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Abstract

Biological separations and various medical applications have achieved the
use of magnetic particles, especially superparamagnetic particle microbeads
such as magnetite (Fe3O,4) layer covering the shell of the particle. Magnetite
nanoparticles can be used to generate heat to destroy exotic cells in biomed-
ical applications. In addition, its single magnetic domain creates varying
magnetic noise in the surrounding area. Although the average field of ran-
domly diffusing magnetic noise is zero, the magnetic noise projected vertically
in both constructive and destructive directions is not completely zero in a
plane layer. One of the most promising sensors to detect this magnetic noise
is the nitrogen-vacancy (NV) center in diamonds, which is one of the most
effective quantum sensors for magnetometry on a nanoscale scale.

In this research, we demonstrated the relaxometry imaging of a super-
paramagnetic core-shell particle, based on the longitudinal spin relaxation
time 7] measured at a proximal ensemble NV center in a diamond. The
core-shell particle is covered by magnetite superparamagnetic materials over
200 - 300 nm thickness. The magnetic noise in GHz frequency is generated
into the environment sample even without the external magnetic field. The
NV spin populations reflected the unstable electron-phonon coupling, caused
by the fluctuation noise in the environment, before relaxing to the thermal
equilibrium of the mixed spin states. The relaxation imaging is achieved
by a home-built confocal microscope which measures the fluorescence decay
pixel by pixel. The different decay fluorescence is normalized revealing the
contrast and mapping the relaxometry image of the magnetic noise around
the core-shell particle. In the presence of the externally applied field, the
magnetic field induced the magnetization of the particle along the axis of
the NV. The local magnetic vector is analyzed to expose the stray field of a
magnetic particle, resulting in the measurement of the magnetic B-H curve.

Finally, the discussion in this prospective research is to pave the way to
develop new insight into stochastic sensing with NV centers in diamonds and
broaden the horizon in biomedical, especially in NMR imaging in the future.

Keywords— relaxation time, relaxometry image, superparamagnetic, magnetic
noise, magnetic fluctuation, NV center, magnetometry.
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Chapter 1

Introduction

1.1 Background

Superparamagnetic particles play a crucial role in the key components for in-
novative achievement in cancer treatment, known as magnetic hyperthermia.
The single domain in the superparamagnetic particles exhibits other different
behaviors from the bulk materials for example, the weak of remanent magne-
tization in the absence of an external magnetic field and the heat generation
during applying the AC magnetic fields, where the goal is to destroy the can-
cer at the target cells. The superparamagnetic particles are associated with
the biomedical technique for bioseparation. The superparamagnetic beads
represent a sophisticated technique for the specificity of antigen-antibody
combination 2, called immunoassays with magnetic separations.

Once the target molecules attract the superparamagnetic beads, the ex-
ternal magnetic field is applied to separate them from the other the rest of the
materials before transferring the supernatant part to the other. This process
can be repeated until the materials have much more purification.® The su-
perparamagnetic nanoparticles exhibit strong magnetization under magnetic
bias but become almost zero magnetization when the field is removed. This
behavior allows for interesting applications in complex molecular biological
science.



The important property behind superparamagnetism is that it improves
the magnetic contrast in biomedical imaging, such as magnetic resonance
imaging (MRI). The nanoparticles enable the high sensitivity of electron
spin and relaxation time images. This is due to the magnetic noise which
refers to the random fluctuations in the magnetic field generated in the su-
perparamagnetic particles even without imposing of an external magnetic

field.*

Magnetic noise detection has new opportunities for this fantastic prop-
erty due to the combination of superparamagnetic particles and quantum
sensing, especially through the nitrogen-vacancy (NV) centers in diamonds.
Because of the atomic scale point defect in the diamond crystals, magnetic
sensing is extremely sensitive to small magnetic fields for a specific point
of interest, making it perfect for mapping and identifying magnetic noise
in the nanoscale. With the outstanding sensitivity and spatial resolution
provided by quantum sensing in diamonds, a magnetic field generated by a
single domain of superparamagnetic particles or even a small magnetic source
can be detected. This feature is particularly beneficial in applications where
high-resolution magnetic sensing and mapping are fundamental, including
nanoscale magnetic imaging. These systems are developed more effectively
including superparamagnetic integration, which will enable more precise as
well as measurement of magnetic noise that was previously challenging to
observe.

Furthermore, the utilization of superparamagnetic particles as the molec-
ular separation through the precise tracking of the movement of superpara-
magnetic nanoparticles, will allow us to investigate the nuclear magnetic
resonance (NMR) in specific target elements. Because of high magnetization
during external magnetic bias, the total magnetic field will be increased re-
sulting in a higher frequency of nuclear spins. This novelty is undiscovered
even mentioned in any applications. In addition to this research, we will
enhance new insights into biological processes and facilitate more effective
high-performance instrumentation in the future by opening up new avenues
for research and innovation in biophysics and materials science.

This dissertation is aimed at relaxation imaging of the local magnetic
noise produced by a superparamagnetic core-shell particle using NV centers
in diamonds. This research is expected to discover the analysis technique
for relaxation time by interacting with fluctuating magnetic noise in the
environment under ambient conditions with prospects for paving the way to a
cutting-edge advancement in exploring fundamental physics at the nanoscale.



1.2 Organization

This dissertation consists of seven chapters based on the basic background
and concept of NV centers in diamonds.

Chapter 2 refers to Quantum sensing phenomena via defect points in
diamonds including structure and properties, which are described by NV
energy levels. The optical properties and investigation technique of ODMR.
This chapter covers the introduction of the Bloch sphere which is used to
describe the spin projection of electron spins. The superposition state is
demonstrated by Rabi oscillation measured with a microwave pulse sequence.

Chapter 3 mentions the DC and AC magnetic sensing in NV centers.
The concepts of ODMR with microwave pulse techniques to detect the DC
and AC fields. Introduction to noise spectroscopy which interacts with the
NV spins and causes the relaxation time.

Chapter 4 describes the basics of superparamagnetic particles and the
source of magnetic fluctuation. The relaxation of a single domain in the
nanomagnetic particles and relaxation imaging concepts.

Chapter 5 focuses on the sample preparation and describes the experi-
mental setup used in this research. The NV ensemble diamond is used as
the relaxation sensor for a superparamagnetic core-shell particle. A spin re-
laxation experiment and imaging with a home-built confocal microscope are
given in this chapter.

Chapter 6 describes the experimental results of local magnetic field anal-
ysis and the superparamagnetic behavior. The magnetic B-H curve was de-
tected by ESR and discovered magnetic vectors at a different position across
the core-shell particle.

Chapter 7 summarizes the results and discussion in detail. The perspec-
tive and applications for future works.



Chapter 2

Quantum Sensing of NV
Center in Diamond

The defects in a diamond crystal have been studied for several decades, in-
dicating the impurities in crystal structures, especially nitrogen, boron, and
silicon. Each defect exposes the color of the crystal known as the color cen-
ter. In solid-state and quantum physics, scientists have demonstrated a ro-
bust spin coherence system, high sensitivity, and measurable under ambient
conditions for various applications. This promising and utility defect center
is the nitrogen-vacancy center (NV Center) in diamond, consisting of a nitro-
gen atom (N) substituted for a carbon atom (C) and a neighboring vacancy
atom (V) in the diamond structure where the crystal is based on Cs, sym-
metry.5% The NV centers are classified by four possible crystallographic axes
([111],[111],[111], and [111]) originated from diamond tetrahedral structure
and orientation of the symmetry axes” as shown in Fig 2.1. The demands of
diamonds are not only for decorations and gorgeousness but also for utility in
science and technology applications. However, diamond defects can be found
in nature but are not controllable in the number of defects and density for
appropriate applications. Consequently, diamond synthesis has been studied
and developed to support these requirements of the diamond denoted as the
laboratory-grade diamond. The synthesized diamonds are commonly from
one of these two methods, high-pressure-high-temperature (HPHT)®® and
chemical vapor deposition (CVD).!%12 Furthermore, the NV density can be
controlled by varying electron irradiation and annealing conditions to sup-
port the magnetometry applications.®* Thus, it is evident that the NV
density in the diamond structure plays the most important role in magnetic



Figure 2.1: Diamond structure with four possible orientations of NV centers
in diamond. The blackball represents a carbon atom, the yellow one is a
nitrogen atom and the white one is a vacancy.

sensing. In this chapter, the electronic structure and properties of the NV
center are described, including the spin state of the unpaired electrons in the
ground state.

2.1 Diamond Structure and Properties

The NV defect center exists in two main types of charge states, one is a nega-
tively charged NV center, (NV™) and another is a neutral NV center, (NV?).
When substituted nitrogen forms in a carbon lattice due to the covalent bond
from 3 valence electrons of nitrogen and carbon atom, two electrons are left
as a lone pair to the vacancy atom, bonding with another three carbon atoms
by Dangling bonds. In this case, it is defined as NV°, which contains a total
spin angular momentum, S = % On the other hand, the NV~ traps one elec-
tron from the conduction band and gives a spin S = 1 according to the spin
triple state. %16, To determine the feature of these charge states, the optical
resonance spectrum line is observed and distinguished when an electron from
the lowest vibrational ground state absorbs a photon and is promoted to the
excited state. This absorption line is called the zero phonon line, (ZPL)7!®
and other broadband wavelengths are produced from phonon absorption and
emission, called phonon side band, (PSB), illustrated in Fig. 2.2(a) and (b).
After absorption, the electron relaxes to the bottom of the excited state by a
non-radiative process and then returns to the ground state by lower energy
photon emission, known as the Stokes shift. The zero phonon line measured



Figure 2.2: (a) Vibrational energy structure of NV center with photolumi-
nescence transition absorption and emission. (b) Absorption and emission
spectra with the photon side band and zero phonon line of NV? and NV ~.
((a) adapted from A. Alkauskas et al., [17] and (b) adapted from V. M.
Acosta thesis [18]).

at intrinsic energy between the ground state and the excited state of the
vibrational energy of the NV structure, 2.156 eV or 575 nm and 1.945 eV or
637 nm for NV° and NV, respectively. In this study, we emphasized the
NV~ as the most sensitive and outstanding for the magnetic field applica-
tions'® and denoted as NV center for all content in this thesis. The electronic
structure of the NV center is composed of the ground triplet state (*A;) and
an excited triplet state (*E), located in between valence band and conduction
band of diamond structure with a wide band gap of 5.5 eV. The excited state
is about 0.6 eV under the conduction band. In practice, a high-power light
source can excite the electrons from the ground state, promote them through
the excited state, and leave an electron in the conduction band, transforming
to a neutral NV center due to this tiny proximity.?2°

2.2 Optical Read Out and Spin Properties of
NV Center

Because the main resonant transition wavelength of ZPL is 637 nm, NV
center can be excited by a higher frequency or lower wavelength of ZPL. In
this case, we illuminated the NV diamond with a green laser, with a 532
nm wavelength, to excite the electrons in the ground state to be polarized.
There are three main energy states of two spin systems of NV center, a
ground state, (3A,), an excited state, (°E) and a metastable state. in the
absence of an external magnetic field, the ground triplet state contains three
spin sublevels, the singlet state, m; = 0 and the doublet degeneracy state?!



Figure 2.3: Schematic of the NV~ energy level. The illumination of a green
laser with A = 532 nm promotes the electron population from the ground
state into the excited state. The electron-phonon coupling (zigzag line) re-
laxes to the lowest vibrational level of the excited state by the non-radiation
process before returning to the ground state my = 0 and radiating a lower
energy photon of 637 nm (red light). Meanwhile, the ms = +1 population
mostly decays via a non-radiation through the metastable state by changing
spin to mg = 0, resulting in diminished fluorescence intensity. (b) dips of flu-
orescence intensity corresponding to ZF'S of excited state and ground states
of the NV structure.

ms = %1, which are separated by the zero-field splitting, (ZFS), D, = 2.87
GHz. Identically, the doublet degeneracy state in the excited triplet state
also has ZFS, D, = 1.42 GHz. 15?2

2.2.1 Optically Detected Magnetic Resonance (ODMR)

One of the most important advantages of the NV center is that it is photo-
stable at room temperature and the changing of fluorescence is measurable
as a function of time. In addition, the magnetic resonance is proportional
to frequency splitting caused by the Zeeman effect. For these reasons, the
simple spectroscopy technique commonly used to investigate the magnetic
resonance and spin coherence in the NV centers is the optically detected
magnetic resonance'® and so-called ODMR for short. ODMR has the capa-
bility to monitor fluorescence as a function of microwave frequency. During
sweeping the microwave around the resonant frequency, the fluorescence is
recorded. When the frequency is matched with the resonant frequency of the
NV centers, the fluorescence contrast is exposed outstandingly. Obviously,
the zero-field splitting divides two magnetic spins into the microwave range.



Figure 2.4: (a) Diagram of a simple ODMR setup and a diamond sample on
the XYZ piezo stage. (b) The fluorescence image of a single NV center in an
electronic grade diamond.

Consequently, these two sublevels can be manipulated by applying microwave
radiation. By applying the external magnetic field, the degeneracy state of
mg = +1 and my; = —1 are distinguished corresponding to Zeeman splitting,
2vBpyvy (see Fig. 2.3).

When the degeneracy ground state, mg = 41, is manipulated by a mi-
crowave excitation at 2.87 GHz during spin-polarized by a green laser, the
initial spin starts at m, = £1 before exciting to the excited state. The
electron-phonon coupling occurs and relaxes to the bottom of the excited
state by a non-radiative process. The most electron population in this state
tends to decay to a metastable singlet state and change the magnetic spin
to m, = 0 by intersystem crossing (ISC).?*2* This process causes the 1042
nm infrared emission and drops other fluorescence intensity by 30% approx-
imately?®. This phenomenon is from the electron spin resonance (ESR) of
the NV center in a diamond.

