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Quantum sensing and nanoscale imaging
using scanning magnetometry with
Nitrogen-Vacancy centers in diamond

by Myeongwon Lee
Department of Physics

under the supervision of Professor Donghun Lee

Abstract

Magnetic field measurement and imaging is a crucial technology used in various fields,
such as physics, material science, geology, and medicine. However, current methods face
limitations, with either poor magnetic field sensitivity or low spatial resolution. For instance,
the superconducting quantum interference device (SQUID) method provides excellent mag-
netic field sensitivity (~ pT) but has low spatial resolution (< um). In contrast, magnetic
force microscopy (MFM) has better spatial resolution (~ 10 nm) but low magnetic field sen-
sitivity (< mT). These methods also require cryogenic environments or have limited quan-
titative measurements. To address these limitations, a new approach has been proposed that
combines a scanning probe microscope with a measurement method using nitrogen-vacancy
(NV) centers. This approach offers the potential for high spatial resolution (~ 10 nm) and
excellent magnetic field sensitivity (~ n'T).

Here, this dissertation presents an overview of NV centers and describes the measure-
ment principles and results. In addition, the experimental setup, which combines confocal
microscopy for single NV center measurement and scanning probe microscopy for imaging
the magnetic field using NV, and the measurement techniques are explained. At first, a mag-
netic field near a nanowire was measured using the confocal microscopy setup. The results of
the imaging and characterization of the magnetic field generated around a magnetic nanowire
are analyzed with micro magnet simulation. In the second case, scanning imaging techniques
were used to visualize the flow of current in graphene without performing transport exper-

iments. The magnetic field map was imaged above the sample and the current distribution



was reconstructed from the magnetic field map and compared with the 2D current simula-
tion. At third, the evolution of magnetic domains in permalloy was examined under external
magnetic fields. The magnetic images driven in static and dynamic magnetic fields are im-
aged by static field and Rabi frequency measurements and compared with static and dynamic
magnetic simulation.

The main results have demonstrated imaging magnetic fields on devices with current flow
and on magnetic materials using a scanning NV magnetometer. The distribution of current
flow in devices and the response of magnetic domains to external magnetic fields have been
determined using non-destructive magnetic field imaging. This research on magnetic field
measurement and imaging may serve the potential for spintronic device applications in addi-

tion to fundamental condensed matter physics research.

Keywords: Nitrogen-Vacancy centers, Quantum sensing, Magnetic imaging, and Scan-

ning magnetometer
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This dissertation is submitted for the degree of Doctor of Philosophy in Physics at Korea
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in the Ramsey sequence are detuned from the resonances by 61, d2, and J3.
(b) Obtained Ramsey signal displays beating patterns of three oscillations at
the detunings. The FFT of the signal shows three peaks at the detuning of 81,
02, and 93 (inset). The locations of these peaks will be shifted in the presence
of magnetic field from the nanowire. . . . .. ... ... ... ... ....

Comparison of the Ramsey measurement between two NV centers. (a) The
Ramsey data obtained from the NV centers marked in the confocal image (b).
For clarity, the plots are offset in y-axis. Due to detuning that was either too
large (for NV1) or too small (for NV3), only two oscillations are observable
in the measurement (see the text for further information). The fit results are
written in the graph. From the fit results of d2, we extract By at each NV
center: Byy = 40(20) uT for NVy, and Byy = 0(30) uT for NVs. (b)
Confocal image shows locations of the two NV centers. Scale bar, 5 pm.

Graphene point contact devices. (a) Optical image of device #1. A rectan-
gular shape of hBN-encapsulated graphene is patterned to have two narrow
channels in the middle (channel width is ~ 500 nm and their separation is
~ 2um). (b) Optical image of device #2. There are four point contacts at
the corners of a rectangular hBN-encapsulated graphene and their relative
separations are 3 pm, 5 um, and 5.8 um. The electrodes are electrically con-
nected to the graphene through holes in the top-hBN. The hole diameter is
~ 500 nm. Scale bars 3 um. (c) Graphene resistance vs back gate voltage.
To prevent the device from significant Joule heating, we maintain the resis-
tance below 5 kQ by applying +5 V gate voltage. (d) Schematic of imaging
the current profile between two point contacts. We define (x; y; z) Cartesian
coordinate such that the z axis is perpendicular to the graphene surface lo-
cated in the (x; y) plane and the x axis is along the direction of two PCs. The
dashed lines are equipotential contours and the solid line arrows indicate the
direction of current. (¢) Cross-section of the device #2. . . . . . . . ... ..
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5.5

Probing magnetic field via ESR. (a) Optically measured ESR spectroscopy
of the diamond NV center. The difference in the resonance frequencies corre-
sponds to the amount of Zeeman splitting that is proportional to the magnetic
field along the NV axis. (b) ESR data measured by frequency modulated
lock-in methods. (c) The resonance frequency is determined from the x in-
tercept of the frequency modulated data. (d) The histogram of the magnetic
field measurements shows that the minimum detectable magnetic field for 1 s
measurementis ~6.8puT. . . .. ... L L

