is well approximated by a rectangular function, yielding a sinc-shaped
excitation spectrum in k-space. Consequently, this antenna predominantly excites spin
waves with wavevectors k below the inverse stripline width; reducing the stripline width
broadens the accessible wavevector range. The right panel shows a three line antenna,
whose distributed signal and ground lines produce a nonuniform, multi-lobed current
profile and a correspondingly structured k-space spectrum, enabling more selective exci-
tation at finite wavevectors. In this dissertation, we employ the stripline design because
it provides a broad spin wave spectrum suitable for the subsequent NV based measure-
ments and spin wave reflector. The antennas were fabricated on the surface of a YIG thin
film (Matesy GmbH, 1 cm X 1 cm x 100 nm). We first compared striplines of two differ-
ent widths. In Figure [5.2](a) and (c), both antennas show transmission peaks that shift
to higher frequency with increasing magnetic field, corresponding to ferromagnetic reso-

nance (FMR). Notably, the 2 um stripline exhibits a broader transmission enve

the 6 um stripline. This difference becomes clearer when comparing spéctra taken at the

same magnetic field. Figure[5.2](b) shows line cuts taken at the samg magnetic;._ﬁﬂif

A

frequencies at which the transmission envelope narrows correspord to thi}w
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Real image
Schematic
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Table 5.2: Antenna structures. Real image: optical micrographs of the fabricated anten-
nas. Schematic: layouts of the antenna geometries; the current (red arrows) flows from
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Figure 5.2: Spin wave transmission measured using (a) a 2 um wide stripline and (c) a
6 um wide stripline. The background measured at high magnetic field (upH = 1.2 kG)
has been subtracted. (b) Spin wave transmission at upH = 20 G. The narrower stripline
excites spin waves over a broader frequency range. : =
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where the stripline width intersects the spin wave dispersion relation.

Figure [5.3] shows the spin wave transmission generated by a stripline with a width
of 2 um together with the corresponding dispersion relation. From the dispersion rela-
tion, it can be confirmed that the upper frequency limit of the broad spin wave spectrum
corresponds to a wave vector of k = 27/(2 um). In addition, in the frequency range
above 2 GHz, a weaker transmission envelope is observed rather than a broad spectral re-
sponse. This feature originates from the side lobes of the sinc-shaped k-space excitation
spectrum associated with the stripline current distribution. From these observations, we
confirm that spin waves are excited by the stripline antenna, propagate through the YIG

film, and are detected by the same stripline geometry.
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821 (arb. units)

)

N

Wavenumber (um
N

o

0.8 1 1.2 14 16 1.8 2 22 24
Frequency(GHz)

Figure 5.3: Spin wave transmission at tipH = 20 G. In lower panel, Dispersion relation of
spin wave with magnetic field yoH = 20 G. Although the VNA measures the transmission
as a function of frequency, the corresponding wavevector can be extracted by comparing
the data with the spin wave dispersion relation. The left dashed line indicates FMR, the
lowest frequency of spin wave resonance.
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5.3 NV centers and spin waves

Photocounts
(arb. units)

Figure 5.4: NV centers positioned in close proximity to the YIG film. (a) Photograph of
the experimental assembly, where a diamond containing NV centers is placed on top of
the YIG film. Microwave currents in the patterned striplines on the YIG film excite spin
waves, and the stray magnetic fields generated by these spin waves interact with the NV
centers. The red box indicates a diamond plate placed on top of the YIG. (b) Confocal
fluorescence image of the NV centers obtained with the YIG film placed beneath the
diamond.

In a qubit platform for information processing, entanglement among multiple qubits
is essential. Entanglement between spatially separated NV centers mediated by pho-
tons has already been demonstrated [59,/60]. Entanglement between an NV center and
a nearby nuclear spin has also been realized and applied to quantum information pro-
cessing [61]]. However, nuclear spin-NV interactions are practical only when the nuclei

are located very close to the NV center.

cay lengths of several micrometers or more, and thus NV center§ separ.
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micrometers could, in principle, be entangled via magnons [65,/66]. Achieving this goal
requires a detailed understanding of NV-magnon interactions. Spin waves correspond to
collective precession of magnetic moments and generate an oscillating stray magnetic
field. NV centers couple to magnons through this stray field [[67-71].

To enable NV-magnon interactions, the NV center must be positioned close to a
magnetic film. This can be achieved in three main ways: (i) placing a diamond plate on
the magnetic film with the NV layer facing the film [[/2], (ii) using a scanning probe with
an NV center at its tip [[73|], or (iii) depositing a nanodiamond solution onto the film [74].
In this dissertation, we place a diamond plate directly on the surface of a YIG film.

We first drive microwaves through the stripline to perform CWESR measurements
(Figure [5.5). By sweeping the magnetic field, we identify the ground state transitions
|0) <+ |—1) and |0) <> |+1). Small peaks appearing between these two main resonances
originate from NV centers whose axes are not aligned with the applied magnetic field.
At lower frequencies, additional broad features are observed, which we attribute to a
mixture of NV excited state resonances and the FMR of the YIG film. Because these
signals are close in frequency and strongly broadened, we do not analyze them further. To
confirm that the observed signal originates from spin waves, we exploit a characteristic
property of MSSWs. Figure[5.6](c) shows mode profile of an MSSW. MSSWs are surface
localized modes that propagate along the film surface, and their localization depends
on the propagation direction. For example, a spin wave propagating to the right may
be localized near the upper surface, whereas a wave propagating to the left is localized

near the lower surface. Consequently, on a given side of the film, the stray_magnetic

field produced by an MSSW depends on its propagation direction. THis nonreciprocal
behavior is referred to as directionality. To quantify the spin wave igtensity, w

Rabi oscillations between |—1) and |0). Spin waves whose frequend
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Figure 5.5: CWESR with YIG film. CWESR spectrum measured on the diamond on
YIG sample at an external magnetic field of approximately 180 G. The two dips with
the largest PL contrast correspond to the electron spin resonances of NV centers whose
axes are aligned with the external magnetic field. The peaks with smaller PL contrast
arise from electron spin resonances of NV centers that are misaligned with the external
field, resulting in reduced contrast. Around 2000 MHz, the dips appear to originate from
overlapping contributions of the NV center excited state resonance and the magnetic
resonance, making them difficult to distinguish.

splitting between |—1) and |0) can drive population transitions, and a stronger stray field
leads to a higher Rabi frequency. Figure[5.6| (a) was taken on the left side, about 50 um
away from the stripline, whereas Figure [5.6] (b) was taken on the right side at the same

distance. The faster oscillations on (a) confirm the directional propagation of MSSWs.

To coherently couple NV centers to spin waves, both the spin wave dispersion and
the NV transition frequencies must be considered. For a given magnetic field, only spin
waves with wavevectors that satisfy the dispersion relation and simultaneously match an

NV transition frequency can interact coherently with the NV center.