Generally, the ODMR setup is combined with a laboratory home-built
confocal scanning microscope based on Galvano mirrors and a laser scanning
system. However, the XYZ piezo stage is used as a 3D position scanner in Fig.
2.4. When the diamond sample is placed on a PCB microstrip line with a 25
pm diameter Au wire as a microwave antenna, and set on the piezo scanner.
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Figure 2.5: (a) The pulse sequence of time-resolved fluorescence spin depen-
dence. (b) Time-resolved fluorescence of a single NV between two initial
states measured during 1 us laser pulse. (c¢) The different fluorescent inten-
sity between two states, m, = 0 and my = —1, indicates fluorescence contrast
and equilibrium state after 0.50 us.

The green laser pulse is controlled by an acoustic-optic modulator (AOM)
through the Iris to illuminate a clean Gaussian beam into the diamond. The
100x objective lens with 0.9 numerical aperture (NA) is set up to focus the
laser beam on the diamond. In this case, we normally use a low-power laser,
around 1 mW at the sample, to avoid NV charge conversion. The 600 - 800
nm fluorescence emission is accumulated into a dichroic mirror. A longpass
filter will block the broadband fluorescence to ensure that a red photon can
pass to an avalanche photodiode (APD) as a detector of the ODMR system.
The microwave generator, laser source, and APD counter are combined with
the RF switches and connected to the pulse blasters to generate the pulse
sequences as the timing control experiments.?® In Fig. 2.5(a) depicted the
pulse sequence for time-resolved fluorescence in a single NV which resulted
in the different spin state fluorescence intensity as a function of time (Fig.
2.5(b) and (c)).

2.2.2 Spin Hamiltonian of Ground State NV Center

Various interactions of the NV center in diamond have been reported as
environmental sensing applications such as magnetic spin sensing (electron
spin, nuclear spin)?™ %, temperature3°34, electric fields®*37, electric charges,



38,39 16,31,40 3441 1

electric current and voltage , strain and pressure sensing.
this work, we focus on the fundamentals of the magnetic field interaction
of electron spin in the ground state of the NV center. The perturbation in
the spin energy of the quantum magnetic sensing of the NV center can be
simply described in terms of the ESR frequency lifting by using the Spin
Hamiltonian, as shown

H=D,S?+E(S?~5?) ++B-S (2.1)

Where D, = 2.87 GHz is on-axis ground state zero-field splitting, E is
off-axis zero-field splitting from strain in the diamond crystal which can be in
several kHz to a few MHz ranges, B is the vector of magnetic field (B,, B,
and B,), S represents S, S, and S, as the Pauli matrices, v = gup/h = 28
MHz/mT, is the electron gyromagnetic ratio, g ~ 2.0 is the Landé g-factor,
h is the Planck constant, and up is the Bohr magneton. 42

In the presence of the external magnetic field along the quantization axis
of the NV center, denoted as S, of the Pauli vector. In this case, the strain
is extremely weak according to an electronic-grade diamond, (£ < D,), and
can be negligible for simplicity. Thus, we can derive other coordination to
be zero, (B = 0,0, B,), and the H can be written by

Dy ++B. 0 0
0 0 0 (2.2)
0 0 D,—~B,

)
Il

In Eq. 2.2, the eigenstates are the resonance frequencies of the spin
transition of my = —1 and my; = +1, denoted as f_ and f, respectively.
Thus, the different frequencies between f_ and f. can be calculated by

fi—f-=Af=2y/B.| (2.4)
In Fig. 2.6(a), the continuous wave ODMR (CW-ODMR) demonstrates
when a green laser is applied and MW is swept continuously. A counter

records the fluorescence with and without MW as the signal and reference,
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Figure 2.6: (a) The continuous laser and MW excitation in the CW-ODMR
experiment. (b) Fluorescence spectrum of a single NV center from ODMR
experiment as the function of microwave frequency. The result depicted that
the fluorescence intensity reduces at the transition frequency of the my, = —1
and my; = +1 separated by the Zeeman energy. (c) Fluorescence spectrum

from ensemble NV center when the magnetic field is applied along one of the
NV axes.

respectively. When an external magnetic field is applied along one of the NV
axes parallelly, two spin sublevels, mg = +1, are separated by the Zeeman
effect. The magnitude of an external magnetic field is proportional to the
Zeeman energy in terms of frequency, Af = 2vByy, where Byy = B, is
the magnetic field parallel to the NV quantization axis (see Fig. 2.6(b) for a
single NV). At the same time, other NV axes make an equal angle of 109.5°
with the vector of the external magnetic field (see Fig. 2.6(c) for an ensemble
NV).

Once we consider the non-zero local strain in diamond (E # 0) in the
Spin Hamiltonian and the external magnetic field is parallel to the NV axis,
H can be written by

Dy4++B. 0 E
0 0 0 (2.5)
E 0 D,—7B,

)
I
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Figure 2.7: (a) The Csv symmetry model of the NV center with an external
magnetic vector with 6 angle respect to the NV axis. (b) The simulation of
Zeeman splitting compared with the ODMR experimental result by varying
the magnetic field at 0 = 74 + 1°.

By using the quadratic formula, az? + bx? + ¢ = 0, the eigenstates of Eq.
2.5 can be calculated by

fr =Dy +\/7v?B}y + E? (2.6)

Since the external magnetic field is misaligned with the NV axis, we can
define 6 as the angle between the external magnetic vector and the NV axis of
interest in the XZ plan as shown in Fig. 2.7(a). The B-S term in Eq. 2.1 can
be expressed as dot product in matrix notation, B'S = B, S, + B,S,+ B.S..
According to the magnetic field in the XZ plan, we assume the B, = 0 and
thus, Bx = Bsinf and Bz = Bcosf. Consequently, the spin Hamiltonian
in Eq. 2.1 can be rewritten as*!

H= D,S2+ E (S2 — S7) + 7B (Sysinf + 5. cos6) (2.7)

In Fig. 2.8, The ODMR spectrum demonstrates the different conditions
of degeneracy state between zero magnetic field and various magnetic fields
interacting with a single NV center with § = 74 4+ 1°. For any 6, the H in
term of matrix components can be expressed by
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Figure 2.8: The Fluorescence spectrum as a function of microwave frequency
recorded from CW-ODMR experiment. (a) Without a magnetic field applied,
(Bapp = 0), fluorescence drops at the transition frequency, 2.87 GHz when
the electrons transition to ms; = 41 sublevels. (b) In the presence of a
magnetic field, the magnetic vector projection angle is # = 74 + 1° with
various magnitudes. The my = —1 and m, = +1 are separated because of
the Zeeman effect.

~ D, +BVBGCOSH VB\%"G BO' )
— yBsind yBsing
H = 7 0 7 (2.8)
0 VB\%”Q D, — vBcostl

In the case of 8 = 90°, the magnetic field is perpendicular to the NV-axis.
As a consequence of this alignment, Eq. 2.8 can be rewritten as

B
[ F
A=|% 0 2 (2.9)
0 2 D,

In Fig. 2.9, B, or off-axis magnetic fields also induce spin mixing and
reduce overall the excited level lifetime and cause the increasing of the prob-
ability in ISC transitions*>4%, resulting in fluorescence drop when using dia-
mond scanning probe on the magnetic pattern sample?S.
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Figure 2.9: (a) The PL intensity and (b) the effective lifetime as a function
of B with different angles. (adapted from J.-P. Tetienne et al[46]).

2.3 Bloch Sphere

In quantum mechanics, the total spin state of the particle is defined as 25+1.
For example, the total spin state for a total spin angular momentum, S = 1/2
is two states, (2 () + 1 =2), my = —1/2 and m, = +1/2. Otherwise, For
a total spin angular momentum, S = 1, there are three total spin states:
ms = —1, my = 0, and m, = +1. In this section, a Bloch sphere is introduced
as the geometric spin visualization during microwave manipulation including
the Dirac notation*”*® that the vector state is presented with a ket in a Bloch
sphere. The NV center contains the two-level spin system that performs
quantized eigenstates of |0) for my; = 0 and |1) for ms = +1 or -1 in the
ground triplet state. The superposition of a two-level system is given by

) = al0) + bJ1) (2.10)

where a and b are the complex coefficients for each eigenstate wavefunc-
tion. The normalization condition for (¢ |¢) =1 is

la)* + b]* =1 (2.11)

The two-level quantum state can be represented as a coherent superpo-
sition of the vector in the Bloch sphere, called the Bloch vector. Generally,
the Bloch sphere consists of two independent poles, where the eigenstate |0)
is at the north pole and |1) is at the south pole. In the Fig. 2.10, the Bloch
vector can describe the quantum qubit state given by*’

14



Figure 2.10: The Bloch sphere geometrically represents the Bloch vector of
spin state lie on the equator of the sphere corresponding to the rotation and
phase angle. The superposition states (§ = 7w/2) are located in both x- and
y-axis depending on the angle ¢.

(0, ¢)) = cos (g) 0) + €™ sin (g) 1) (2.12)

where 6 is the angle of rotation between two states, and ¢ is phase of
the state. For example, the superposition states can be determined where
0 = m/2 as shown

(/2. 0)) = % (10) + 1)) (2.13)

while the phase ¢ = 0 and ¢ = 7/2 correlate with the x and y axis,
respectively.

2.4 Rabi Oscillation

In the presence of a magnetic field, the electron spin of the NV center is
continuously excited by a resonant microwave pulse while increasing pulse
duration continuously. The excited spins start from m, = 0 to my = -
1, for example, and then return to m, = 0 again. We exploit this two-
level system, my; = 0 and my; = —1 or mgy = +1, as a spin qubit that
undergoes a precession frequency, called the Larmor precession of the spin,
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wy, = vB. The Bloch sphere describes the spin manipulation where the north
and south poles are represented by the eigenstates, |0) and |1), respectively.
The eigenstates, |0) is bright fluorescence when |1) is dropped fluorescence
in the ODMR experiment. The oscillation of fluorescence between these two
states is known as Rabi Oscillation. Thus, the frequency of Rabi oscillation
is called Rabi frequency (wg). The process of Rabi oscillation is based on
the pulse measurement as demonstrated in Fig. 2.11(a). The spin state
is initialized by a pulse laser to my = 0 at the starting pulse. The first
photon counter starts before the end of the initialization for 300 ns, as the
total fluorescence contrast can be recorded (See Fig. 2.5(c)), to collect the
fluorescence intensity as the reference. Next, the microwave pulse drives
with a resonance frequency of my = —1 or my = +1. A delay time can be
put between a laser pulse and a microwave pulse driving for a hundred ns
to several us to confirm that most population is polarized to mg = 0 state
completely.2>5953 During a single step of the evolution of microwave pulse
duration, the second photon counter with 300 ns is started coincidentally with
the second laser pulse as the read-out sequence. The remaining population
of mg = 0 is read as the signal fluorescence.

The Rabi oscillation results are normalized by Sig./Ref. as shown in
Fig. 2.11(c). The Rabi frequency in Hz, fr is estimated by fitting with the
exponential decay function, Aexp(—7/Tg) - cos(2r frT) + B when A and B
are the constant, Ty is the decay time constant of the Rabi oscillation.?3>*
The 7 and 7/2-pulse are extracted from fr by 7, = 1/2fr and 72 = 1/4fx,
respectively. The microwave excitation protocol is basically when the mag-
netic field strength of the incident microwave, By, is perpendicular to the
NV axis at the resonance frequency, for having a strong dipole oscillation. 5
The Rabi frequency is given by wr = vBpw which the oscillating magnetic
field of the microwave is proportional to its excitation power,%%%” making the
Rabi frequency is the power dependence, wr o< v/ Py -
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Figure 2.11: Rabi Oscillation protocol. (a) The pulse sequence for the Rabi
experiment. The 3 pus green laser initializes the spin state to polarize at
ms = |0). Before starting the microwave, the delay time can be around
a hundred ns up to several us to ensure that the majority population will
become polarized. Subsequently, a resonant microwave pulse with a varied
duration (7) starts continuously. The 300 ns width photon counter can be
read at the initial state as the reference, and the signal’s counter also starts
with a read-out laser pulse to reflect the residual probability of ms = |0)
state. (b) The Bloch vector of the spin state rotates after wg-7 = 7/2 and 7
pulses for the superposition and mg = |1) states, respectively. (¢) The Rabi
oscillation result measured on a single NV center, corresponding to (b)
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Chapter 3

DC and AC Magnetic Sensing

The most important sensing protocol of quantum sensing via diamond allows
for magnetic sensing applications with high spatial resolution. The majority
of NV sensors are commonly used to detect not only the magnetostatic field
but also the oscillating magnetic field and dipole coupling in hyperfine inter-
action in atoms. Consequently, magnetometry via NV center in diamonds
become interesting in this present. The first NV center magnetic detection
was proposed by J.M. Taylor et al,®® in which the magnetic spin was identi-
fied in nanoscale with the direct proximity of spin particles. Because of the
strong covalent bonds in carbon lattices, a high impurity NV center intrin-
sically demonstrates an extremely long coherent time at room temperature
and ambient conditions by transverse relaxation times, 7, = 1.8 ms, in an en-
gineered CVD diamond.*® For the longitudinal relaxation time, T}, which is
commonly from the interaction of phonon in the diamond lattice and temper-
ature dependence.*:%0 In this chapter, we outline the continuous and pulse
measurement, techniques on the NV center in diamond. The ODMR spec-
troscopy is utilized to yield the DC magnetic field including timing control
microwave pulse to detect phase accumulation in the AC magnetic field.