Reconstruction of current density in device #1. (a) Simulated current density
with the supplied current of 100 pA. (b) Simulation of magnetic field along
the NV axis, BNy based on the current density in (a). (¢c) Measured BNy with
the scanning magnetometer described in Figure 5.1(d). The pixel size of the
image is 50 nm and it takes 1s of the measurement for each pixel. (d)—(f)
From the data in (c), we obtain the magnetic images of (By, By, B;). (g)—(i)
We reconstruct the current density of J,, J, and J (x,y) = (Jy, Jy) with the
help of the reconstruction method described in the main text. Note the color
and arrows in (i) indicate the magnitude and direction of J. The dotted lines
in all images are guidelines of the graphene. Note that the non-zero current
density in the shaded areas is an artifact from the reconstruction process. All
scale bars 500nm. . . . ... L L

Flow diagram of the reconstruction process. Using Ampere’s law and Fourier
transform, we first convert the real space data of Byy into Fourier space
counterparts of Bnv, By, f?y, and EZ. Using inverse Fourier transform, we
obtain the real space images of By, By, and B,. Or using Biot-Savart s law
and the model Green's function with Hanning Window, we calculate Fourier
space current density, J, and fy. With inverse Fourier transform, we convert
these into real space values of J, and J,. Finally we reconstruct the current
density, J(, ) = (JioJy)e « v o e e e e

Effect of the Hanning Window in the reconstructed current density profile.
The Hanning Window function used in the reconstruction process contains
the cut-off wavelength, 2. If it is too big (e.g. 4 = 640nm), find features
of J is not shown due to spatially averaged out. If it is too small (e.g. 4 =
40 nm), higher frequency components of wave vector k are not effectively
filtered out. For the figures in the main text, we used a value in between 1i.e.
A=160nm. . ... e
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5.6

5.7

5.8

6.1

6.2

6.3

Measurement with the opposite directions of current flow. (a) and (b) Mea-
sured By around a point contact in device #1 but with the reversed direction
of current; from left to right in (a), and the opposite in (b). (c) and (d) Ex-
pected BNy images according to the current direction in (a) and (b). (e) and
(f) Reconstructed current density based on the measurement in (a) and (b).
The dotted lines in all images are guidelines of the graphene channel. Note
that the non-zero current density in the shaded areas is an artifact from the
reconstruction process. All scale bars 200nm. . . . ... ... ... ....
Magnetic field measurement on device #2. (a) Scanned image of Bnvy. The
two top point contacts in the inset are used for the experiment and DC of
200 pA is supplied from the left to the right point contact. Scale bar 500 nm.
(b) The line cut profile along the dashed line in (a) shows that the measured
magnetic field is inversely proportional to the distance from the point con-
tacts. The shade indicates where the top electrodes [dotted curves in (a)] are
located over the point contacts. . . . . . ... ... ... ... ... ....
Reconstruction of current density in device #2. (a) Close-up measurement
of Bnv around the drain point contact (the right one in Figure 5.7). (b) and
(c) Magnetic images of (B, By, B;) converted from the data in (a). (e)—(g)
Reconstructed images of J,, J, and f(x, y) = (Jx,Jy). The dotted lines in
all images indicate a graphene edge. Note that the non-zero current density
in the shaded areas is an artifact from the reconstruction process. All scale
bars 200nm. . . . ...

(a) Experimental Schematics. Diamond probes hosting single NV centers
acquire static magnetic field and Rabi oscillation using ODMR on each posi-
tion of Py. Microwave ~ 3 GHz is used to excite magnetic resonance in NV
centers. Gold wire is used to generate the microwave. (b) Magneto optical
Kerr effect microscopy images. Each color shows direction of magnetization
of domains. It shows four magnetic domain around vortex. Scale bar 5 um. .
(a) Magnetic simulation of permalloy square. (b) Magnetic field simulation
on permalloy square. (c) Magnetic field imaging using ESR measurement.
All scalebars 2um. . . . . . . . .
(a) ESR signal is acquired photoluminescence as a fucntion of microwave
frequency. Magnetic field is measured by the frequency difference of valleys
in ESR. (b) Dual frequency measurement signal is proportional to magnetic
field. (c) Magnetic field imaging using dual microwave frequency imaging.
All scalebars 2um. . . . . . . . .
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6.4