To identify the wavelength of the resonant spin waves, we measure-Rabi oscillations

at various positions along the propagation direction. Along the propagation dirg

1.)%

spin wave can be approximated as a plane wave exp[i(kx — wr)].
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Figure 5.6: Rabi oscillations measured on opposite sides of the stripline. (a) Rabi oscilla-

on. When it propagates along the top versus the bottom surface, the
stray field delivered to the NV centers becomes different.
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Figure 5.7: NV ground state levels and MSSW dispersion relation. (a) The external mag-
netic field modifies both the spin waves dispersion and the NV transition frequencies,

thereby determlmng the resonance condition. (b) The dispersion of spin wave wh

coherently with them.
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the spin wave cannot be obtained directly from its intensity, the stripline excites not only
spin waves but also a propagating microwave background. The microwave background
has a much longer wavelength than the spin wave, yet both generate oscillating mag-
netic fields at the same frequency. Their interference converts the spin wave phase into
a measurable modulation of the AC magnetic field intensity. Figure [5.8] (a) shows the
Rabi frequency as a function of distance from the stripline. The Rabi frequency, which
reflects the local AC magnetic field amplitude, oscillates along the propagation direction.
Figure [5.8](b) shows the Fourier spectrum of the Rabi frequency data. From this anal-
ysis, we extract a spin wave wavelength of 17.4 um, in good agreement with the value
expected from the dispersion relation. To probe spin waves with shorter wavelengths, a
more precise positioning system is required. We therefore use a scanning probe with an
NV center attached at its apex. Figure 5.9 shows the scanning probe setup together with
a YIG stripline antenna. This configuration allows the NV center to be positioned within
a few micrometers of the stripline with high spatial precision. In addition, the NV and
YIG separation can be actively controlled, which is not possible when simply placing a
diamond plate on the film [75]. In this setup, interference is still present. We quantify
the local field intensity using Rabi oscillations as well as the linewidth (or contrast) of
the CWESR signal. Figure [5.10] shows three colormaps of the CWESR linewidth with
different frequency. Figure [5.11] (a) shows an example map of the Rabi oscillation fre-
quency. The observed wavelength patterns agree with those expected from the spin wave

dispersion relation. As the magnetic field is varied, the dispersion relation changes, and

with the theoretical dispersion (Figure[5.11](b)).
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Figure 5.8: Spatial variation of Rabi frequency. (a) Rabi frequency versus distance from
the stripline. Interference between the spin wave and the near field microwave back-
ground visualizes the wavefronts. The red shaded area represents stripline region. (b)
The wavelength is extracted from the Fourier transform of the spatial Rabi frequency
data.
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(syun “que)
s3unod010yd

Figure 5.9: Scanning probe setup. (a) Optical microscope image of stripline and a probe
with an NV center attached. (b) Confocal image.

5.4 Conclusions

In this chapter, we investigated the dispersion relation of MSSW and experimentally
observed that the spin wave spectrum depends on the linewidth of the antenna used to
generate the waves. We also showed that spin wave characteristics such as propagation
direction and wavelength can be extracted using NV centers. This NV-spin wave hybrid
platform therefore provides a foundation not only for employing NV centers as imaging
sensors, but also for using spin waves as a medium to transmit information encoded in
NV centers. For future applications where spin waves serve as information carriers, it is
necessary to go beyond the regime in which externally injected spin waves simply per-

turb the NV centers, instead, coherent interactions between NV centers and spin waves

confined within a structure are required. To this end, we propose creating.spin wave re
flectors to trap spin waves in a defined region. In the next chapter, we present simulations

for designing such spin wave reflectors, along with examples of fabficated d
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Figure 5.11: Spin wave wavelengths extracted from scanning NV magnetometry. The
data agree well with wavelengths calculated from the MSSW dispersion relation.
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To realize information processing via magnons, strong coupling between a qubit and
a magnon is essential. One way to enhance the coupling is to confine the magnon mode
to a small volume, which increases the field amplitude at the qubit location. In optics,
the periodic modulation of refractive index produces a stop band via Bragg interference,
which is called distributed Bragg reflector (DBR). In magnonic DBRs, an analogous stop
band arises from a periodic modulation of the spin wave dispersion via thickness or mate-
rial contrast, leading to strong reflection at Bragg wavevectors. A spin wave DBR cavity
can produce a spatially localized spin wave mode; if a qubit is placed inside such a cavity,
a much larger coupling strength can be expected. In this chapter, we first review optical
DBR cavities and their basic structure. We then simulate a spin wave DBR reflector with
an analogous geometry. Finally, we introduce spin wave reflectors based on an array of

nickel stripe patterns forming a periodic structure.

6.1 Basics of DBR Cavities in Photonics

Before studying spin wave DBREs, it is useful to review optical DBRS, whose behav-
ior can be treated more straightforwardly. An optical DBR consists

of two materials with different refractive indices [76]. A standard
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Figure 6.1: Electric fields at the interface. The reflection and transmission of optical
waves propagating in two media with different propagation directions at an interface
are calculated.

ing the response of a DBR is the transfer matrix method (TMM). At each interface, an
optical wave is partially reflected and partially transmitted; in the TMM formalism, these
processes are represented by matrices that relate the forward and backward propagating
field amplitudes across the boundary. Figure [6.1] illustrates the optical fields at an inter-
face, where two counter propagating waves exist on each side. The fields on the two sides

of the interface are related by

ES My, My, Ef

E{ My, My E;
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where E;" (E;) denotes the forward (backward) propagating field in region i. The re-
flection coefficient for incidence from region 1 to region 2 is obtained by imposing the

outgoing wave boundary condition £, = 0:

E; M
rp = % = —Mizl (6.2)
Ey Ey =0 22
Similarly, the transmission coefficient is
+
My M
= —% =My — —2 (6.3)
Ey g - M
o=

As an example, for normal incidence at an interface between two media with refractive

indices n; and n», the interface matrix is

1+ n _m
1
M](I’ll,l’lz) = 5 " " (64)
I
Propagation through a layer of refractive index »n and thickness 7 is described by
exp(2miy) 0
Mp(n) = (6.5)
0 exp(—2mi%)

where A is the vacuum wavelength. A DBR is formed by repeating two layers with re-

fractive indices n, and ny, as shown in Figure [6.2] The total transfer matrix of the DBR
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Figure 6.2: Schematic of a DBR composed of alternating layers with refractive indices
n, and ny.

is the ordered product of the interface and propagation matrices for all layers:
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Wavelength (nm)
”|T|'1'!!"

0l
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Figure 6.3: Reflectance R and transmittance 7 of a single DBR. For (a), n, = 1.4, n, =
1.1, t, = 80 nm, #, = 100 nm and N = 10. For (a), n, = 1.4, n, = 1.1, t, = 80 nm,
t, = 80 nm and N = 10. The vertical dashed lines indicate wavelength A = w
(red: odd n, blue: even n).

N = 10 periods. The periodic structure produces a pronounced stop band in which R is
strongly enhanced and T is suppressed. The vertical dashed line indicates the wavelength

satisfying 21_:: (ngt, + nptp) = nm. Under this Bragg condition, reflections from successive

periods interfere constructively, driving R — 1 and T — 0. More gené€rally, reflective

bands occur whenever

T
T (ngty +npty) = N1
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with integer order n. Mathematically, Bragg reflection should occur at all wavelengths
that satisfy the above condition. However, in Figure[6.3] (a), the reflectance increases for
odd n (red dashed lines), whereas no such enhancement is observed for even n (blue
dashed lines). In contrast, Figure @ (b) shows an increase in reflectance regardless of
whether n is odd or even. The only difference between the two cases is #,. In (a), the
phase accumulated in regions a and b are similar (Z‘b’—iz ~ ) while in (b) the phases
acquired in the two regions are different. These results indicate that Bragg reflection
is robust for odd » independent of the specific parameters, but for even n the parameters
that define the Bragg structure strongly affect the reflectance and transmittance. A similar
behavior will also be observed in the simulations of the spin wave reflector in the next
section. Therefore, to use the DBR structure effectively, we will focus on the fundamental
mode with n = 1. Our goal is to localize the wave in space. To this end, as shown in
Figure[6.4] two DBRs are placed facing each other and separated by a distance d, forming