3.1 Continuous Wave ODMR

The ordinary technique to manipulate the spin state in the NV center is the
continuous wave ODMR, (CW-ODRM)%! | a straightforward method to mea-
sure the static field component. As described in Section 2.2.1, the ODMR
spectrum extracts the fluorescence intensity as a function of microwave fre-
quency through continuous laser excitation and microwave radiation. For the
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microwave sweeping across the spin transition frequency, the off-resonance
with laser excitation yields a stable fluorescence until the resonance fre-
quency, the reduced fluorescence due to the ISC decay is monitored. For
weak magnetic sensing, the Zeeman effect splits the transition frequency be-
tween |0) — |—1) and |0) — |+1) resulting in this different frequency is 2vBj
in case of the parallel magnetic field. For a high magnetic field, the transverse
component of the magnetic field, B, predominantly induces the mixing of
NV spin states (ms = 0 and m, = £1) that reduces the NV spin lifetime and
causes the decrease in the fluorescence spectrum of ODMR contrast.®%% The
CW-ODMR technique is simpler to setup more than the pulse ODMR and
can overcome the inhomogeneous microwave during the experiment.*3 The
CW-ODRM sensitivity is verified by a minimum detectable magnetic field
limited by the photon shot-noise as follows*3:>1:64

4 Av

New 3V30VE (3.1)

Where Av is the full-width-at-half-maximum (FWHM) linewidth of the
CW-ODMR dip, v is the gyromagnetic ratio of the electron, C' is the ESR
contrast from the CW-ODMR spectrum, and R is photon-detection rate. We
can express R = Iyt, Iy is the NV fluorescence intensity and ¢ is the averaging
time.% Therefore, 4/ 3v/3 denotes the steepest slope of the Lorentzian profile.

3.2 Pulse ODMR

From Eq. 3.1, the broadened spectral linewidth causes the lack of high sensi-
tivity in the CW-ODMR, which prevents other important pulse measurement
techniques for the magnetometry. Pulse ODMR is a promising candidate to
improve the sensitivity of NV magnetic sensing. Generally, AOM is con-
nected to the laser source and triggered by a pulse blaster through the RF
switch, as well as the microwave source and APD. When the laser illuminates
to polarize the NV spin to m, = 0 for a few microseconds, the microwave
starts to manipulate the spin states during the laser off, for example, Rabi
oscillation experiment as shown in Fig. 2.11(a). This protocol helps to re-
duce the power broadening of the ODMR linewidth which restrains the DC
magnetic sensitivity.>!
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3.3 Ramsey Interferometry

The spin dynamics in the NV center are based on a two-level system as
shown in the Rabi oscillation. However, the magnetic sensitivity is limited
by continuous polarization by green laser and dominant microwave in CW-
ODMR. % In Fig. 3.1, when the 7/2-pulse microwave is applied, the NV spin
state is initial in between |0) and |1) for the superposition state, where it is
an unperturbed state for the free-induction decay (FID) observation. The
Ramsey pulse sequence is achieved by applying the microwave pulse sequence
7w/2—7—m/2, where 7 is the free precession time, evolves without a dominant
microwave during the superposition state. The first 7/2-pulse makes the
Bloch vector align on the equator sequentially, the time evolves freely under
a DC magnetic field perturbation with phase (¢) accumulation. The last
7 /2-pulse rotates the vector to the initial measurement state. Consequently,
the phase information accumulated under the DC magnetic field is%®°

© = 7/07 B(t)dt (3.2)

The fluorescence intensity is recorded with several repetitions and plotted
with the evolution time, 7 to demonstrate the oscillation, called Ramsey
fringes. " the Fourier transform of the Ramsey fringes discovers the different
transition frequency under the different bias of the DC magnetic field, equal
to the ESR result from CW-ODMR experiment. %% The hyperfine interaction
also responds to the NV center revealing the beat frequency in the Ramsey
fringes. The damping oscillation occurred due to the spin bath, for example,
the carbon isotope C spin bath in high impurity diamond which leads to
the oscillating magnetic field during the measurement time. The decay time
from the total Ramsey fringes is described by the time constant 73, which is
denoted as dephasing time. Thus, the fluorescence intensity as a function of
free evolution time can be fit with Irs = Aexp(—7/T5)"-sin(2nf7 + ¢)+ B,
where A and B are the constant, f is the fringe frequency, n is the stretched
exponential parameter and ¢ is a rotating phase.®

3.4 Spin Echo and Coherence of NV Spin

The quantum sensing for AC magnetic field detection relies on the dynami-
cal decoupling (DD) technique, which employs pulse sequences to eliminate
the inhomogeneous magnetic field and increase the coherent time. By im-
provement of Ramsey interferometry, a m-pulse is added in the middle of
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Figure 3.1: (a) The Ramsey pulse sequence. (b) The Ramsey fringes are
depicted by the fluorescence intensity plotting with free evolution time. The
FID is proportional to the exponential decay as the function of the electron
spin precession (adapted from E. O. Schafer-Nolte [67]). (c¢) The geometrical
dynamic of Ramsey interferometry in Bloch sphere. The phase accumulation,
©, is pick up during the free evolution time, 7.

two 7/2-pulses. This technique can ignore the DC magnetic bias but sense
the AC field by reflecting phase accumulation as the fluorescence intensity.
This protocol is known as Hahn Echo or Spin Echo (SE), which E. L. Hahn
proposed in the 1950’s.™ Spin echo consists of (7/2 — 7 —7 — 7 — 7/2) se-
quences. The first 7/2-pulse initializes the NV spin into the superposition
state. During the first free evolution time, the spin start dephasing under the
inhomogeneous static field. Sequentially, the m-pulse flips the spin over 180°
before a second free evolution time in order to refocus the dephasing phase.
The first and the second free evolution time are equal during w-pulse, this
causes the total phase accumulation to be canceled symmetrically. In other
words, the DC dephasing effect is eliminated and the alternative magnetic
field from others is outstanding, which causes a longer coherent time than
Ti.*3 The phase accumulation from the total spin echo sequence is given by

pep = ( /0 " Bio)dr - / ;2 B(t)dt) (3.3)
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Figure 3.2: (a) The spin echo pulse sequence improved from Ramsey protocol
by adding a 7-pulse in the middle. (b) Spin echo result from an NV ensemble
diamond under the magnetic field Byy =~ 31 mT along one of NV axes.
The data is fit by Eq. 3.4, reveals the periodic revival corresponding to
Larmor frequency of '*C nuclear spin and coherent time T5. (c) Bloch sphere
demonstrated each step of spin echo.

In case of the HPHT or CVD single crystal diamond containing *C
isotope with 1.1% natural abundance,” when the '3C nuclear spin has a
precession influenced by a magnetic field, spin echo reveals the collapse and
revival of *C nuclear spin bath (I = 1/2) periodically with the Larmor
precession frequency of 10.71 kHz/mT, on the contrary, the ?C is nuclear
spinless (I = 0), has no spin”. The fluorescence decay rate as a function of
interval time is determined as the time constant of the spin-spin relaxation
or the coherent time, 75, that plays the most important role in quantum
sensing.

In Fig. 3.2(b), we recorded spin echo from an electronic grade NV en-
semble diamond and obtained the precession frequency of *C nuclear spin
by fitting to ™

3
A + Be—(QT/TQ)TL Z 6_((2T—iTre)/Tde)2 (34)
=0

Where 7 is the number of revival peaks, T, is the revival period, and Ty,
is the width of the revival peak.
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3.5 Noise Spectroscopy

Noise is one of the main issues in quantum sensing and information. Mostly,
noise source generates random fluctuations which can disturb the quantum
states causing decoherence and losing actual quantum states. Noise spec-
troscopy in quantum systems is to study the noise properties and investigate
the decoherence sources. This study helps to enhance the efficiency of quan-
tum sensing and understand the coherence control quantum states. Noise
spectroscopy is based on analyzing stochastic signals as a noise source with
frequency spectrum and noise spectral density (NSD)™ and spin relaxation. %
Electron spins in the NV center are very sensitive to the environment. By
applying external perturbation such as magnetic noise, electric charge, pH
condition in chemical samples, and changing temperature, these parameters
collide with the NV spin populations thus, reflecting the unstable superpo-
sition state of the NV spin. This collapse is known as decoherence.

The sensitivity windows of noise investigation can be achieved by using
the filter functions F'(w) of the different methods of the dynamical decou-
pling pulse sequences as well as reconstruction of noise characteristics by
the power spectral density S(w), which determines noise power distribution
across the target frequency ranges.” The signal of information is useful when
the signal is correlated with a lagged time itself whether present noise or not.
In other words, the fluctuation affects the system with a similar pattern as
a function of delay time. Consequently, autocorrelation was used to investi-
gate the periodic signals among noise and harmonic analysis. For example,
random noise or white noise will not display a significant pattern because of
non-autocorrelation over a series of times. When a fluctuating signal V()
is detected with two differences of the total time interval " — oo. The
autocorrelation function Gy (t) is given by %™

Gv(r) = (V(t+1)V(t)) (3.5)

Where 7 is the measurement time. The average function of time, ¢, is
denoted as
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Figure 3.3: Power spectral density at different autocorrelation time for ex-
ample, magnetization autocorrelation time from Néel relaxation 7y and fil-
ter functions of Spin Echo and Tj relaxometry protocols. (Adapted from E.
Schiafer-Nolte [76]).

The interaction of noise distribution will be described in frequency do-
main for frequency respond analysis.”” The Fourier transform of the auto-
correlation is

S(w) = /_ TGy (r)dr (3.7)

(e}

The noise analysis is presented by the power spectral density S(w) in
noise spectroscopy, also known as noise spectral density (NSD).

3.6 Decoherence Function

Decoherence function is to describe the probability when the quantum states
cannot maintain the definite states by noise or sensing from the environment,
leading to the wave function collapse. The decoherence can be investigated
under different sequences of noise spectroscopy techniques based on various
protocols such as Ramsey, Spin echo, and Relaxometry, depends on the power
spectral density and filter function of each protocol. The decoherence decay
associated with the transition probability p(7) of the quantum states during
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measuring interval 7 is®"

p(r) == (1 — M) (3.8)

N | —

The probability p(7) is implied to the dephasing phase of the NV spin
states during measurement time.”™ While x(7) = 3¢2,,, is called decoherence
function which can be estimated by the root mean square (rms) of phase
accumulation in time-domain. In addition, the analysis in the frequency
domain is employed to determine the decoherence function which is related

to frequency ranges of interest. This confines the noise distribution in terms

of the frequency responses as follows ™
2 [,
X(r)=— [ 7 Sw)F(w)dw (3.9)
0

Where F(w) is the filter function which is associated with power spectral
density and pulse measurement protocol.

3.7 Spin Relaxation Time

In the NV spin mechanism, when electrons are polarized in the excited state,
the phonon interaction with the crystal lattices occurs inside the energy struc-
ture resulting in the NV spin population relaxing to the thermal equilibrium
of the mixed state, which is unpolarized circumstance. This population decay
time is known as spin-lattice relaxation 77, or spin relaxation time for short.
Ordinarily, T} relaxation is obviously temperature dependence because of
broadening electron-phonon coupling by thermal energy. %78 Therefore, T}
is also sensitive to fluctuation magnetic noise in the environment®' 8>, Thus,
spin relaxation has been proposed to examine in noise spectroscopy with the
power spectral density as the relaxometry.

In Fig. 3.4(a), the T relaxometry is performed once the NV spins are
polarized into mg = 0 by a green laser excitation including either a microwave
m-pulse or not, depending on which initial states will be measured. Suddenly,
the laser is off and leaves the NV spins to maintain the population of the
polarized state along the evolution time (dark time) 7. After a time T,
a laser is turned on to the readout process and the counter records the NV
fluorescence of the remaining initial population after relaxation by time. The
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Figure 3.4: (a) The T'1 relaxation sequence once a laser is started to polarize
the NV spin to the excited state then turned off and wait by varying the
dark time 7. Without a m-pulse, the relaxation time is detected from the
excited state, on the other hand, a w-pulse is applied to measure T} relaxation
from the ground state. (b) The Bloch sphere demonstrates the vector of T3
relaxation decays respected to different initial states along the longitudinal
axis (c) The T relaxation result of an ensemble NV diamond as a function
of time-varying and fit by Ae~ (/™" + B,

fluorescence decay intensity is plotted as a function of dark time 7. In Fig.
3.4(b), interpretation of 7 relaxation by the Bloch sphere as the magnitude
decay of the Bloch vector thus, T} is also called longitudinal relaxation time.

In the NV relaxometry, the 7T} relaxation decays very fast due to the
magnetic noise in the transverse projection B .® Because the lifetime of the
m, = %1 states is shorter than m, = 0 state® thus when the perpendicular
magnetic is applied along one NV axis, the mixed state of ms; = 0 and m,; =
41 is induced and causes the short lifetime in total, which is detectable by
the changing fluorescence intensity.%? One of the most interesting experiments
for ultrahigh frequency magnetic noise detection by the quantum NV center
has been the first report in the 2013s by S.Steinert et al,.3” The GHz range
magnetic noise produced by a Gd3* paramagnetic ion is detected by NV
spin relaxometry. The rapid relaxation of T} is caused by the S = 7/2 of
Gd3* spin, which produces fluctuating magnetic noise and dominates the NV
spins without microwave excitation. The fluctuating magnetic noise creates
a random magnetic vector to the environment with zero average field (B) =0
however, its root mean square (B,m,s = 1/ (B?)) will not be zero statistically
(Brms > 0). This fluctuation spectral density denoted as a spin bath which
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can be characterized by a Lorentzian spectrum as follows®®

B? Te

rms

T 14+ w?r?

S(w) (3.10)

Where 7, is the correlation period of the spin under the fluctuation, and
w is the Larmor frequency of the NV spins.™ Consequently, the interaction
between NV spins and the environment under the magnetic fluctuation per-
forms the relaxation rate I' = 1/T} is expressed by®”

Ftot = Fint + Fem; (311)

The I';; is denoted as the total 7T relaxation rate measured by the NV
center, I';,; is the intrinsic relaxation rate of NV spins without noise, and
['.nv is relaxation rate under the magnetic noise in the environment.
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Chapter 4

Superparamagnetic Particles
and Magnetic Fluctuation

Magnetic particles are magnetic materials that display magnetic properties
and can induce their magnetization under the bias of an external magnetic
field. Magnetic particles exhibit different magnetic properties depending on
their size and temperature. Typically, the magnetic particles are classified
into the nanoscale, called magnetic nanoparticle (MNP) that have been fas-
cinating and support various applications in medicine, biology, and materials
science. For example, MNPs are used to improve the contrast of the magnetic
resonance imaging (MRI) yielding higher-quality images for medical exam-
ination.?% MNPs were used to destroy tumors and cancer cells in human
bodies by converting magnetic to thermal energy to heat target cancer cells,
known as magnetic hyperthermia (MHT).! The most utilized magnetic ma-
terials are considered in terms of toxicity in biocompatibility, such as iron,
nickel, cobalt, and magnetite. However, cobalt and nickel are sensitive to
oxygen ions which can be oxidized into toxic.3?929 To avoid the toxicity,
the promising iron oxidized nanomaterials namely magnetite (Fe3O4) and
hematite (FesOg3) are replaced materials for nanomagnetic particles of in
vivo and in vitro biomedical applications. 4%

MNP behaviors have been considered with many parameters to support
each application such as shape, surface, particle size, temperature, and mag-
netization. Especially, in the ferromagnetic property, exhibit identical mag-
netic dipole directions under an external magnetic field and become a magnet
afterward. Frenkel and Dorfman® were the first researchers who predicted
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Figure 4.1: The hysteresis of the magnetic materials. Superparamagnetic
properties can be saturated as well as ferromagnetic materials but, do
not exhibit coercivity and remanent magnetization after demagnetization.
(adapted from A. Ven al ainen [99]).

that the existing single domain would be in the ferromagnetic materials below
a critical particle size, which was estimated by Kittel®” afterward. Moreover,
the transition of magnetic behavior into superparamagnetism occurred above
a certain temperature, known as Curie temperature, as well as the magnetic
B-H curve, which is larger than bulk ferromagnetic materials.

The superparamagnetic material is in the middle between paramagnetic
and ferromagnetic materials. Unlike the ferromagnetic substances, super-
paramagnetic domains align corresponding to the increasing external mag-
netic fields until the saturation quickly but, after reversing the external mag-
netic direction to zero, the magnetic domains are demagnetized to zero at
the same point without the coercivity® (See Fig. 4.1).

4.1 Néel Relaxation

When the size of a ferromagnetic component is decreased below the criti-
cal size, it becomes a single-domain particle and exhibits superparamagnetic
properties (See Fig. 4.2(a)). Typically, magnetic domains are dominated by
magnetic anisotropy where the preferred magnetization alignment, called the
easy axis, is in the domains, which makes the two stable domain directions
and is separated by an energy barrier E,. In the case of a single domain, the
energy barrier reduces as it is proportional to the particle size, therefore, the
thermal energy overcomes the energy barrier and randomly flips the domain
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Figure 4.2: (a) Schematic representation of the coercivity-particle relations.
The single-domain magnetic particles exhibit the superparamagnetic prop-
erty with zero coercivity after removing the magnetic excitation. (adapted
from A. Akbarzadeh et al, [89]). (b) The Néel relaxation mechanism - the
magnetic moment orientation rotates inside the particle core along the easy
axis (dash line) and causes magnetic fluctuation during domain flipping.

orientations for a short period. This thermal fluctuation over the magnetic
moments in superparamagnetic materials causes magnetic fluctuation in the
environment. The period of magnetic moment flipping between two orienta-
tions in the stationary particles is called the Néel relaxation 7y, originating
from Louis Néel who first developed the theory to explain the time-dependent
magnetic behavior. 1%

The Néel relaxation time is associated with the temperature and anisotropy
barrier of the particle in terms of thermal energy to anisotropy energy ra-

tio.%!, can be expressed by a Néel-Arrhenius law 0!
KV
TN = To€xp (kB_T) (4.1)

Where 7y is the attempt period of a superparamagnetic particle. For
example, Fe;sOQ,4, which is in the range of 1077-107'* s depending on the
particle properties!??. V is the superparamagnetic particle volume, and K
is its anisotropy constant. Thus, the energy barrier is denoted as E, = KV.
kp is the Boltzmann constant, and 7" is the temperature in Kelvin.
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4.2 Relaxometry Imaging

The NV spin relaxation has been utilized as a sophisticated technique in
quantum sensing for mapping and imaging several physical properties and
applications such as magnetic noise "®#188 charge conversion in diamonds!%3,
temperature and thermal imaging "%8%1%4 and conductivity images from the
Johnson noise. 34195196 These can be done by detecting the relaxation times
of the spin dynamic of the most promising materials like NV center in a
diamond. The relaxation times of the NV spins can correctly obtain high
spatial resolution due to the atomic scale of NV defects resolved data acqui-
sition of physical interaction to support various applications. The magnetic
noise from superparamagnetic particles has been studied by mapping the
relaxometry image of 77 relaxation time and dephasing image by 75 coher-
ent time researched by D. Schmid-Lorch et al.'%” The spin noise of a 10 nm
Fe30, particles mixed with sodium silicate then attached to the tip of a small
cantilever and the experiment setup is a commercial AFM (See Fig. 4.3(a)).
An ensemble bulk diamond with shallow NV around 5 nm under its surface
was used to sense the relaxation and dephasing images. The spatial images
of the magnetic fluctuation while approaching the cantilever were recorded
pixel by pixel corresponding to the fluorescence intensity of the NV center.
The magnetic fluctuation, which is perpendicular to the NV axis B, and
its frequency is close to the resonance frequency of the NV, 76104 induces the
decreasing NV spin lifetime, causing the fluorescence decay quickly in Fig.

4.3(c)-(e).

Another similar research is to study the magnetic images using nanodia-
mond attached to an AFM tip as a quantum sensing probe. This technique
allows us to investigate the magnetic noise from aggregates of maghemite
(FeoO3) nanoparticles. J.-P. Tetienne et al'® demonstrated a scanning en-
semble NV probe from type-Ib nanodiamonds which is capable of observ-
ing topography, fluorescence, thermal, and NV spin relaxation images from
magnetic particles. In Fig. 4.4(d), The decay T} relaxations related to each
Zeeman splitting are evident that the most aggregates produced the largest
local static magnetic field and magnetic fluctuation dominated the NV spins
as the fastest T relaxation compared with each other position.

Although the sensitivity of the ensemble NV is smaller than the single
NV, which is caused by shorter intrinsic relaxation time, the signal-to-noise
ratio enlarges by v/N, where N is the number of NV.1® When the ensemble
NV diamond is polarized, all four orientations of NV are excited and produce
the background fluorescence to the system. To reduce the background inten-
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Figure 4.3: (a) The experimental setup with AFM cantilever and FesOy4
particles while engaging to a shallow NV diamond. (b) the pulse sequence
for T7 relaxometry imaging. (c)-(e) Relaxometry images result by fixing each
dark time 7. (f)-(h) Simulated imaging respected to (c)-(e), respectively.
(adapted from D. Schmid-Lorch et al. [107])

sity, the external magnetic field is applied along one of the NV axes to select
only one quantitation NV axis. When the 7-pulse of the transition between
mgs = 0 to my = —1 or my = +1 is selected, we can apply this m-pulse with
the 77 relaxation sequence as the reference (See Fig. 4.5(d)).

This technique allows us to measure the decay time only on the chosen
NV axis and reduces other fluorescence backgrounds from other NV orienta-
tions, this technique is called common-mode rejection®®:108,

One of the interesting applications for biosensing focuses on paramagnetic
detection in biocells by using widefield NV relaxation imaging as demon-
strated in Fig. 4.5. Suvechhya et al, utilized the common-mode rejection of
T, relaxation imaging to observe the relaxation rate induced by Fe?** from
cytochrome C (Cyt-C) nanoclusters involved electron transport chain within
mitochondria!®. This experiment exposed insight into the behavior of Cyt-C
proteins at various concentrations. The relaxation contrast is extracted from
the subtraction of T} with 7m-pulse (7} ;) from the 7} without m-pulse (17 )
and dividing them with the sum of these two values.
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Figure 4.4: (a) The AFM topography image of aggregates of maghemite
nanoparticles on a glass coverslip. (b) Relaxometry image corresponding to
the different wait times 7. (¢) ODMR spectrum at three different positions
related to the markers in (a). (d) 7} relaxation curves corresponding to the
positions in (a). (d) AFM probe with nano ensemble NV diamond used to
measure 7 relaxation image. (adapted from J.-P. Tetienne et al. [104])
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Figure 4.5: (a) Molecular structure of Cyt-C protein. (b) NV defect structure
in the diamond lattice was used to measure the relaxation rate. (c¢) The
experimental setup of widefield NV relaxation imaging. (d) A schematic of
the common-mode rejection pulse sequence of T relaxation imaging. The
contrast relaxation Ty = (T1 - T1,)/(Thio + Tix). (e) Relaxation curve
from a bare diamond (black filled circles) and decay with Cyt-C solution on
a diamond (open red circles). (adapted from Suvechhya et al. [109])
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Chapter 5

Sample Preparation and
Experimental Setup

5.1 NV Ensemble Diamond and Fabrication

In this work, we used an electronic grade CVD diamond with [100] crystal
orientation from Element Six. The diamond was cut into 2.0x2.0x0.5 mm?
and polished until having 50 pum thickness. The high-purity diamond con-
tains an initial nitrogen concentration N < 1 ppb which is very low sensitivity
from a magnetic imaging experiment. Thus, the diamond was then implanted
with 1*N¥ ions at 30 keV of energy and fluence of 1 x 10'? ions/cm? with tilt
angle of 7°. After implantation, the annealing treatment is usually provided
in vacuum condition at a temperature between 800° C and 1000° C for a few
hours so that the NV defects are formed. ' The NV concentration is opti-
mized when the annealing temperature reaches 875° C and becomes stable
even when the temperature increases over 1000° C for 2 hours!3. In this work,
the diamond sample was annealed at 900° C for 1 hour by using an infrared
heater. The carbon recoils created the vacancies during the implantation
process ! and the NV layer was estimated at an average depth of 40410 nm
via simulation of Stopping and Range of Tons in Matter (SRIM)!!2,

The diamond was cleaned in acid with a 1:3 ratio of HNO3 and H,SO4 at
the temperature of 220° C for 30 minutes and finally rinsed with pure water.
To support the micro-scale experiments, the diamond was cut into several
triangular prism shapes by laser cutting at SYNTEK Co. Ltd, as shown in
Fig. 5.2.
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Figure 5.1: Schematic of nitrogen implantation and annealing to form the
Nitrogen-vacancy defect in a diamond.

Figure 5.2: (a) Electronic grade diamond was cut with triangular prism shape
and cleaned by acetone in this experiment. (b) The top side presents one
triangular-shaped diamond. (c¢) One triangular-shaped diamond is presented
by the bottom side which is determined as the NV layer side.

A prism-shaped diamond sample is placed in an ABS plastic chip tray
using a shaped needle. The diamond sample is cleaned up by using a micro
drop of acetone. The sticky melted plastic will pick up the residual contam-
inants from the diamond surface.

According to the SRIM simulation, the NV layer is formed at a depth up
to 70 nm below the diamond-implanted surface. There are various parame-
ters we put into the SRIM to calculate the NV concentration and depth of
NV defects, for example, the diamond density of 3.52 g/cm?, implantation
energy of 30 keV, the implanted ion tilt angle of 7° to keep away from ion
channeling!'?, and displacement energy of 35.7 eV for the electron incident
respected to [100] crystal direction*1® of the diamond sample used in this
work. Therefore, the average maximum concentration is located around 40
nm beneath the diamond’s surface.
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Figure 5.3: (Left) Nitrogen ion distribution in atoms per cm? as a function of

implantation depth. (Right) Vacancy distribution calculated from the carbon
recoils as a function of implantation depth.

At the average depth of 40 nm, the nitrogen concentration is 4.24x 107
atoms/cm?® obtained from nitrogen ion distribution multiplied by dose in
SRIM and corresponding to 1 ppm per 1.76x 10" atoms/cm? for impurity in
a diamond.'® The highest concentration of the NV~ calculated from 7% yield
of nitrogen concentration at 30 keV of implantation energy.!!® Therefore,
our diamond sample contains NV centers of about 2.97x10'® NV /cm? or
approximately 0.17 ppm of the NV~ concentration.

5.2 Superparamagnetic Core-Shell Particle

In this research, we used a core-shell superparamagnetic particle from JSR
Life Sciences Company and the product name is Magnosphere MS300/Carboxyl.
The particle bead is made of a non-magnetic core covered with magnetite
nanoparticle, Fe3O,4 as a shell, which is designed for high-purity biosepara-
tion. The particle surface was covered with a hydrophilic polymer carboxyl
group which prevented ligands combination for chemistry and biology ap-
plications. These superparamagnetic particles are uniform particle size with
3 pum diameter. The magnetic layer thickness was estimated by pixel-per-
distance ratio comparison with ImageJ software. The scale obtained by pixel
measurement could be compared with the known distance of the image such
as the particle diameter (See Fig. 5.4(a)). In this work, the thickness of the
magnetite layer is approximately 200 - 300 nm from its surface.