a cavity. We again use the TMM to analyze the resulting spectral response. The DBRs

id 5t

Figure 6.4: Optical cavity formed by two opposing DBRs separated/by distance.dg
optical fields will be confined in the space between the two reflectors, formirg_‘i? F
cavity. vt |
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act as mirrors, confining the field within the cavity. The wave undergoes repeated round
trips; for certain wavelengths, the accumulated round trip phase leads to constructive

interference, producing resonant modes. The resonance condition is

2d,
Orr = 270 ;ff:2n'm (m=1,2,3,...) (6.8)

where d.f is the effective cavity length. Because the field penetrates into each DBR over
a finite depth, deg is slightly larger than the physical separation d. Figure [6.3] shows the
reflectance and transmittance of the DBR cavity for d = 6 um, with all other parameters
identical to those used for the single DBR. Within the DBR stop band, several narrow
transmission peaks appear, corresponding to cavity resonances. The spacing between ad-

jacent resonances is the free spectral range (FSR), which follows directly from the cavity

condition:
d, d
Prr = 27:% =27 eff =2mw (6.9)
Thus,
12
AL = S (6.10)
€
c
Af:zdff (6.11)
(&)

Equation (6.10) and (6.11)) define the FSR in wavelength and frequency units, respec-
tively. Because AA depends on A, it is often more convenient to use the constant fre-
quency domain FSR. From Figure [6.3] the measured FSR is 21.6 THz, corresponding to

an effective cavity length of degr = 6.9 m, consistent with the resonane€ condition.
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Figure 6.5: Reflectance and transmittance of a DBR cavity. The parameters used to con-
struct the DBR are the same as those in Figure [6.3] (a). The separation between the two
DBRs is d = 6 um. (a) Reflectance and transmittance calculated as a function of wave-
length. (b) Reflectance and transmittance calculated as a function of frequency.
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6.2 Spin wave simulation

Optical waves are governed by Maxwell’s equations, and therefore their wave prop-
erties including reflectance, transmittance, and dispersion can often be obtained analyt-
ically. In contrast, for spin waves, analytical treatments exist in simplified geometries,
but complex patterned structures are most reliably captured by micromagnetic simula-
tions [[77)78]]. To study spin wave DBRs, we therefore employ MuMax3, a micromagnetic

simulation package [[79]]. To obtain the spin wave dispersion in a YIG film, we simulate

(a) (b)

20 20F

N N

I

515 - 515

> g E >

210 = 2 210

7] w2 o

S L o S

g s 5 5|

w g w
0 0.02 0.04 0.005 0.01 0.015
Wavenumber(nm'1) Wavenumber (nm'1)

Figure 6.6: The spin wave spectrum. (a) Spin wave frequency versus wavenumber. (b)
Dispersion relation extracted from (a).

spin waves driven over a range of frequencies. Figure [6.6] shows the resulting dispersion

relation, which we fit using

/= \/|:f0+ aexfmkz + % (1 _ekd):| |:f0 + Olexfmk2 + % (kd

79




Chapter 6. Distributed Bragg Reflector

In our simulation, £ ranges from 0 to 0.02 nm ! and the film thickness is d = 10 nm, so

that kd < 1. In this limit, the dispersion simplifies to

£ =\ Vot Fin+ Cexfuk?) o + G frk?] (6.13)

From the fit, we obtain fy = 0.649 GHz, f,, = 6.05 GHz, and 0x = 9.19 x 10° nm?.

A spin wave DBR can be realized by introducing periodic modulation to parame-
ters that affect the spin wave dispersion, analogous to how an optical DBR is formed by
modulating the refractive index [80-87|] Our simulated DBR structure has a period of
100 nm, consisting of alternating segments of 100 nm and 50 nm thickness, as illustrated
in Figure The periodic thickness modulation directly changes the local MSSW dis-
persion providing the required contrast for Bragg reflection. Analogous to optical DBRs,
spin wave DBRs satisfy a Bragg condition, 2a = nA,, (or equivalently 2ka = 27tn), where
a is the period and A, is the wavelength of the nth order Bragg reflection. Figure[6.8|com-
pares the spectra with and without the DBR. Clear dips appear near k = 0.005 nm~! and
k =0.015 nm~', corresponding to the n = 1 and n = 3 Bragg conditions, respectively.
These dips correspond to Bragg stop bands (magnonic bandgaps) where counter propa-
gating waves interfere constructively, suppressing transmission. As shown in Figure [6.§]
(b), Bragg reflection occurs only at wavenumbers corresponding to odd n. This behavior
is consistent with the result observed for the optical DBR in the previous chapter. We
attribute the absence of even order Bragg reflection to the fact that the thickness modu-

lation forming the Bragg structure is even symmetric, which suppresses Bragg

at even order wavenumbers. To visualize the DBR effect, we plot a coletmap of the spin

wave amplitude as a function of position and time. The vertical axisjdenotes theidis

A= o
from the excitation region, while the horizontal axis represents simulation t#ne
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/ Excitation

Figure 6.7: Schematic of the spin wave DBR model used in the MuMax3 simulations. The
overall simulation domain was defined with dimensions of X = 8000 nm, Y = 500 nm,
and Z = 10 nm. The DBR structure was implemented as a periodically repeated groove
pattern with thickness modulation, where the groove depth and period were setto h =5
nm and a = 100 nm, respectively. Each groove had a width of 50 nm and a depth of 5 nm,
and the number of repetitions was set to N = 5. Spin waves were excited in the excitation
region and propagated along the +X direction. The DBR characteristics were evaluated
by analyzing the spin waves transmitted after passing through the DBR structure.
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Figure 6.8: Spin wave DBR performance. (a) Spin wave spectrum after propagation
through the DBR. (b) Wavenumber resolved spectral intensity obtained by integrating
the spectra over frequency, |[FFT(m;)| is summed along the frequency axis to yield the
total intensity as a function of wavenumber only. The red line corresponds to the case
without a DBR (Figure[6.6(a)), while the blue line represents the spectrum after passing
through the DBR (Figure [6.8|(a)). Dashed lines represent wavenumber satisfying DBR
condition.
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region indicates the DBR segment. Figure [6.9]shows two representative cases. Figure[6.9]
(a) corresponds to a frequency of 4.5 GHz (k = 0.005 nm '), where the Bragg condition
is satisfied; the spin wave is strongly reflected and cannot propagate through the DBR.
Figure [6.9] (b) corresponds to 6.5 GHz, which does not satisfy the Bragg condition, and

the spin wave propagates through the DBR with minimal reflection.

As in the preceding optical analysis, we construct a DBR cavity by placing two DBRs
at a fixed separation. The DBR is identical to that used previously, except that the number
of periods is reduced to N = 3. Figure [6.10| (a) shows the transmission spectrum near
the first stop band of this DBR. Around f ~ 4 GHz, spin wave transmission is strongly
suppressed, indicating that waves in this frequency range are predominantly reflected by

the DBR.

When a second DBR is added to form a cavity, cavity resonances are expected to
appear as narrow transmission peaks inside the stop band. To estimate the resonance
condition, we follow the standard cavity argument, as in an optical cavity. The round trip
phase condition is given by

PrT = 2kd = 27n, (6.14)

where k is the spin wave wavenumber, d is the cavity length, and #n is an integer. The

spacing between adjacent resonant wavenumbers is therefore

Ak =

(6.15)

T
=

Converting this wavenumber spacing into the frequency domain yieldst

_9f
Af= - kOAk,
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Figure 6.9: Comparison of pass band and stop band behavior in a spin wave DBR. The
gray region marks the DBR. (a) At 4.5 GHz, the Bragg condition is satisfied and the wave
is strongly reflected. (b) At 6.5 GHz, the Bragg condition is not satisfied and the wave
propagates through the DBR.
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where d f/dk is evaluated at a representative wavenumber ko near the first stop band.
Since spin waves generally exhibit a nonlinear dispersion relation, we approximate the

local dispersion slope near f ~ 4 GHz as

af 2 GHz
= ~—. 6.17
dk |, 0.003nm~! ©.17)
Using a cavity length of d = 2500 nm, the resulting FSR is
2 GHz T
Af = ( ) ~0.13 GHz. 6.18
/ (0.003 nm-! > 2500 nm ‘ (©6.18)

As shown in Figure [6.10] (b), this estimated FSR is in good agreement with the spacing

between the transmission peaks.

To visualize the spin wave dynamics, we examine the time evolution of the magneti-
zation. The transmitted and reflected cases are clearly distinguishable. In Figrue [6.1T](a),
multiple reflections inside the DBR cavity lead to constructive interference, resulting in
the formation of a standing wave pattern within the cavity. In contrast, Figure [6.11] (b)
shows a non-resonant case in which the resonance condition is not satisfied; as a result,
constructive interference does not build up and the spin wave amplitude inside the cavity

rapidly decays.

These results demonstrate that a spin wave DBR, analogous to an optical DBR,
enables frequency selective transmission. Furthermore, by forming a DBR cavity, spin

waves can be confined within the cavity region. In contrast to the transmission-spectra

of optical DBR cavities calculated using the TMM, the simulated spin wave DBR cavity
exhibits transmission peaks with a finite linewidth. This linewidth b oadening@ﬂﬁﬁ q

Az |
from intrinsic spin wave damping in the magnetic medium. Consequentl ¢
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Figure 6.10: Spin wave amplitude after transmission through DBR structures. (a) Peak-to-
peak amplitude of m, after transmission through a DBR with N = 3 periods, showing the
formation of a stop band near 4 GHz. (b) Peak-to-peak amplitude of m, after transmission
through a DBR cavity with cavity length d =2500 nm. Multiple transmission peaks are
observed within the stop band, corresponding to cavity resonances.
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high quality factor spin wave cavity will require magnetic materials with reduced damp-

ing, which should enable substantially higher cavity Q factors.
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Figure 6.11: Spin wave dynamics in a DBR cavity. The gray regions indicate the loca-
tions of the DBR structures. (a) Resonant excitation (f = 3.9 GHz): repeated reflections
inside the cavity lead to constructive interference, producing a standing wave within the
cavity. (b) Off-resonant excitation (f = 3.84 GHz): in contrast to (a), the spin wave un-
dergoes destructive interference during multiple reflections and transmissions, resulting
in a strongly suppressed amplitude inside the cavity.
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6.3 Spin wave reflector

In the previous section, micromagnetic simulations demonstrated that the DBR struc-
ture reflects only spin waves with wavelengths matching the structural periodicity. In this
section, we aim to experimentally realize and verify this behavior. One key difference
from the previous simulations lies in the wavelength of the spin waves. Due to com-
putational limitations, the simulations were performed on nanometer-scale structures,
whereas the DBR structure was fabricated at the micrometer-scale to ensure reliable de-
vice fabrication. Another important difference is the origin of the periodic modulation.
While the simulations employed thickness modulation to form the DBR structure, the
experimental implementation was achieved by depositing nickel (Ni) stripes on a YIG
film, thereby introducing periodic modulation of the magnetic properties to realize the
DBR structure. Figure [6.12] shows the fabricated spin wave DBR. Four Ni stripes with
a thickness of 100 nm and a width of 2 um were patterned on a 100 nm thick YIG film,
with a periodic spacing of 30 um. Spin wave antennas were placed on both sides of the
DBR structure to excite and detect spin waves.

We measure the transmission parameter (S;,) using a VNA while sweeping the ex-
ternal magnetic field. Figure [6.13] (a) shows the resulting transmission spectra. Several
prominent dips appear that are absent in the plain YIG data of Figure [5.2] These dips
are even clearer in the enlarged view on Figure [6.13 (b). The data confirm that the spin

wave DBR acts as a frequency dependent reflector. We also find that the dip depth and

A=
was suppressed over the entire frequency range with little frequency seleétiv .
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Figure 6.12: Spin wave reflector. An array of nickel stripes is patterned between two
stripline antennas. (a) For the VNA measurements, the device was contacted using a
CPW tip probe. The antennas connected to both ports generate spin waves, which then
propagate through the region with the periodic structure. (b,c) Bragg structure formed by
nickel stripes. The period of the periodic structure is 30 um, and the width of each nickel
stripe is 2 pm.
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a =4 um, the filling fraction of the Ni stripes becomes relatively large. We therefore ex-
pect a substantial increase in damping because Ni is significantly more lossy than YIG,
which suppresses spin wave propagation over the entire frequency range, driving the sys-
tem into a strongly overdamped regime. This provides a plausible explanation for the
broadband reduction observed in the transmission. Achieving an ideal frequency selec-
tive filter with deep, narrow stop bands will therefore require further optimization of the
stripe geometry. To verify the origin of the dips, we compare the transmission data with
the spin wave dispersion relation. Figure [6.13] (d) shows an overall reduction in trans-
mission, and more importantly, the dip frequencies coincide with the Bragg condition

inferred from the dispersion.
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6.4 Conclusions

In this chapter, we examined whether a DBR structure can reflect spin waves in a
manner analogous to optical DBRs. To this end, we first reviewed optical DBR cavities
and confirmed that the DBR formalism successfully describes their reflectance, transmit-
tance, and FSR. We then employed micromagnetic simulations to verify that spin waves
in a DBR structure exhibit Bragg condition dependent reflection and transmission, sim-
ilar to the optical case. In addition, our simulations showed that a cavity formed by two
such reflectors can confine spin waves within a defined region.

For an experimental realization, we fabricated a DBR on a YIG film by introducing
a spatial modulation using Ni stripes, and demonstrated that this structure selectively
transmits spin waves according to the Bragg condition. However, the presence of Ni
substantially increased spin wave damping, limiting the efficiency of the spin wave DBR.
If a method can be found to introduce spatial modulation without significantly increasing
damping, together with a deeper theoretical understanding of spin wave propagation in
periodically modulated media, it should be possible to build spin wave cavities. Such
cavities would enable confined spin waves to serve as information carriers, providing a

versatile platform for spin wave-based information transfer.
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Chapter 7. Phonon-magnon coupling

Phonons [50] and magnons are promising candidates for flying quantum information
carriers. Some qubit platforms couple more naturally to magnons, while others interact
more efficiently with phonons. If we can build a hybrid quantum system that allows us
to choose which type of flying excitation carries information, then different qubit plat-
forms can be combined into a larger multi qubit cluster. Coupling between phonons and
magnons is known as magnetoelastic coupling [88-91]]. Magnetoelastic coupling arises

from two reciprocal effects. The phenomenon in which a change in magnetization in-

Phonons Magnons Qubit
a b, w
a, wp o m 9o le)
t— Ay Q
Magnetoelastic Magnetic 9)
coupling coupling

Figure 7.1: Illustration of a hybrid phonon-magnon-qubit system. Phonons w1th annihila-
tion operator aand frequency a)p are coupled to magnons with operator b 2
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duces mechanical strain is called magnetostriction, whereas the phenomenon in which
applied stress modifies the magnetization is known as the Villari effect [92]]. This chap-
ter first examines the transducers fabricated to generate surface acoustic waves (SAWSs)
and verifies SAW generation through transmission measurements. Next, we theoretically
analyze phonon-magnon coupling and experimentally confirm its presence via transmis-
sion measurements. Finally, by integrating the system with an NV center scanning setup,
we demonstrate that spin waves produced through NV-phonon-magnon coupling interact

with NV centers.