In Fig. 5.5, the particles were diluted with deionized (DI) water by
particle liquid volume and DI water ratio of 1:100. Then, particles were
transferred to a glass slide using a micro-pipette by 5 pL. Although the par-
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Figure 5.4: (a) TEM image of a cross-section of a Magnosphere superpara-
magnetic particle which consists of core particle, magnetic layer from Fe;O,,
and a thin polymer layer. (b) SEM image shows Magnosphere aggregate
with uniform size. (c¢) Schematic 3D model of Magnosphere superparamag-
netic particle. (adapted from https://www.jsrlifesciences.com/en/research-
reagents-ivd /magnosphere)

Figure 5.5: (a) Optical image of core shell magnetic particles after dropping
on the glass slide. The particle size is estimated with some particle examples
before selection. (b) 3 particles were picked up and placed on the NV layer
side of the ensemble diamond sample. (c¢) The diamond sample with 3 par-
ticles flipping upside down and the optical image exposed 3 particles under
the NV layer of the diamond sample while focusing downward.

ticles are uniform, the particle diameter was estimated before selection when
the DI water evaporated completely. In Fig. 5.6, a PCB microstrip line was
prepared to place the diamond sample. A gold antenna with 25 pm diameter
was connected to deliver the microwave excitation. An approximately 3 pum
diameter particle was picked up by using a microscope with micromanipula-
tor arm and a very sharpened tungsten wire, whose diameter is smaller than
the particle size. We chose 3 candidate particles that were placed on the NV
layer side of the diamond sample and then, flipped the diamond upside down
to support a home-built confocal upright microscope. The diamond sample
was pushed by about 45° angle which aligns to the external magnetic vector.
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Figure 5.6: The Schematic of PCB microstrip line with the location of the
diamond sample and its 45 ° angle.

5.3 Confocal Microscope

When the thicker sample is observed, the light may not be passed through
the sample uniformly in the general microscope. The objective lens will not
provide enough focus range for various depths of the sample. This causes
non-focusing images and insufficient resolution areas in a conventional mi-
croscope. The confocal microscope is built to solve this issue which is based
on the equivalent focusing spot during confocal scanning.!'” This research
was carried out on a home-built confocal microscope which is commonly
used to observe the electron spin resonance of the NV center. The diamond
with the superparamagnetic sample was placed on the XY stage and then,
tie up with plastic screws for each corner. The 532 nm laser source illu-
minates, and then it is filtered to 0.5 mW by a neutral density (ND) filter
before reflecting at mirrors to AOM, which controls the pulse width of laser
excitation. A pinhole is placed to filter spatially varying intensity noise out
of the Gaussian beam laser. After that, the green laser was delivered to re-
flect at the dichroic mirror by fiber optics, and then its beam was controlled
by the Galvo scanner. The beam expander is provided based on the Keple-
rian design where two collimated lenses (f = 200 mm and f = 100 mm) are
separated by the distance which is equal to the sum of their focal lengths as
demonstrated in Fig. 5.7 so that the laser beam waist is expanded by 2:1
ratio.
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Figure 5.7: Experimental setup of a home-built confocal microscope.

The expanded laser beam is focused on the diamond sample by the 100 x
objective lens with N.A. = 0.8.

The fluorescence emission from the sample is filtered by a long-pass filter,
and then focused on a fiber couple before recording by APD as a photon
counter. A microwave source can be triggered to start sweeping frequencies
during ESR measuring. The microwave is switched by the RF switch, which
is controlled by a transistor-transistor logic (TTL) signal and used to control
AOM. The microwave is delivered to the microstrip line on the sample holder
by a gold wire as a microwave antenna. The 50 {2 terminator is connected at
the end of the antenna to match the impedance and protect the extremely
high incident power reflection back to the microwave amplifier. Finally, a
stepper motor controls the focus range in the Z-axis. In Fig. 5.7, the list of
numbers is represented by the model and serial number of each equipment
used in this research, (See Appendix I).

5.4 Spin Relaxation Experiment and Imaging

Using a home-built confocal microscope in Fig. 5.8, T} relaxation image is
measured pixel by pixel when moving the laser spot to the diamond sam-
ple. When the sample holder is placed and fixed at the XY stage, we can
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Figure 5.8: Photograph of (a) the Optical system of the confocal microscope.
(b) the scanning confocal microscope.

control the focus range with a stepper motor on the Z-axis. For each posi-
tion, The NV spin could have a different T} relaxation, which has a different
fluorescence decay for each dark time 7. Consequently, by fixing 7, we can
extract the different contrasts of the spin relaxation at each pixel concerning
the particle position. The scanning area is determined related to the pixel
sizes of the relaxation image. However, larger pixel sizes need a longer time.
Each pixel from the spin relaxation image experiment is normalized with the
initial polarization counter in which the most spin population is m, = 0.
Therefore, each pixel value is in between 0 — 1. We designed the scanning
confocal microscope to start from the pixel of X =0,Y = 0. When the pixel
on the X-axis is finished, the pixel on the Y-axis is increased. Until the final
pixel is reached, the image is reconstructed and displayed as shown in Fig.
5.9. This system is capable of measuring ESR and mapping. For the local
magnetic investigation, the external magnetic field is applied parallelly to
one of the NV qualitative axes.
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Figure 5.9: The scanning confocal microscope measurement by focusing at
each position and reconstructing the spin relaxation image. The neodymium
magnet (Nd magnet) is aligned along the NV axis to make a parallel field in
the ESR experiment.
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Figure 5.10: Photograph of (a) microstrip line design diagram. (b) experi-
ment at the scanning confocal microscope with a uniform external magnetic
field from Nd magnet.
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Chapter 6

Relaxation Image of
Conducting Magnetite Layer

on a Superparamagnetic
Core-Shell Particle

6.1 Experiment

A superparamagnetic core-shell particle is picked up by a sharpened tung-
sten wire and placed on the NV layer side of the ensemble diamond. We
prepared three particles with uniform diameters of 3 pym to ensure that each
particle touched the diamond. The core-shell particles were coated with a
polymer which is a sticky surface. Therefore, the particles can attach to the
diamond surface easily. The diamond sample with three particles was flipped
by sharpened tungsten through a micromanipulator arm and became stable
as well as a tripod (See Fig. 6.1). In the optical image, we can observe three
particles through the diamond sample. The laser is moved to focus at the
particle which we want to measure (See Fig. 6.2). In this case, we observed
that the core-shell particle can produce fluorescence emission which helps us
to monitor the position of each particle under the diamond sample (See Fig.
6.3).

The sample holder was placed on the home-built confocal microscope.
The sample stage can be moved to adjust the position. Three core-shell
particles are observed through the objective lens where the position of each
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Figure 6.1: The cartoon demonstrates a core-shell particle is picked up by a
sharpened tungsten wire and placed on the diamond by the NV layer side.
A sharpened tungsten wire can be inserted under the diamond sample then
flip the diamond upside down.

particle is fixed. The green laser points to the center of the target particle.
The recorded fluorescence emission confirms the location of each particle
under the diamond sample. After correct focus including the NV ensemble
layer, the fluorescence between NV and particles was combined as the total
fluorescence intensity results as shown in Fig. 6.3. In this case, we can
estimate the center position of the target particle. The pulse sequence for T}
relaxation was set, and the measurement was started after the sample stage
was stable. The sample per point was 20,000 and the average measurement
was 4 times. The time consumption for each experiment depends on these
two parameters.

Figure 6.2: (a) The optical image shows two particles under the diamond
sample in the black color. (b) After the correct focus, another particle is
revealed. (c) The green laser was positioned at the center of the particle
before the experiment started.
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Figure 6.3: (a) The fluorescence intensity recorded when the pinhole focusing
under the diamond sample. The fluorescence emitting from the core-shell
particles can be observed. (b) After the focus adjustment, the fluorescence
of ensemble NV and core-shell particle was recorded.

6.2 Results and Discussion

6.2.1 Spin Relaxation affected by superparamagnetic
core-shell particle

After the position was estimated, we expected that this position was the
nearest position between the magnetite and the NV layer. From the experi-
ment, the 7T relaxation time was recorded at three different positions. The
first position is at the center of the particle, the second one is at the edge
of the particle and the third one is outside of the particle which contains
only ensemble NV centers. The dark time was set between 0 - 10 ms. The T}
relaxation decays of these three positions are plotted as shown in Fig. 6.4(a).
The red dot refers to the far position which means the intrinsic NV relax-
ation time. The green dot is on the border of the PL of the magnetic particle,
the blue dot is at the center of the magnetic particle, and the T; relaxation
results are fitted by Ae~("/7)" 4 B. The highest contrast of intensities is
calculated from the intensity subtraction between the NV without particle
and the NV at the center of the particle as shown in Fig. 6.4(b). From these
results, we can design the fixed 7 fluorescence intensity of T} relaxation time
for each position of the interesting area.

From the result in Fig. 6.4(b), it was demonstrated that the maximum
contrast between particle and diamond sample is at 7 ~ 200 us. Therefore,
we created a fix 7 = 200 ps pulse sequence as shown in Fig. 6.5(a), to measure
PL intensities pixel by pixel to map the contrast image of the influence of
magnetic noise. The fluorescence image in Fig. 6.5(b) is comparable with
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Figure 6.4: (a) 77 relaxation time recorded between three positions are com-
pared. The solid lines fit the exponential function of relaxation decay time.
(b) The different fluorescence intensity from (a). The maximum contrast is
7 ~ 200 us.

the contrast image in Fig. 6.5(c). The normalized date was calculated by the
ratio of the signal divided by the reference pixel by pixel. This image contains
40x40 pixels and the area of measurement is 6 um x 6 pum. The obvious
image result revealed the effect of magnetic fluctuation on the NV spins even
without an external magnetic field. The line-cut profile was measured along
the horizontal line of the relaxation contrast image in Fig. 6.6(a). The
results are demonstrated in Fig. 6.6(b). This profile was measured by using
the Gwyddion software. The red dashed line was used to mark the direction
of the line-cut while the T} relaxation time was demonstrated in Fig. 6.6(c)
which corresponds to the line-cut profile.

To estimate the magnetic fluctuation from this effect, we assume the
cubic shape of a superparamagnetic particle covering a core-shell particle
by an arbitrary size and is supposed to touch the diamond at the nearest
position. Based on the Eq. 3.11, we extracted the intrinsic NV relaxation
time and converted it to the intrinsic rate, I';,; = 1/T yv = 500 Hz, which is
attributed to the thermal equilibrium decay source in the diamond structure,
such as P1 center and '3C isotopes. This intrinsic rate is considered to a
constant value for the ensemble NV diamond in this experiment. For I',,,,
denoted as the decoherence 77 due to the magnetic noise generated from
superparamagnetic particles at the nearest position. The spectral density of
the magnetic noise is considered then, I'.,, can be calculated by ™

Lenw =7° (B1) / S(w, T, E,)F(w)dw (6.1)
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Figure 6.5: (a) The fixed pulse sequence utilized to measure the fluorescence
decays respected to the maximum contrast in Fig. 6.4(b). (b) The fluores-
cence emits from the target core-shell particle. (c) The 77 contrast image
corresponded to the fluorescence image(b).

Figure 6.6: (a) Relaxation image with a red dashed line for marking the
line cut of measurement along the horizontal axis. The red, green, and
blue markers represent the NV area, border of contrast, and center positions
of measurement from Fig. 6.4(a), respectively. (b) Line-cut profile of the
fluorescence contrast of 77 measurement respected to (a). (c) T) relaxation
time recorded along the line-cut respected to (a).

Where w is the frequency of the filter function spectrum, 7" is the temper-
ature in Kevin, F, is the anisotropy barrier energy of the superparamagnetic
particle, and F'(w) is the filter function of T} relaxometry. In Eq. 3.10, the
correlation period 7. is approximated to the Néel relaxation time of a single
domain in the superparamagnetic particle, 7. ~ 7.
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For this reason, the relaxation rate can be modified as®%3

N

Liot = Ui + 3’72 <BJ2_> 1-1-00—27'2
NVIN

(6.2)

Consider the average magnetic field (B?), the random fluctuation com-
ponents over the surface, and project into the transverse direction at the
position, in this case, we extracted r = 33 nm as the average depth of the
NV layer from the surface and assumed the polymer thickness is 5 nm. Thus,
we can obtain: 83107

(B) = 2182:5 [5 - 3:232(9)] (6.3)

Where 6 is the angle between the NV axis and vector of the distance
between the particle and the NV layer, in this case, the diamond sample is
(100)-orientation therefore, 6 is 54.74° to the diamond surface.® We denoted
m as the magnetic moment of the magnetite magnetic materials. Consider
pu = 5.4x10% pp/m? is the magnetic density of magnetite'®”, where up is
Bohr magneton. In this case, we assume the volume of a superparamagnetic
particle V' at the nearest position, consequently, the magnetic moment is
m = p,V.

From the Eq. 4.1, the attempt period is from the assumption from the ap-
propriate range as described in Sec.4.1. In this case, we choose 7y = 1x10713
s which makes the Néel relaxation time in the window of the spectral density.
Many parameters affect the anisotropy constant of the magnetite, such as par-
ticle size''® and annealing temperature. The wide range of the anisotropy
constant is 1.1 to 17.0x10%J /m3 depending on the effects of heating temper-
ature. 'Y However, the effective anisotropy constant for commonly magnetite
K = 1.4x10%J/m3. Since the temperature is constant at room temperature,
the anisotropy energy per the thermal energy ratio is assumed to be constant
with KV > kgT in our case.

From this calculation, we found that the particle volume is 6.8x 1072
m? which corresponded to a spherical volume with 11 nm diameter and the
magnetic fluctuation y/(B%) ~ 0.43 mT.

The magnetization of a magnetic particle is composed of static and fluc-
tuating components which can be expressed as
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B, = By + 6B (6.4)

Where B, is the total magnetization of the particle, By is the static
field that senses the spin resonance of the NV spins and can be measured
by ODMR, and 0B is the fluctuating field that can be detected by the spin
relaxation time of the NV centers.

Figure 6.7: (a) A schematic drawing of the applied static field for the local
B-H curve measurement. (b) ODMR spectrum was measured outside the
particle (yellow circle denoted as the particle in the inset), denoted as NV
area (cross mark in the inset). (c¢) The T) contrast image with the color
circles corresponding to the measurement positions.

6.2.2 Magnetic Stray Field Mapping of Superparam-
agnetic Core-Shell Particle

In the presence of an external static field, we applied the external field using
a neodymium magnet aligned along one of the NV axis with £1° difference.
An aligned bias field clearly provides the four depths of the ODMR in an
ODMR measurement. Therefore, we can measure the magnetic field applied
to the particle and the additional field that is produced from the particle,
which may be constructive or destructive to the applied field. In Fig. 6.7(a),
a schematic drawing of the external static field for B-H curve measurement.
The external magnetic field from an Nd magnet was projected along one of
the NV axes. From these results, we discovered that the magnet stray field
is aligned with the applied field and is constructed mostly on the left side of
the particle compared with the ODMR in the diamond area (cross mark in
the inset) in Fig. 6.7(b). The ODMR spectrum in Fig. 6.7(b) is from the
external field of 4.35 mT. The aligned field provides the resonance frequency
of fo = 2.74 GHz and f| = 3.01 GHz, and the other two degenerated off-
axis resonance frequencies. However, the stray field destroys the applied
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Figure 6.8: ODMR with frequency dependent-mapping . (a) The mapping
image at the microwave frequency of 2.708 GHz is the most splitting cor-
responding to the left side of the particle. (b) The mapping image at the
microwave frequency of 2.748 GHz with a small contrast at the center. (c)
The mapping with 2.776 GHz reveals the right side of the particle with the
most reverse stray field which reduces the Zeeman splitting.

field on the right side of the particle, while the stray field provided a slight
effect at the center of the particle. Each position of the measurement points
corresponds to the 7 contrast image as demonstrated in Fig. 6.7(c).

To prove the position dependence of the stray field, we measured the
ODMR with position dependence around the particle. The ODMR results
were mapped with 25x25 pixels because each position was mapped several
times with a sufficient average for noise cancellation. In Fig. 6.8(a), at the
lowest frequency splitting, the left side of the particle displays weak fluores-
cence, which describes that the local field of the particle projects reverse to
the applied field and causes the total magnetic field to decrease. Fig. 6.8(b)
shows the microwave excitation at 2.748 GHz which exposes the small con-
trast fluorescence intensity at the center of the particle revealing that the
stray field at the center is weak and is close to the applied field, evidence
from the fluorescence contrast is the same as outer area. and the last result
in Fig. 6.8(c) shows the right side of the particle, which provides the re-
verse magnetic field against the applied field, causing the reduced frequency
splitting on the ODMR results.

From this evidence, we can measure the magnetic response by ODMR as
shown in Fig. 6.9(a) and the yellow shade is the resonance frequencies of m
= -1 as shown in Fig. 6.9(b). The black dashed line is the Lorentzian fit to
determine the shifted frequencies (fi, f2, and f3), compared to the frequency
outside the particle, fy. By focusing on the most largest splitting on the left
side of the particle, we subtracted the measured magnetic field from this with

o1



Figure 6.9: (a) The ODMR with Zeeman splitting results measured at a dif-
ferent position of the particle, left side (red), center (green), and right side
(blue). (b) The ODMR results at the specific range of microwave, corre-
sponding to the yellow shade in (a), shows the different frequency splitting
agree with the position of left side, center, and right side of the particle,
(color-mark in the inset) respectively. (c) The AB dependence in the ex-
ternal applied field B,, measured at the left side of the particle. The linear
fitting reveals the slope which implies the magnetic B-H curve of the parti-
cle. (d) The schematic illustrates the magnetic local field under the static
magnetic field at a different position of particle based on ODMR results.

the applied field measured at the bare NV. The result is shown in Fig. 6.9(c).
The linear fitting provided the slope that implied the magnetic B-H curve of
the particle in this experiment, which implies that the magnetic susceptibility
x = 0.23, which is dimensionless. The constant of 0.07 implies that the slope
passes through almost the origin of a superparamagnetic B-H curve. In Fig.
6.9(d), the schematic is provided from the experimental results of the ODMR
with frequency-dependent mapping, which illustrates the magnetic local field
under the static field bias with constructive and destructive magnetic fields
from three positions of the core-shell particle.
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6.2.3 The Magnetic Fluctuation Model in Ensemble
NV Center in Diamond

In this model, we assume that 8 magnetic particles produce the magnetic
noise distribution to a single NV in 8 directions from the top view of the 1%
layer (see Fig. 6.10(a)). A single NV is placed at the center with 8 particles
surrounding it. Each direction has at least 4 particles separated by 15 nm
from the center of the particle. In this case, we demonstrated the distance
effect on the mean-square magnetic fluctuation, which is a significant factor
for the relaxation. We assume that all particles are 11 nm in diameter. From
these parameters, the total relaxation rate is from the accumulation of each
magnetic noise interacting with each single NV in the laser excitation. The
total relaxation rate of all 8 directions is

Ftotal = Fcenter + 8FNS + 8FWE + 8FNWSE + 8FNESVV (65)

In Fig. 6.10(a), the nearest particle that has the most fluctuation to a
single NV is provided ['.cppe.. Where N, S, W, and E are represented in the
directions of north, south, west, and east, respectively.

The laser spot for this experiment depends on the wavelength (\) and
the numerical aperture (IVA) of the objective lens. In this case, A = 532 nm
and N A is 0.8 therefore, the laser spot is expressed by

A
D=12" .
NA (6.6)

In this experiment, the diameter of the laser spot D is about 800 nm.
We used the diameter of the laser spot to estimate the intensity of the laser
excitation, which is explained by the Gaussian distribution (see Fig. 6.10(b)).
We assumed that a single NV in the laser spot is separated by 100 nm
and the radius from the core-shell particle is 1.5 ym. as depicted in Fig.
6.10(c). Thus, the distance from each single nanoparticle can be calculated
individually. Consequently, each single NV provides a T} distribution in 8
directions and is contributed by adding the Gaussian distribution of laser
excitation intensity by

1) = e () (6.7)



Figure 6.10: (a) Determination of particles distribute the magnetic fluctua-
tion to a single NV in 8 directions. The center particle is the nearest particle
at the center position. (b) Laser intensity after objective lens which is ap-
proximated by the Gaussian distribution plot. (c¢) 2D modeling of magnetic
fluctuation of each single NV. The population for the average relaxation time
is related to the laser intensity.

The laser intensity is approximated by the Gaussian distribution in Eq.
6.7 where I(r) is a function of the radius distance from the center of the laser

spot, Iy = 1 for the normalization intensity and ¢ = %84 is the Gaussian

2NA
RMS width (standard deviation).

Consequently, the relaxation time average from each side in two dimen-
sions (Fig. 6.10(a)) will be multiplied by the Gaussian distribution for each
single NV along the radius of the laser spot (0 to 400 nm). In this method,
we can deviate the population of relaxation time, which is related to the laser
intensity during measurement, as follows.

—2x100nm?2 —2x200nm>

Tl,center + 6< o2 ) X 8 X Tl,lOOnm + €< o2 > X 8 X Tl,QOOnm + -
33

Tl,totzzl -

(6.8)

From the radius of the laser spot, there are 4 single NV in 8 directions
from a single NV at the center, and the total number of NV is 33.

To estimate the contributed /(B?), we suppose the nearest single NV
with a single domain from a superparamagnetic nanoparticle at the contact
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Figure 6.11: (a) A simulation of y/(B?%) measured by a signle NV as a func-
tion of distance x. By varying distance of NV to the particles. (b) Position-
dependent of 7} relaxation time corresponding to (a). (c¢) The /(B?) con-
tributions in 1 line and 4 lines for 15 layer as shown in Fig. 6.10(a) as a
function of distance from the center position. (d) The estimated 77 relax-
ation time for single and ensemble NV condition with an increasing number
of contributed layer.

position as shown in Fig. 6.11(a). From Eq. 6.3, we can compute the \/(B?)
with variation of » = 38 - 105 nm. The value of \/(B?) was estimated as
a function of distance in x direction. Meanwhile, the value of 77 can be
evaluated from Eq. 6.2 as depicted in Fig. 6.11(b). The /(B?) from the
total of 9 particles contributions from 1 line is compared with additional 3
different lines from 8 directions of particle contributions (4 lines for the total)
as plotted in Fig. 6.11(c). Finally, the 7} relaxation time is calculated in
case of r = 38 and 45 nm as shown in Fig. 6.11(d). In a single NV model,
the obtained 77 value from the total 4 layer contribution is smaller than the
experimental results. Meanwhile, the ensemble NV model, within the 800
nm laser spot with its Gaussian intensity distribution, provides longer T}
contributions, (77 ~ 52 us), at r = 45 nm which is comparable with the
experimental result at the center of the particle, T} = 57 us.
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6.3 Conclusion

In conclusion, we demonstrated the T} spin relaxation observed from the su-
perparamagnetic core-shell particle which is commonly used in the magnetic
immunoassays. The magnetite with superparamagnetic properties generates
magnetic fluctuation noise in the environment under the zero field bias from
the external magnetic fields. The ensemble NV center in the diamond sam-
ple is utilized to investigate this fluctuation noise which is sensitive to the
relaxation of the electron-phonon population in the NV centers. The dif-
ferent fluorescence contrast from the relaxation decays determined the loca-
tion of the magnetic fluctuation which corresponds to magnetic particle size.
Meanwhile, the root mean square of the magnetic noise has been estimated,
corresponding to the nanoscale for a single domain of the superparamagnetic
particle. The static field of the particle has been analyzed by applying the ex-
ternal constant magnetic field. The stray field reveals the position-dependent
local magnetic field and is measured by the NV center. These results lead
to the measurable magnetization of the core-shell particle and allow us to
measure the magnetic B-H curve of the magnetic particle.
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Chapter 7

Summary and Future Works

7.1 Summary

In this dissertation, we focused on the technical development of magnetic
noise estimation generated from a superparamagnetic core-shell particle and
measurement of the magnetic B-H curve based on magnetic sensing in the NV
center in diamonds. The diamond sample with (100) orientation is implanted
by “N* ions at 30 keV of implantation energy. The NV density is estimated
by using SRIM and the concentration is approximately 0.17 ppm for the en-
semble NV sample. The diamond sample was cut by laser for a microscale
target sample. The superparamagnetic core-shell particle is a commercial
product that is commonly used in a laboratory for bioseparation. The mag-
netic fluctuation generated by the superparamagnetic particle induces the
electron-phonon coupling in the NV center to become the equilibrium state
faster than usual conditions. This is caused by the particle size being smaller
than the critical size and the magnetic domain is evaluated to be a single
domain.

Domain formation in a superparamagnetic particle is related to its vol-
ume which leads to the reduction in anisotropy energy and allows the thermal
energy to dominate the domain as it can be explained by Néel relaxation,
which plays the most important factor for 77 relaxation time. The thickness
of the magnetite layer is estimated by pixel measurement while the particle
size is hidden in the aggregate of the materials. We employed the NV center
to measure the T relaxation time under zero magnetic bias. The shortened
T reveals the effect of magnetic fluctuation surrounding the particle surface
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which allows us to map the particle feature. We estimated the magnetic
fluctuation based on the average root mean square magnetic field perpendic-
ular field which corresponds to the nanoparticle size and anisotropy constant
of the magnetite at room temperature. Due to the static and fluctuating
magnetic fields included in the particle, the fluctuating field can affect the
relaxation time of the NV center. For this reason, we managed to apply
a constant magnetic field which can be measured by ODMR through the
diamond sample.

The magnetic stray field is proportional to the applied magnetic field at
the particle as we varied the applied magnetic field. The magnetization of
the particle is obtained by subtracting from the applied magnetic field. The
slope of the magnetization and applied magnetic field relation is interpreted
as the magnetic B-H curve of the particle. The ESR position dependence
was measured and demonstrated the local magnetic field response over the
particle shape, which exposed the different stray fields under the magnetic
bias condition.

7.2 Future Works

The outstanding in this research is evaluated to better understand the mag-
netic noise produced into the environment and can be detected by the NV
centers in a diamond. The applications of superparamagnetic particles are
still interesting in biomedical science while lacking quantum magnetic sens-
ing, especially in NMR applications. Our experiment will be introduced to
NMR imaging based on the characteristics of NV centers in diamonds. As
well as micro MRI applications, our research will pave to way to the study of
magnetic noise and its effect on MRI and analytical applications suggesting
the integration of technology between science and engineering.

This is just only the first step of the advantage of quantum sensing in
the NV center. The high sensitivity of NV spin sensing potential will be
considered as a replacement for a shallow NV diamond. We can expect that
the NV defect sensing from our experiment will be employed to study other
noise from tiny and specific materials. Moreover, it is better to become
part of a useful method to extend the broadening of quantum technology,
including improving human life.
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Appendix A

Magnetic Property of The
Magnetic Particle

A.1 Magnetization Curve

The magnetic beads were separated from the liquid solution by a centrifuge,
drained of the liquid solution by a pipette, and dried for 10 minutes. The
dried particles were measured in weight (33 mg) and covered with a plas-
tic wrap. The hysteresis curves were measured by SQUID at 5 K and 300
K. The experimental results show the superparamagnetic property at 300 K
with nearly zero coercivity force as depicted inset in Fig. A.1(a). The results
in Fig. A.1(b) show the hysteresis of ferromagnetic property at low temper-
atures due to the block state when the temperature is below the blocking
temperature compared with high temperature at 300 K.

The M-H curve fits with the Langevin function as follows!%’

,uH k’BT

-, feun (2] o

Where kp is the Boltzmann constant, 7" is the temperature in Kevin, M
is the saturated magnetization of the sample, p is the magnetic moment of
the particle, and H is the magnetic applied field.
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Figure A.1: (a) M-H Curve from -0.5 T to 0.5 T (a) at 300 K and (b)
comparison of at 5 K and 300 K.