7.1 Surface acoustic wave

We use a SAW for phonon driving. A SAW is an acoustic wave that propagates along
the surface, and its amplitude decays into the substrate with depth. Many piezoelectric
substrates can support SAWs, such as LiNbOs, quartz, ZnO, AIN, and GaAs. Because
each material has different acoustic velocities, operating frequencies, and wave modes,
we must choose a piezoelectric substrate that is easy to fabricate and supports SAWs in
the 2 - 3 GHz range to couple to NV centers. We use lithium niobate (LiNbO3) as the
SAW substrate, specifically a 128° YX-cut wafer with single side polishing. LiNbO3 is
commercially available in SAW grade and optical grade. Optical grade LiNbQs is trans-
parent, whereas SAW grade LiNbOj is not. In our measurements, we do not observe a
distinct difference in SAW performance between the two grades. Owing to the crystal

symmetry of LiNbQO3, the material has three principal axes, X, Y, and Z [93|
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angle. For example, a 128° YX cut refers to a surface whose normal is along the Y axis
and which is obtained by rotating the surface by 128° about the X axis. We tested two
orientations, 128° YX cut and YZ cut, and found that the 128° YX cut produces much
stronger SAWs than the YZ cut [[1]]. In double side polished LiNbO3, not only surface
waves but also bulk acoustic waves can be excited because both surfaces are polished. To
excite SAWs on LiNbOs, we fabricate an interdigital transducer (IDT). The IDT converts
an applied AC electrical signal into a mechanical surface wave [94]]. The SAW generation
efficiency depends on the IDT properties, including the aperture, finger width, thickness,
electrode configuration, and electrode material. Our IDT is made of aluminum, with a
120 um aperture, 2 um finger width, and 50 nm thickness. We tested both Au and Al
as IDT metals and found that Al provides better performance. We speculate that this dis-
crepancy arises from the differences in material properties between gold and aluminum.
Although gold offers superior electrical performance compared to aluminum, its higher
density increases the mass loading of the fabricated electrodes. We therefore believe that
the additional weight on the surface enhanced the attenuation of the SAW, leading to
reduced SAW transmission.

To evaluate the IDT performance, we place two identical IDTs facing each other with
a separation of ~ 1 mm. Figure@ (a) shows the transmission (S;,) measured by a VNA.
In this signal, no clear SAW feature is visible. Because an IDT launches not only acoustic
waves but also electromagnetic waves, the direct transmission between IDT 1 and IDT 2
is dominated by the electromagnetic background, making the SAW contribution difficult

to observe directly [95]. To isolate the SAW contribution from the transmission eXx-

ploit the large difference in propagation velocities between acoustic and‘electromagnetic

waves. In LINbO3, SAWs travel at about ~ 3 km/s, whereas electromiagnetic waves.

. . A=l
agate at the speed of light, 3 x 103 m/s. Flgure (b) shows the tra srnjss1ﬂn 1 t
.b.
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Figure 7.2: Different orientational cuts of the Lithium Niobate crystal (top) and the Eu-

lerian angles (bottom). Adapted from [[1]]
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Figure 7.3: Design of the IDT. (a) The signal pad is flanked by ground pads on both sides.
The upper ground pad and the signal pad are extended and connected to the region where
the IDT structure is located. The lower ground pad is included because the probe tips
used for VNA measurements are arranged symmetrically. (b) Enlarged view of the IDT
region. Fingers are connected to both pads, and each pair of fingers is connected to the
same pad.
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domain. The rapidly decaying signal near O us is attributed to the electromagnetic wave.
A second envelope appears around 0.3 us. This delay matches the expected acoustic time
of flight, (distance between the IDTs)/(SAW velocity), and is therefore assigned to the
SAW signal. In addition, another envelope is observed around 1.2 ps. We attribute this
to a SAW that completes one round trip after being reflected by an IDT. From the time
domain analysis, we identify why the SAW signal is not visible in the raw transmission
spectrum. To isolate the SAW contribution, we apply a time gate to select only the time
window (265 ns - 415 ns) in the time domain and then transform the gated signal back
into the frequency domain. Figure[7.4](c) shows the resulting transmission after time gat-
ing [96]. Multiple distinct peaks are observed. Because the peak frequencies agree with
those expected from the IDT finger periodicity, we conclude that SAWs are successfully

generated and propagate between the two IDTs.
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Figure 7.4: Transmission (S12) of SAW. (a) Sy, as a function of frequency. Input power
was -10 dBm. In these measurements, the SAW modes cannot be clearly resolved. (b)
Time domain transmission (S1) acquired from the VNA. Because the acoustic velocity is
slower than that of the electromagnetic wave, the SAW contribution can be resolved in the
time domain. The red shaded area represents the estimated SAW power. (c) Transmission
(S12) signal after time gating. Unlike the previous measurements (a), the SAW mode is
clearly visible in this signal. The fundamental mode frequency is 240 kHz, and higher
harmonic modes at integer multiples of this frequency are also observed. The SAW.mode
frequencies are marked with red dots.
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7.2 Theoretical description for magnetoelastic coupling

The mechanical and magnetic properties of ferromagnetic materials are intrinsically
coupled. Magnetostriction denotes the elastic deformation generated by magnetization,
whereas the Villari effect describes the reciprocal influence of elastic deformation on
magnetization. Both phenomena can be formulated in terms of the magnetoelastic energy

density

1 1 1
o =1 (2= ) e (3 ) ()

+2b) [eymymy + Ec:mym + €, mym,] (7.1)
Here g;; is the ij component of the strain tensor
1
Eij= 5 (8l-uj + 8ju,-) (7.2)

where u denotes the displacement field. The quantities m; are the components of the unit
magnetization m = M/M;, and M; is the saturation magnetization. The magnetoelastic
constants b and b, characterize the coupling of the magnetization to the diagonal and off-
diagonal strain components, respectively. From up,g_c1a, the magnetoelastic contribution

to the stress tensor is defined as

Ju _el
g?.ff — _ 'mag-ela 7.3
! 88,']' ( )

and the associated body force f.¢ follows as

ff_ 5 __eff
i =907
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Carrying out the derivative gives

My Oy my(dymy, + d:my) + mydymy + m 0 my
fett = 201 | 1y dym,, | +202 | (e + Oom,) + mdemy, + m,d,m, (7.5)
m, d,m, m;(dymy + dymy) + mydem; + myoym,

Conversely, elastic deformation produces an effective magnetic field that enters the LLG

equation. It is obtained by varying the energy density with respect to the magnetization

1 Jumag-cla 1 Jdumag-ela
Her= —— 08 — £ 7.6
off 1 oM oM, om (7.6)
Evaluating the derivative yields
ExxMy ExyMy + Exz1;
1
Herr == HoM; 2b1 Eyyny +2b &y My + Exyhiy (7.7)
i Ezimy ExzMy + Ey My ]

We take the external magnetic field along Z and assume a saturated equilibrium state so
that m; ~ 1 and m,, m, < 1. Retaining only terms linear in the small dynamical variables

u and (m,,m,), the effective body force and field reduce to

azmx
1
ferr ~ 20 o,my | > Hegr ~ — Y
S
Oy
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Chapter 7. Phonon-magnon coupling

To study waves in the xz plane (normal to y), we consider a wavevector with only x and z

components, k = (k,,0, k). The elastic wave equations including f.s become

—p@*uy = —Cr1k2uy — CaakZuy — (Cra + Cag) okt + 2by ikymy (7.9)
—p@*uy = —Caa (k2 + k2 )y + 2y ik m, (7.10)

—p@*u, = —Ci1k2u, — CaakPu, — (Cra + Caa)kikotay + 2bs ik, (7.11)

Here Cyy, Ci2, and Cy4 are stiffness tensor components governing the elastic wave. The
terms proportional to b, represent magnetoelastic body forces. Including He¢ in the LLG

equation and linearizing yields

, by .
i0m, = —®pynm, — }];/TS ik, uy (7.12)
b
iom, = @pm, + % i (kgtt + kit (7.13)
,with
| —ekd
Oy = YMHoHext + YHoM; [Otexkz +sin’ @ <1 — >] (7.14)
I e kd
Ofy = YHoHex: + YHoM; [O‘exk + d ] (7.15)

where H.y; is the applied magnetic field, 0 is the angle between k and the external field,
Oy is the exchange constant, and d is the film thickness. The terms proportional to b,

represent magnetoelastic effective fields. Combining Equation -(7.11) and

(7-13) yields five coupled linear equations. To separate longitudinal and tra
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7.2. Theoretical description for magnetoelastic coupling
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Figure 7.5: Axis orientation. The external magnetic field is applied along the Z direction,
and wave propagation occurs along k. The angle between Z and k is denoted by 6. The
displacement field is decomposed into longitudinal (x;) and transverse (u;) components.
tic modes with respect to k, we introduce

Uy = u;Sin @ + u; cos 6, u, =u;cos0 —u,sin, ky=ksin@, k,=kcos0

The coupled system becomes

2ibrkcos 6

(a)2—wf)sin9u1+(a)2—w,2)cos9ut+me:0
2ibykcos 6
(a)z—(otz)uﬁ—%my =0
2ibyksin 0
(a)z—colz)coseu[—(a)Z—a)tz)sineu,—l—%mx:O 16)

i')/bz
)

Yb 'Yb
s 2ksin26ul+l;’42

N N

kcos 0 uy, +iwm, + ®rmy=0

kcos20 u; + wpm, —iomy, =0 FE
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Chapter 7. Phonon-magnon coupling

Cu
P

Cay

Here w; = 5

k and @y = k denote the dispersions of the longitudinal and trans-
verse acoustic modes, respectively.

Figure [7.6) shows the solutions of Equation (7.16). The three panels correspond to
different propagation angles, 6 = (a) 0, (b) /6, and (c) m/2. The dashed lines indi-
cate the uncoupled dispersions (black: longitudinal elastic wave; green: transverse elastic
wave; blue: spin wave). The emergence of an anticrossing near the intersection of two
dashed branches signifies hybridization of the modes, and the coupling strength is quan-
tified by the size of the resulting gap. In particular, the anticrossing gap at the intersection
between the longitudinal acoustic wave and the spin wave branch varies with the propa-
gation angle. This angle dependent gap demonstrates that the strength of magnetoelastic

coupling between elastic and spin wave modes depends on the wavevector orientation.

This will be verified experimentally in next section.
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Chapter 7. Phonon-magnon coupling

7.3 Transport of magnetoelastic wave

We place a Ni film between two IDTs. The Ni thickness is 20 nm, and it is capped
with a 5 nm Au layer [97]]. As shown in Figure[7.7} the two IDTs are connected to a VNA
through contact probes. When coupling between spin waves and elastic waves occurs,
part of the SAW power is transferred to spin waves, leading to a reduction in the trans-
mitted SAW signal compared with Figure [7.4] (c) [98H100]. To maximize the coupling,

we set the external bias magnetic field direction to 8 = 7 /4. Figure shows the trans-

Propagation

Figure 7.7: Image of total device. Two IDTs are used for SAW excitation and detection.
The Ni film lies in the SAW propagation path, and a 5 nm Au layer encapsulates the Ni
film.

mission as the bias field is swept. For some low frequency SAW modes, the transmission
does not change noticeably with magnetic field. However, at higher SAW frequencies,

the field dependent transmission change becomes clear. The frequency dependence of

the coupling is summarized in Figure [7.8] (c). Higher frequency SAW modes generate
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7.3. Transport of magnetoelastic wave

coincides with the Ni FMR frequency.
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Figure 7.8: Results measured while varying the magnetic field. (a) Transmission mea-
sured as a function of magnetic field magnitude when the angle between the external field
and the SAW propagation direction is 45°. (b) For each SAW mode, the dip frequencies
induced by the magnetic field are plotted versus the external field magnitude. (c) SAW

power variation of acoustic modes as function of magnetic field(blue: 2197 MHz, red:
4134 MHz).
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Chapter 7. Phonon-magnon coupling

Rayleigh type elastic wave, which contains a longitudinal component. The transmission
change as a function of magnetic field direction is shown in Figure We recorded the
transmission while rotating the magnetic field angle, and from these data, Figure [7.9] (b)
and (d) show that we reconstructed the field dependent transmission in angular space.
The red dashed line indicates the maximum magnetic field used, 1 kG. As expected, the
transmission change is largest for angles between 0 and /2, but the maximum occurs
at an angle slightly larger than 7 /4. We attribute this deviation from the theoretical ex-
pectation to the anisotropy field of the Ni film. We also find that a high frequency mode,
such as the 5.101 GHz mode, is relatively insensitive to the magnetic field direction. We
believe this is due to the broadening of the transmission dip.

At higher frequencies the intrinsic SAW transmission becomes weak, making it dif-
ficult to determine whether a feature corresponds to a genuine SAW mode. Nevertheless,
the magnetoelastic coupling remains clearly visible at these high frequency modes, allow-
ing us to distinguish SAW related features from non SAW background. In Figure a
clear distinction between SAW modes and non SAW modes is evident, even though the
raw SAW transmission spectrum in Figure[7.4](c) shows only weak signals above 5 GHz.
From these observations, we confirm the presence of magnetoelastic coupling between

SAWSs and spin waves in the Ni film.
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Figure 7.9: Magnetic field dependent changes in the transmission of SAW modes. The
darker colored regions indicate where the SAW power is reduced due to spin wave cou-
pling ((a) for the 2684 MHz mode and (b) for the 5101 MHz mode). The corresponding
data were reprocessed into two dimensional maps with the magnetic field components
on the horlzontal and vertical axes. The blue regions represent the field range-i

1 kG, indicated by the red dashed line.
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Figure 7.10: Magnetic field dependent changes in SAW transmission. In [7.4] (c), SAW
modes above 5 GHz are not clearly visible because their transmission is too small. How-
ever, their response to the external magnetic field allows us to distinguish whether a peak
corresponds to a SAW mode. (a) Magnetic field response of the highest frequency SAW

mode that could be measured. (b) Magnetic field response of a peak that does not corre-
spond to a SAW mode.
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7.4. NV center manipulation by magnetoelastic wave