The nearly zero coercivity force is probably due to the residual magnetic
field from the superconducting magnet or magnetic background in the sys-
tem. The different saturated magnetization in Fig. A.1(b) occurred because
the sample shows the ferromagnetic property below the blocking temperature
(5 K) and becomes a superparamagnetic property above the blocking tem-
perature at room temperature (300 K) and including paramagnetic impurity.

A.2 Temperature-Dependent Magnetization

In this experiment, the particles are cooled from room temperature to 5 K
without a magnetic field, known as zero-field cooling. At 5 K, a constant
magnetic field of 100 Oe is applied to measure the magnetization during
the increase of temperature up to 300 K. To estimate the susceptibility, we
assume the majority of particle mass is from magnetite, Fe304, which has a
density of 5.17 g/cm®. The susceptibility, , is plotted in Fig. A.2 which is
called the ZFC curve. When the temperature reaches 300 K, the temperature
is reduced to 2 K under the same constant magnetic field, resulting in the
FC curve (see Fig. A.2).

In Fig. A.2, the magnetic moment of the particle is frozen at a tempera-
ture below 75 K, which is the blocking temperature (7). In this state, the
anisotropic directions are blocked state. At a temperature above TB, the
magnetic domains start moving in anisotropic directions, while the magnetic
moments decrease during the increasing temperature. The ZFC curve indi-
cated that the magnetic particles change from ferromagnetism at the blocked
state to superparamagnetic behavior.
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Figure A.2: (a) The zero-field cooled (ZFC) and field-cooled (FC) magneti-

zation curves.

For the FC curve, the magnetic moments are not constant below the TB,
suggesting that interparticle interactions can be neglected.
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Appendix B

SEM and EDS Results

The SEM and EDS (Scanning Electron Microscope and Energy Dispersive
X-ray Spectroscopy) is a sophisticated tool for analyzing that integrate struc-
tural and compositional materials analysis. The sample was bombarded with
focused electron beams to obtain the spatial components of elements involv-
ing the identification of the line spectrum analysis. In this study, we spared
the magnetic particles on the slide glass with the DI water by the ratio of
1:1. After drying at room temperature, the sample was coated by Pt/Pd
sputtering for 10 nm making the grounding substrate to avoid the charging
in the sample, which reduces the image quality. In Fig. B.1(a) and (b),
the SEM image of the magnetic beads was observed with the backscattered
electron image and the secondary electron image, respectively. The shape of
the particles is not uniform and perfectly spherical shape.

For the EDS experiment, the acceleration voltage of 30 KeV is applied
to the primary electron beam. The EDS exposed the atomic components
in the sample. In Fig. B.2, we demonstrated the SEM image of the spread
magnetic particles and picked up one of the particles to measure with four
different positions. The element spectra shown in Fig. B.3 for each position
reveal the presence of C, O, Fe, Si, Pt, and Pd from sputtering. The weight
and atomic percentage corresponding to Fig. B.2 and Fig. B.3 are shown in

Table. B.1.
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Figure B.1: (a) The backscattered electron image and (b) the secondary
electron image of the magnetic beads with incident electron energy at 15
KeV.

Figure B.2: The SEM image with positional EDS of the magnetic particles
at 12000X.
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Figure B.3: EDS pattern of magnetic beads with different positions.
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Figure B.4: The EDS elemental mapping images of magnetic beads for C,
O, Fe, Si, Pt, and Pd.

The spatial distribution of the present elements is confirmed by the EDS
element mapping images as shown in Fig. B.4. In this result, we obtained C
and Fe distributions in each magnetic bead whereas the Si is absent for each
particle. In Fig. B.5(a), the EDS line spectra are measured and demonstrate
the increasing number of Carbon and Oxygen and the decreasing of Silicon
inside the particle in Fig. B.5(b). For this evidence, we expected that there
are two possible materials in the core particles. Firstly, the core is probably
made of acrylic polymer such as poly methyl methacrylate (PMMA) with its
chemical formula of CsHgOs. Secondly, although the spectrum of Si decreased
inside the core, its background does not become zero, suggesting that it is
probably made of silicon dioxide (SiO2). In Fig. B.5(c), we found that Fe
is observed across the particle which is from the magnetite on the particle
shell, and Pt from the sputtering.
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Figure B.5: (a) The EDS line spectrum across a magnetic bead. (b) The
EDS line spectra of C, Si, and O. (¢) The EDS line spectra of Fe, Al, Pt, and
Pd.
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Appendix C

The Local Strain in The
Diamond Chip

We measured the ODMR spectrum with microwave power dependence at the
diamond sample. The results showed that the ODRM contrasts are measured
from the decrease in fluorescence related to the microwave power at 30 dBm,
25 dBm, 20 dBm, and 15 dBm with the narrow microwave ranges (2.84 to
2.90 GHz) as demonstrated in Fig. C.1(a)-(d), respectively. Each ODMR
spectrum is fitted by the Lorentzian function, resulting in the increasing
FWHM and two frequencies splitting from the local strain, E, in the diamond
sample. This local strain probably occurred from the laser-cutting process
which causes the lattice dislocation and distortion in the diamond samples.
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Figure C.1: ODMR spectra in the absence of a magnetic field with different
microwave power dependents (a) at 30 dBm, (b) at 25 dBm, (c) at 20 dBm,
and (d) at 15 dBm, respectively. The local strain was revealed at the mini-
mum microwave power in (d).
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Appendix D

Photoluminescence Quenching
of The Superparamagnetic
Core-shell Particles

The magnetic particles are diluted with the DI water with a ratio of 1:1
on the slide glass. The prepared sample is placed in a home-built confocal
microscope as shown in Fig. D.1(a). The PL image from the scanning process
is shown in Fig. D.1(b). The PL intensity generated from the particles is due
to the polymer coated on their surfaces. The PL intensity of the particles
is in the range of 60 kC/s, which is smaller than 10% of the PL intensity
emitted from the diamond sample. The lifetime of PL intensity is measured
when the laser excitation is started as shown in Fig. D.2(a) and (b) with two
different selected particles in the PL images in Fig. D.2(c). The quenching
of PL intensity implies the lifetime intensity in the range of several seconds
after laser excitation at the magnetic particle. The PL intensity is decreased
to nearly zero count per second after the experimental period of 10 seconds
as shown in Fig. D.2(b) due to the PL quenching. The PL of the selected
particle before and after the laser excitation is demonstrated in Fig. D.2(c)
and (d), respectively.
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Figure D.1: (a) Optical image of the magnetic particles, and (b) the PL
image emitted from the magnetic particles.

Figure D.2: (a) The PL quenching at the particle at position No. 1 with the
maximum time scale of 1 second. (b) The PL quenching at the particle at
position No. 1 with the maximum time scale of 10 seconds. (c)-(d) The PL
intensity image of the magnetic particles before and after laser excitation,
respectively.
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Appendix E

Particle Size Estimation

From the experimental results, we measured I';,; = 1/T;, NV = 500 Hz, and
Lyt = 1/T4,tot = 17,637 Hz. Consequently, e,y = Lo - Iy = 17,137 Hz.
For other free parameters, we assume the attempt period 7y = 1x10713 s
for Fe3O4 nanoparticle which is covered the sensitivity window of the filter
function of T} relaxometry as described in Sec.3.5. The effective anisotropy
constant K = 1.4x10* J/m? and 6 = 54.7° for (100)-orientation diamond.
The total distance of NV layer from the noise source, including a 5 nm
thickness polymer from assumption r = 45 nm.

From Eq. 6.2, the resonance frequency of NV spin is wyy = 27 x2.87x 10°
Hz. Due to 7y is very fast, we considered w?r% <1, then, it can be negligible.
For this reason, Eq. 6.2 can be rewritten as

Liot = Uit + 3’72 <Bi> ™ (E.1)

When I'y,; — 'y = AL, we can express

212,72 2
2pMV Uy (5 —3cos* 6 KV
— — 2
Al = 3~ 1572 ( 5 To €Xp T (E.2)
48m2AT 76 KV
=V? — E.3
372 p2ugTo (5 — 3 cos? 9) P <k;BT) (E-3)

For simplicity, we assumed that the term on the left side is # and the

72



term on the right side kBLT
S.

exponential form as follow

= «. Then, we rearranged and obtained the

B =V?exp(aV) (E.4)

Square root each side and rewrite

VeocV/Q _ 61/2 (E5)

—eEt = — E.
5 ¢ 5 (E.6)
In this form, we used the Lambert-W function or product logarithm 2!
to solve this equation. According to the Lambert-W function: W (¢e?) = ¢,
when ¢ is a real number. Therefore, Eq. E.6 will be

W (%eav’m) =W <aﬁ21/2) (E.7)

/

%:W@ﬁ; 2) (E.8)
/

V= gw (0‘521 2) (E.9)

In Eq. E.9, we represented 8 = 4.58x107% and a = 3.38x10%*. However,
there are two branches of the Lambert-W function for real number solving.
Firstly, if ye¥ = x, when y is the answer of Wy(z),xz > 0. Wy(x) is the
Lambert-W function with branch 0. Secondly, if —1/e < z < 0, we will use
W_4, called the Lambert-W function with branch -1.

In our case, z is %1/2 and > 0. Therefore, we utilized the Lambert-
W function with branch 0 to solve this problem. We extracted volume of
the nanoparticle affects the relaxation time, V = 6.8x1072 m? which corre-
sponds to the spherical shape of the superparamagnetic nanoparticle with a
diameter of 11 nm with 7y ~ 9.9x10713 s.
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Appendix F

NV-NYV Interaction

F.1 NV Mesh Patterned Diamond

We prepared the NV mesh patterned diamond by using an electronic grade
diamond, which was covered by a 6.5x6.5 um? copper grid mask with 1x10'2
ions/cm? dose at 30 keV of implantation energy per ion which corresponding
to 33 nm depth of the NV density. The diamond sample was annealed at
900°C for 1 hour. After this process, the vacancy lattice was formed with
nitrogen atoms, forming the ensemble NV defects in the diamond. This
diamond sample was used as a target sample (See Fig. F.1).

F.2 Characteristic of Ensemble NV Diamond
Probe

In Fig. F.2, A diamond with the same implantation process was cut by laser
with a triangular shape. The polyvinyl alcohol (PVA) was used to coat its
surface and sputtered by the Pt/Pd to protect the shallow NV from damage
by the FIB milling process, which fabricated a 1 um tip of the NV probe. The
photoluminescence (PL) image is emitted from the NV tip after cleaning by
Aqua Regia. The ESR spectrum of the NV tip shows the resonant frequency
at 2.87 GHz (See Fig. F.3). A tungsten wire with 30 pm diameter was
sharpened by chemical etching before attaching it to the tuning fork quartz
crystal and the NV diamond probe, and then adjusting the position to make
sure that the NV tip was pointed to the lowest position.
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Figure F.1: Schematic of the NV mesh patterned diamond fabrication. (a)
The electronic-grade diamond is covered by a copper grid mask and then im-
planted with nitrogen ions. (b) After the implantation process, the diamond
sample was annealed to form the vacancy lattice. (c) Schematic illustrates
the NV scanning probe on the NV mash target.

F.3 NV-NV Interaction Results

The NV mesh target was attached to the experimental system. The external
magnetic field was generated by using the electromagnetic coils in between.
The target sample was adjusted with 45° with the external magnetic vector
which provided the most magnetic interaction to one of the NV axes. The
NV probe approached the NV target during the fluorescence recording (See
Fig. F.4(a)). The 40x40 ym? scanning area was started resulting in the
fluorescence patterns as shown in Fig. F.4(b). The magnetic field dependence
ESR image was recorded using the mixed fluorescence intensity between the
scanning NV probe and the NV target. The frequency splitting under a
magnetic field bias at 7.2 mT is classified as a spin state for each NV spin.

Because of the different axis between the NV probe and NV target, We
can identify the Zeeman splitting that occurred between the NV probe and
the NV target as shown in Fig. F.5. The NV probe was placed at the
edge of the NV mesh patterned target to reduce the extreme fluorescence
intensity from the patterned area as shown in Fig. F.5(Upper). By varying
the external magnetic field, the Zeeman splitting frequencies were recorded
as the function of the magnetic field as shown in Fig. F.5(Lower). From this
result, we can identify the frequency of each spin of the NV probe and NV
target. Consequently, the Rabi oscillation of each spin was measured with
the same microwave power to have each m-pulse. To observe the electron spin
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Figure F.2: (a) SEM image of the NV probe after FIB milling process (top
view). The diameter of the NV tip is estimated at 1 ym and 4 pm long. (b)
SEM image captured from the side view of the NV probe. (c¢) The tungsten
wire with a diameter of 30 ym and around 500 pym long is attached to the
tuning fork and the NV probe at the end.

Figure F.3: (a) The fluorescence intensity measured from the NV tip which
was estimated at 1 pym diameter. (b) The ESR spectrum was measured at
the tip to confirm that the NV defects were located at the tip of the NV
probe.

which may affect the electron spin at the NV probe, We measured the double
electron-electron resonance (DEER) between the NV probe and target spins
by using the microwave sequence as shown in Fig. F.6(a).

From the different transition frequencies between the NV probe and NV
target, the Rabi oscillation is used to identify the MW m-pulse for each NV.
DEER sequence is measured, and the dipole-dipole coupling effect causes the
reverse dipole fields. The result is expected to be the disorder of the spin
echo decay by showing the shortening of Ty, compared to the spin echo of
the probe NV.
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Figure F.4: Schematic of the NV-NV interaction experiment. (a) The NV
probe is scanning on the NV mesh patterned diamond as the NV target
under the magnetic field bias. (b) The experimental result was extracted
from the fluorescence intensity through the NV probe. The bright areas were
NV centers from nitrogen implantation through the copper grid mask.