7.4 NV center manipulation by magnetoelastic wave

Like our experiments with YIG films, we detect magnetoelastic waves in the Ni film
using a scanning probe with an attached NV center. Figure (a) shows the NV center
ground state frequency and the magnetoelastic frequency depend on the applied mag-
netic field. The ground state transition frequencies of the NV center are tuned by the
external magnetic field, and the strength of the magnetoelastic coupling is also controlled
by the field. To couple magnetoelastic waves to the NV center, the magnetoelastic wave
frequency must be matched to an NV electronic transition by adjusting the external mag-
netic field. Among the available SAW modes, those near 3 GHz are resonant with the NV
center ground state transitions. Figure (b) and (c) show two different SAW modes,
1.712 GHz and 2.684 GHz. Each mode shows magnetoelastic coupling at a certain mag-
netic field. To be resonant for NV center frequency with SAW mode frequency, NV center
frequency has to be tuned by magnetic field. The red dashed line indicates the magnetic
field required for resonance. At SAW mode 1.712 GHz, magnetoelastic coupling is not
efficient, far from magnetic field. But, at SAW mode 2.684 GHz, magnetoelastic coupling
is resonant with magnetic field. We use SAW mode 2.684 GHz for magnetoelastic wave
coupling with NV center.

Magnetoelastic wave in Ni film generate stray magnetic fields near the surface. We

position NV probe few hundreds nm above Ni film. SAW is excited from IDT and mag-

netoelastic wave is excited inside Ni film and NV center near Ni film is affected by stray
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Figure 7.11: Magnetoelastic coupling and NV center matching based on magnetic field.
(a) Frequency of NV ground state level (dashed line) and magnetoelastic wave in nickel
acquired from VNA (blue dot). Magnetoelastic coupling maps at (b) 1712 MHz and (c)
2684 MHz. The red dashed line indicates the magnetic field magnitude at which the NV
center ground state transition frequency matches the SAW mode frequency. The SAW
mode at 1712 MHz does not intersect the NV center resonance, whereas the SAW mode
at 2684 MHz matches the NV center frequency and can therefore coherently drive the
NV center.

112




7.4. NV center manipulation by magnetoelastic wave

gion and outside of Ni region, but closer from IDT. If the observed CWESR were due to
the electromagnetic wave from the IDT, the signal should be stronger closer to the IDT
(outside the Ni region). Figure@ (a) shows comparison of two CWESR data. CWESR
get from outside of Ni region and closer to IDT is not noticeable. But CWESR get from
inside of Ni region is clear dip at NV ground state level. From this, we convince CWESR
signal driven by IDT is originated from magnetoelastic wave in Ni film. Furthermore, we
drive Rabi oscillation by magnetoelastic wave. We record the NV center PL as a function
of the pulse duration 7 of magnetoelastic wave. Figure (b) shows Rabi oscillation
driven by magnetoelastic wave. We observe Rabi frequency driven by magnetoelastic
wave is larger than driven by typical MW wire. We can manipulate NV center by magne-
toelastic wave. CWESR and Rabi oscillation can be realized using magnetoelastic wave.
In addition, manipulation by magnetoelastic wave is more power efficient than inductive
MW wire. To manipulate NV center by MW wire, the wire must be placed close to NV
center position. At certain situation, manipulation by magnetoelastic wave can be easier

and more efficient than other ways.
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Figure 7.12: Measurement of magnetoelastic wave using an NV center. (a) Comparison
of CWESR. The red data were measured on the nickel film, whereas the blue data were
measured outside the nickel film. The SAW generates spin waves on the nicketfilf
the resulting stray magnetic field enables us to detect the CWESR. (b)/F
driven by magnetoelastic wave.
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7.5. Imaging magnetoelastic wave

7.5 Imaging magnetoelastic wave

Waves can transmit information through physical quantities such as their wavelength
and group velocity. These wave properties are crucial for understanding wave. Here, we
focus on determining wavelength of magnetoelastic wave by coupling with NV center.
One of the imaging techniques is to observe spin wave is X-ray magnetic circular dichro-
ism (XMCD) [[102,[103]]. XMCD shows contrast for magnetization of the sample. But,
in ferromagnetic material like Ni, magnetization wave is mixed with local magnetization
pattern, like magnetic domain. To split between magnetization wave and local magnetiza-
tion, two out-of-phase XMCD data are subtracted. Local magnetization variation which
is not dependent on phase of waves are canceled and dynamic magnetization which is
dependent on phase of waves get high contrast.

To acquire phase resolved Rabi oscillation, We drive Rabi oscillation by two inde-
pendent function generators, one for excitation of SAW, the other for conventional wire
to excite MW electromagnetic wave. Two different magnetic waves affect on NV cen-
ter, so that Rabi oscillation frequency is defined from sum of the two different magnetic
waves. As relative phase between two sources changes, resultant power of magnetic wave
are changes. Figure (a) shows Rabi frequency as a function of relative phase. When
the two waves are in phase ( 300°), they interfere constructively, increasing the net driv-
ing field. When they are out of phase ( 120°), they interfere destructively, reducing the
net field. This phase dependance of Rabi oscillation is determined by the path through

that wave pass. Figure (b) shows the phase sweep image. The image is tak

on direction. The

el
A {r'
is estimated as 360°/(237°/um) x cos(18°) = 1.45 um. This value is i%

Pg;

w

the x axis, which is tilted by about 18° relative to the wave propagati

phase offset varies along x with a slope of 237°/um. From this slope, the w
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Figure 7.13: Interference pattern. (a) Rabi oscillations are driven by two waves that in-
terfere with each other. The black data were acquired with the NV center driven by the
SAW alone. The red data were acquired with the NV center driven by the combined field
of two interfering waves. (b) Measurement of magnetoelastic wave wavefron =
centers. At each position, we perform the same measurement as show n (a) The plot~ o,
ted data are normalized by the maximum Rabi frequency obtained ape ach measu
point. The black markers indicate, at each position, the phase at whick

is largest, allowing the wavelength to be determined.
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ment with the wavelength expected for a SAW, given by (SAW velocity)/(frequency):
3992 m/s/2684 MHz = 1.49 um.

7.6 Conclusions

In this chapter, we demonstrated magnetoelastic interactions between phonons and
magnons. We first constructed a system to excite acoustic waves and observed, in the
electrical transmission spectrum, a clear attenuation of the acoustic signal at acoustic
modes. This reduction indicates energy transfer from the acoustic mode into magnons via
magnetoelastic coupling. We further showed that this coupling can be detected through
the Rabi oscillations of NV centers, which are driven by stray magnetic fields generated
by the magnetoelastically excited magnons. Unlike purely electrical measurements, the
NV scanning magnetometry setup allowed us to probe these magnetoelastically gener-
ated spin waves directly in real space and to extract their wavelength. Overall, the NV
center state manipulation induced by phonon-magnon coupling presented here lays the
groundwork for a hybrid platform interfacing two types of flying carriers (phonons and
magnons) and offers a promising route toward expanding hybrid connections between

NV centers and other qubits in future work.
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Chapter 8. Conclusions

This dissertation experimentally demonstrates that waves mediated by magnons and
phonons can interact with NV centers in diamond, highlighting their potential as building
blocks for NV center-based hybrid quantum systems.

First, we show that strain waves generated by phonons can measurably affect NV
centers. By simultaneously exciting two vibrational modes, we demonstrate partial tun-
ability of the strain coupling strength. This multimode strain engineering introduces addi-
tional controllable degrees of freedom beyond conventional single mode strain coupling,
providing a more versatile route for controlling NV centers via strain.