Figure F.5: (Upper) The scanning area by the recording of fluorescence in-
tensity of 25x5 pm?. The cartoon shows the NV probe position at the edge
of the NV pattern. (Lower) The Zeeman splitting is measured as the func-
tion of varying external magnetic fields. The dashed line is marked at 7.2
mT which used to measure the NV—NV interaction between the NV probe
and the NV target.
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Figure F.6: (a) The electrons in the NV probe are excited by the Spin echo
sequence from MW1. Meanwhile, the electrons on the target diamond are
excited by a m-pulse from MW?2. The result signal and reference are observed
during read-out (b) The result from the DEER experiment was compared
with the spin echo. The shorten coherent time was expected from the dipole-
dipole coupling between the probe and target spins.
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Appendix G

NV-P1 Center Interaction

G.1 Nitrogen defect: P1 Center

Generally, the nitrogen defects are located in a diamond. This defect is one
of the most common defects in natural diamond and called P1 Center. The
P1 center consists of a single substitutional nitrogen atom replacing a carbon
atom in the diamond structure. This defect has an unpaired electron which
is a paramagnetic behavior. The unpaired electron has a spin S = 1/2
performed a two level quantum system in a diamond structure. Moreover,
this defect can interact with the external magnetic fields resulting in energy
transition in atoms. However, P1 center cannot emit fluorescence which is not
optically active as the NV center. To investigate the P1 center interaction,
the double electron-electron resonance is utilized. P1 centers are often used as
probes in experiments involving other defects like NV centers. They can serve
as a source of magnetic noise or as a tool for calibrating and understanding
the diamond’s magnetic environment. Additionally, P1 centers are sometimes
used to study the diamond’s spin dynamics and coherence properties, which
are crucial for the development of quantum devices.

G.2 Double Electron-Electron Resonance

Double Electron-Electron Resonance (DEER) with Nitrogen-Vacancy (NV)
centers is a powerful technique used in quantum sensing and magnetic res-
onance. It combines the principles of electron spin resonance (ESR) and
the unique properties of NV centers in diamond to measure the interactions
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Figure G.1: Bloch sphere describes DEER experiment. When the second
microwave frequency corresponding to the P1 Center is applied, the defect
spins flip and the total magnetic field is changed, which cause the fluorescence
drop in the NV spins.

between electron spins at the nanoscale. In DEER experiment, consists of
a spin echo pulse sequence measuring at the NV probe as a sensor and the
second MW m-pulse to excite the spin state of the sample. When the second
m-pulse is applied, the target spin is flipped which causes the total magnetic
field to reduce and changes the dipole interaction in the system (See Fig.
G.1).

G.3 Experimental Results

We used the NV mesh patterned diamond to investigate the P1 center inter-
action. The external magnetic field was applied parallelly to one of the NV
axis. The magnitude of the magnetic field is calculated by the ESR spectrum
and spin echo with '3C nuclear spin. In this case, the magnetic field is 32
mT which corresponding to Larmor frequency of 3C nuclear spin at 344.75
kHz as shown in Fig. G.3(b). The resonance frequency of P1 center can be
estimated by

fPl = ’YBem (Gl)

Where v is the gyromagnetic ratio of electron and B, is the external
magnetic field. In this case, the P1 center frequency is approximately 901.32
MHz. Because of hyperfine coupling with the *N nuclear spin, other spin
coupling with P1 center were observed (See Fig. G.4(b))
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Figure G.2: The fluorescence image of the NV mesh patterned diamond. the
bright area corresponds to the copper mask during nitrogen implantation.

Figure G.3: (a) Rabi oscillation measured in the NV mesh area. The mi-
crowave power of 39 dBm was applied. The m-pulse of 48 ns is obtained and
used to excite spin echo experiment. (b) Spin echo with ¥C nuclear spin
oscillation.

Figure G.4: (a) The microwave pulse sequence in DEER experiment. The
microwave frequency is swept to match the P1 center resonance frequency.
(b) The fluorescence intensity as a function of frequency which shows the P1
spin induces the magnetic noise to the NV spins, causing the fluorescence to
decrease.
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Appendix H

Widefield Nitrogen-Vacancy
Magnetometry for The
Magnetic B-H curve of The 2D
Materials Estimation

In the nanomaterials world, a single atom bonded in one layer is developing
and its applications are one of the promising materials for the modern fu-
ture. This type of material is known as two-dimensional (2D) materials or
Van Der Waals heterostructures. Generally, scientists regulated and derived
single-layer materials from carrying the suffix “-ene” for a single-layer ele-
ment, e.g. graphene, and “-ane” or “-ide” for single layer compound of two
or more elements, e.g. tungsten disulfide. Advanced technology in materials
science has been developing to overcome the drawbacks in microelectronics
and pave the way for the quantum computing world in the future. Two-
dimensional (2D) materials or single-layer materials are one of promising for
solid-state applications and tend to be interesting in the frontier research
in the present. Basically, nanomaterials are usually classified by the size or
nanoscale in different dimensions. For example, a three-dimensional particle
in the nanoscale is called a zero-dimensional (0D) material, commonly known
as a nanoparticle in the quantum dot. When we consider a two-dimensional
material in the nanoscale, but its shape is large and long size, consisting of
various zero dimensions to form like a nanotube or nanowire, it will be deter-
mined as a dimensional (1D) material. Finally, a one-dimensional material
with a single layer is also called a two-dimensional material or 2D material.
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H.1 Widefield Nitrogen-Vacancy Spectroscopy

Magnetic imaging is one of the most technical methods that have been used
to explore magnetic properties and structures, especially in living cells and
nanomaterials for several decades. In biology, optical technique and quantum
sensing have been combined to discover the bio-magnetic components behind,
such as magnetotactic bacteria (MTB). Quantum magnetometry in spectro-
scope is also able to reveal the magnetic domains delivered in nanoparticles,
for example, paramagnetism and ferromagnetism. Because these magnetic
properties are weak and need high precision and high stability equipment for
measuring, nitrogen-vacancy centers in bulk diamonds were considered to re-
solve the magnetic imaging techniques by providing a satisfactory signal-to-
noise ratio (SNR). In 2008, dense NV-center diamonds were used to record
the magnetic stray as a widefield magnetic image for the first time. This
application is crucial in magnetic imaging as its capability to enhance the
ultra-high sensitivity close to femtotesla/Hz!/? with a micrometer range of
spatial resolution. To achieve this work, we utilized optical equipment with
ensemble NV diamond as magnetic array sensors. The optical microscope
provided widefield image monitoring from the ensemble NV diamond at each
microwave frequency. Thus, it is namely called a widefield NV microscope.

In the widefield NV setup, We used the ODMR experiment and recorded
the fluorescence intensity by using the sCMOS sensor (See Fig. H.1(a)). The
2D material used in this experiment was a tungsten disulfide WS, flake. The
2D material was transferred to the 2 mm x 1 mm x 0.1 mm type-Ib (110)
diamond. The magnetic field can be placed in between the diamond sample to
induce the magnetic stray field in the 2D material. The stray field interacted
with the one of NV axes which is parallel to the magnetic vector. The spin
transition frequencies from the Zeeman splitting were identified at the bare
diamond area before recording the stay field from the 2D material. The
magnetic sample generates the stray magnetic field, B, which induces the
effective field along with the applied external magnetic field, B,,,. Therefore,
the total magnetic field, which is parallel to one of the NV axis to create the
most Zeeman splitting, is Byy = By + Bsir and related to the electron spin
transition frequencies, f. and f_, monitored by ODMR. This relation can
be explained by.

BNV - Bapp + Bstr = %7 (Hl)
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Figure H.1: (a) The ODMR experiment setup with widefield NV spectro-
scope. The external magnetic field from the magnets is parallel to one of the
NV axes by the in-plane of the (110) diamond. (b) The NV energy levels
when excited by a green laser. (¢) The ODMR dips corresponding to the NV
spin transition frequencies of f_ and f; due to 186 mT of B,y,.

To extract the stray field image from the sample, the B,,, is subtracted
from Equation H.1 after ODMR recording from the sample. In case of the
spin transition from the ground state anti-crossing, f, and f_ are summation.
The fluorescent images from sweeping microwave frequency across f, and f_
are recorded by sCMOS for each frequency step. Therefore, The ODMR
result indicated the minimum measurable B-field, fitting by the Lorentzian
function. The magnetic images reveal the stay field images produced by the
sample deposited on the NV diamond surface.

H.2 Widefield NV Image Processing

The microwave frequency is swept up to 16 MHz range which covers each
ODMR transition frequency of the NV diamond. Consequently, the fluores-
cence images are acquired and accumulated the signal averaging for 32 arrays
by the sCMOS sensor. In 32 microwave frequencies, they are separated into
two frequencies of spin transitions, 16 frequencies for f, and another 16 fre-
quencies for f_ (see Fig. H.2(a)). At a given pixel, there are 16 points ODMR
curves of fluorescence intensity for each microwave frequency are marked and
fit to a Lorentzian function by 16 points (see Fig. H.2(b)) which is related
to the ODMR central frequency of its pixel. Each image is 600x600 pixels
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Figure H.2: (a) illustration the recording of each frequency from each side of
the Zeeman splitting by 16 values. (b) The acquisition of fluorescence images
for 32 frequencies covered the transition frequencies of the NV spin in the
diamond sample.

corresponding to 65x65 nm? per pixel. Thus, each images of spin transi-
tion frequencies is stacked with the dimensions of 16x600x600. The ODMR
magnetic images for each spin transition frequency are obtained from 16
images with 600x600 pixel size. These two images consist of the local mag-
netic field of B,,, + Bsir. Although there are other parameters, for instance,
temperature, charge, and strain, that can shift the frequency, they could be
eliminated by the subtraction process, fy — f— = (Bapp + Bstr) - 278V

To measure the stray magnetic field, we only emphasized the magnetic
field parallel to the NV diamond axis at the edge of the WS, flakes. In electro-
magnetism, the magnetic B-H curve (x) of the materials implies how many
materials become magnetized (M) when induced by an external magnetic
field (H). The relation of magnetization in materials is!?2

M = xH, (H.2)
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Figure H.3: (a) illustration the recording of each frequency from each side of
the Zeeman splitting by 16 values. (b) The magnetic images and the white
rectangular are the line cut measurement areas used to extract the AB of
cach Byyy. (¢), (d) The AB as a function B,,,. The linear fitting of each area
indicated the paramagnetic properties of WSy (e) The results of the average
line cut were fit by the Gaussian fitting after measuring the AB for both
areas.

H.3 Magnetic Stray Field and The Magnetic
field B-H curve of WS,

We applied the magnetic field from 0 to 70 mT by 5 values, B,,, = 4.4,
12.2, 22.4, 39.6, and 63.2 mT as shown in Fig. H.3(a). The Fluorescence
images of WS, flake were recorded into the sCMOS when the microwave
was applied. In the Fig. H.3(b), the magnetic images and indicating line
cut measurement areas are used to extract the stray magnetic field AB of
each By, which corresponds to M and H in the Eq. H.2, respectively. The
amplitude of AB was calculated by subtracting B,;, between the sample and
diamond substrate via the Gwyddion software for AFM image analysis.

We managed to identify the magnetic B-H curve y of WS, by a variation
of the slope of the stray magnetic field AB — B,,,, dependence. These slopes
help us estimate the magnetic B-H curve in each point or even multilayers
in WS, flakes. The magnetic B-H curve of this sample is 7.34x107° and the
linear fitting of AB — B,,, plotting is confirmed that the WS, 2D material
displays the paramagnetic behavior.
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Appendix 1

Instrument List

In this experiment, we set up the instrument on a standard vibration isolation
optical table. Some of the equipment and band companies are as follows,

1.

2.

10.

Laser Source: Sintec Optronics PSU-HFDA, MLL-U-532B-50mW.

ND filter: FW2AND, Twelve Station Dual Filter Wheel for @17 ()25
mm) Filters with Base Assembly, 10 ND Filters Included

Broadband Dielectric Mirror, 400 - 750 nm: BB1-E02 - 01”7

LA1509-YAG - f = 100 mm: 1”7, N-BK7 Plano-Convex Lens,
532/1064 nm V-Coat, Thorlabs

AOM Laser beam modulator: Panasonic model EFLM200AL2GW.

. LA1708-YAG - f = 200 mm: 1”7, N-BK7 Plano-Convex Lens,

532/1064 nm V-Coat, Thorlabs

. Iris pinhole: ID§/M

Single mode fiber optic cable: 488 - 633 nm, FC/APC, 900 um
Jacket, 2 m Long

. Dichroic beam-splitter: FF552-Di02-25x36

2D Galvo System, Silver-Coated Mirrors: GVS002
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Mounting Adapter for a 2D Galvo System, Metric: GCM102/M
Gimbal Mirror Mount for the 30 mm Cage System: KC45D1
Objective lens: Olympus LMPlanFL 100x /0.8 BD JAPAN

Long pass filter: LOPF-25C-635

Fiber Launch System: Free Space, Metric: KT110/M

Single mode fiber optic cable: 633 - 780 nm, FC/PC, ®3 mm
Jacket, 1 m Long

APD for photon counting: Excelitas Technologies SPCM-AQRH-
14-FC

Data acquisition (DAQ): National Instruments NI-DAQ USB-6211

Pulse Blasters: SpinCore PBESR-PRO-500-PCI (PCI board, 500
MHz)

Low-Harmonic RF Generator: SG6000F
RF Switch 502 DC to 5000 MHz: ZYSWA-2-50DR+

High power amplifier 502 15W 600 to 4200 MHz: ZHL-15W-
422-S+

Power Supply for AOM TTL mode: Yokogawa 7651 Programmable
DC Source

Power Supply for AOM Drive: DC Stabilizing Power supply AD-
8723D

DC power supply for MW amplifier: High reliability DC power
supply PAN 35-20
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