Second, we demonstrate that spin waves generated by magnons can manipulate the
NV center spin state. Combined with an imaging configuration, this capability enables
visualization of spin wave wavefronts using NV centers. In addition, compared with con-
ventional antenna driven control, spin wave-based control can induce faster Rabi os-
cillations with substantially lower power [65]], which is advantageous for applications

requiring rapid state manipulation while minimizing dissipation and unwanted heating.
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cate that NV centers can serve as a node in hybrid connections involving both phonons
and magnons, offering added flexibility for constructing NV center-based hybrid quan-
tum architectures.

Overall, the experiments in this dissertation establish proof-of-principle interac-
tions between NV centers and externally driven strain and spin waves in the classically
driven regime. For coherent quantum information transduction, however, the central bot-
tleneck is reaching the single quantum limit, where the vacuum (single quantum) cou-
pling strength exceeds the relevant decoherence and dissipation rates and enables high
cooperativity dynamics [[104]. In this sense, the couplings demonstrated here do not yet
constitute a single quantum coherent interface, because the observed transitions are in-
duced by classically driven fields containing a very large number of quanta.

One possible strategy to mitigate weak single quantum coupling is to use an ensem-
ble of NV centers, exploiting collective enhancement of the effective coupling strength.
Indeed, hybrid circuit experiments have demonstrated coupling between NV center en-
sembles and superconducting resonators [105}/106]]. Nevertheless, ensemble systems typ-
ically suffer from additional inhomogeneous broadening and experimentally challenging
noise sources, which limit coherence and reduce the fidelity of quantum state transfer.

Therefore, realizing a scalable interface between NV centers and other qubit plat-
forms ultimately requires a regime in which vacuum field coupling alone can drive NV
center transitions with high cooperativity. Moreover, because the thermal occupation of
propagating bosonic excitations (phonons or magnons) can overwhelm single quantum

signals, operation in a cryogenic environment is necessary to suppress thermal popula-

tions. Establishing a platform with high cooperativity at cryogenic temaperatures  would
open a realistic route to N'V-based hybrid quantum networks media

magnons.
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Appendix A. Fabrication recipe

This chapter illustrates the fabrication procedures. We fabricate diamond resonators,
YIG devices, and lithium-niobate/nickel devices. Most processes are carried out at KIST
micro-nano fab center. Sometimes, SEM equipment and ICP-RIE in KU engineering

department, clean room in KUKIST, or ICP-RIE etching in KANC are used.
¢ Diamond resonator

This work is composed of physical etching, patterning and wet etching. The etching pro-
cess has two different recipes, Ar/Cl, and O,. Since chlorine gas is dangerous to handle,
we request KANC for etching, rather than being performed in-house. Other etching pro-
cess is self operated in KU engineering fab center. We start from 2mm X 2mm diamond

plate. And substrate is silicon oxide wafer. During process, cleaning is done at intervals.
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Slicing

Commercial service. Laser slicing and polish into 3 20 um
thick pieces. (Applied Diamond, Inc.)

Bonding

Spin coating FOX-16 3000 rpm, 10 sec.

Put diamond on coated substrate on weight in 2 minutes room
temperature.

If necessary using cotton swab press the diamond or cleaning
FOX-16 To prevent bonding upper substrate and substrate.

Put on hot plate 160°C, 2 minutes.

If necessary remove contamination using cotton swab with ace-
tone and IPA.

Put in wafer bonder machine 420°C, 3 hours, rising time 1 hour
and pressing force 3 kg/cm? (KIST micronano fab)

Etching(Thinning)

Etch diamond plate to 1 um.

Ar 25 sccm, Clp 40 sccm ICP 500W (bias 200W) Pressure : 0.7
Pa

Estimated etch rate : 1.7 um/hrs

cycle : 15 minutes process 15 minutes cooling (KANC ICP -
RIE)

Patterning

Spin coating AZ 5214E 3000 rpm, 30 sec.

Bake 110 °C 1 minute

Exposure 15 sec (UV lamp power 350W)

Develop MIF 300, 1 minute (KUKIST cleanroom)

Aluminum 100 nm e-beam evaporation (KIST micro-nano fab)

Etching(Patterning)

Etch diamond to shape resonator.
0O, 30 sccm, ICP 700W (bias 200W) Pressure : 20 mTorr
Estimated etch rate : 3 pm/hrs (KU engineering fab ICP - RIE)

Releasing

Wet etching oxide layer in BOE (KUKIST cleanroom)

Table A.1: Recipe for diamond resonator.
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Appendix A. Fabrication recipe

¢ Antenna or DBR on YIG film

We start from 1 cm X 1 cm, YIG 100 nm film on GGG substrate that is commercially
available. (Matesy) We make stripline antenna on YIG film to excite spin wave and ar-
ray of stripes to study reflector of spin wave. When linewidth of the pattern is narrow
under 2 um, We request e-beam lithography by commercial service. (SEMCRON) Only
photolithography is introduce under the table. This work is composed of lithography,
evaporation and lift-off. All process is done in KIST micro-nano fab center. Depending
on whether the linewidth is wider than 2 pm, the lithography tool is changed. The finer

structure, the more precise detailed parameter adjustment is needed.

¢ SAW device on lithium niobate

The IDT, launcher of SAW, is a periodic, narrow pattern. Slightly changed condition
may change the IDT width, which affects the performance of the IDT. We tried Alu-
minum and gold as IDT material, as a consequence, Aluminum is a better choice for
higher SAW mode excitation. We start from lithium niobate chip, 1 cm X 1cm X 0.5 mm,
commerically available. (MTI corp.) YZ-cut and 128 XY-cut are used in our research and

to be sure of crystal direction, corner of chip is sliced.
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Lithography (2 um linewidth)

Spin coat HMDS 3000 rpm 30 sec

Spin coat GXR-601 (14cp) 3000 rpm 30 sec
Bake 95°C, 1 minute 30 sec.

Exposure 28 mJ (EVG aligner)

Post bake 110 °C 1 minute

Develop MIF 300, 22 sec.

Lithography (over 2 um linewidth)

Spin coat HMDS 3000 rpm 30 sec
Spin coat AZ5214E 3000 rpm 30 sec
Bake 110°C, 1 minute.

Exposure 15 sec (MA-6)

Develop MIF 300, 40 sec.

Evaporation Ti/Au (10 nm / 100 nm) is for spin wave an-
tenna.
Ni/Au (100 nm / 5 nm) is for reflector array.
Lift-off Put Acetone for long time until perfect lift-off

Table A.2: Recipe for YIG structure and SAW device.
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Appendix A. Fabrication recipe

* Cleaning

Cleaning is essential during fabrication. In every step, small contamination can be intro-
duced regardless of cause. This maybe due to photo resist residues or small metal pieces
after lift off. These defects can degrade subsequent steps in fabrication. To clean contam-
ination without damage in device is important. We used acetone and IPA as remover of
organic material like photo resist. Rather than simply soaking the sample, sonication is
more effective to remove contamination. But, sometimes fragile sample is vulnerable in
sonication. Mechanical resonator and metal layer with weak adhesion can be damaged
or delaminated during sonication. Care should be taken when using sonication. Another
way to clean organic material is microwave plasma asher. Ashing removes resist using
plasma. It can be controlled by power and time. It helps to remove contamination, but
because it involves etching, it is important to determine whether it causes damage to the
sample. We use asher 200W, 2 minutes maximum for YIG and lithium niobate and it

helps remove contamination.
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