6.5

6.6

6.7

Magnetic domain evolution in different magnetic field. The domain of east
side is parallel to external field with —y direction. Size of east side domain by
applying external magnetic field. (a,b,c) Domain shows with varying exter-
nal magnetic field for 0.6 mT, 1.0 mT, and 2.0 mT. The position of vortex
moves to right side by external field —y direction. (d,e,f) Magnetic field sim-
ulation by dual-iso imaging method. (g,h,i) Scanning images. All scale bars
UM L L e 102
(a) Map of ESR contrast. (b) Rabi frequency is calculated from ESR contrast.
(c) Image of Rabi frequency. (d) Data of Rabi oscillation of each point labeled
in 1, 2, and 3. The frequency of oscaillation is Rabi frequency. (e) Rabi
frequency is calculated from the simulation of magnetization dynamics. All

scalebars 2um. . . ... L. e e 103
(a) The normalized amplitude of oscillating magnetization modulated with
frequency ~ 3 GHz for AM,, (b) AM, and (c) AM,. (d) The sinusoidal
magnetic field generated by magnetization oscillation in the first direction of
perpendicular with NV centers orientation. (e¢) The sinusoidal magnetic field
in the second direction of perpendicular with NV centers. All scale bars 2 um. 106
(a) Static magnetic field image in bias field B, = —-0.6mT. (b) Image of
ODMR contrast. (¢) Image of Rabi frequency. All scale bars 2 um. . . . . . 108
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2D Two-dimensional
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AFM Atomic force microscope

AOM Acousto optical modulator
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Height, unit in mm

Magnetic field sensitivity, unit in T/VHz

Nuclear spin operators, dimensionless operator in this dissertation
Intensity of photoluminescence, unit in kcps

Imaginary number, i = V—1. In a subscript letter, it means index.

2D Current density, unit in A/m

Current density, unit in A/m?

Current, unit in A

Boltzmann constant, kg = 1.380649 x 10723 JK~! =8.617333 x 107 eV K™!
Spring constant, unit in N/m

Fourier space vector, unit in rad m™"

Thermal conductivity, unit in W/ (m K)

inductance, unit in H = J A2

Length, unit in m

Wavelength, unit in nm

Volume magnetization, unit in A /m

Molar mass, Typically, unit in g/mol. But, here, kg is used.

Mass, unit in kg

Spin quantum number, integer or half-integer, dimensionless quantity
Nuclear spin quantum number, integer or half-integer, dimensionless quantity
Permeability in vacuum, pg = 47 X 107" H/m, H/m = N/A%2 = Tm/A
Bohr magneton, up = 9.2740100783 x 10724 J/T = 5.788 381806 0 x 10™°eV/T
Number of photons, dimensionless quantity

Unit vector, dimensionless vector

Refraction index, dimensionless quantity

Rabi frequency, unit in rad Hz

Solid angle, unit in sr

Angular frequency, unit in rad Hz

Power, unit in W or dBm = 10log;4(P in W) + 30

Normalized photoluminescence, dimensionless quantity

Pressure, unit in Torr, 1 Torr = 133 Pa = 133 N/m?

Probability, dimensionless quantity

Circular constant, 7 = 3.141592.. ..

Azimuthal angle in spherical coordinates, unit in rad

Phase, unit in rad

Nuclear quadrupole coupling, unit in Hz

Q factor in oscillator, dimensionless quantity

Resistance, unit in Q = J/(s A?)

Rotation on an axis, unit in rad
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Gas constant, R = 83144 598 J/(mol K)

Radius, unit in mm

Distance vector, 7 = xX + yy + zZ, x, y, z in Cartesian coordinate, unit in m
Electric charge density, unit in C/m3 = A s/m?

Density matrix, dimensionless matrix

Spin operators, dimensionless operator in this dissertation, So, S, |ms) = my |my),
[S1, Si] = i€mnSk, 52 = S(S + 1), where €;,,,, denotes the Levi-Civita symbol.
Optical saturation parameter, dimensionless quantity

Stefan-Boltzmann constant, o = 5.670374419 x 107 Wm2 K*

Pauli matrix, o = 1= (39) . o = (04). o = (95). 0 = (3.9)
Temperature, unit in K

Longitudinal relaxation time or spin-lattice relaxation time, unit in s
Transverse relaxation time or spin coherence time, unit in s
Inhomogeneous dephasing time or free induction decay time, unit in s
Time, unit in s

Evolution time, unit in s

Thickness, unit in m

Polar angle in spherical coordinates, unit in rad

Unitary operator, dimensionless operator

Voltage, unitin V = J/C =kgm?s3 A~}

Velocity, unit in pm/s

A ket represents a wave function in bra-ket notation. cf. A bra (y|.
Density, unit in kg/m?
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Chapter 1

Introduction

“Seek, and ye shall find.” Matthew 7:7 and “Seek out Terra Incognita”
from Don Eigler’s talk “There’s Plenty of Room Beyond The Horizon” [1].

Diamonds are one of the most well-known gems [2], shown in Figure 1.1(a). There are
multiple factors that determine the value of a diamond, but there is a representative factor
known as ‘4C’ [3], which includes ‘Carat’, which indicates weight (size), ‘Clarity’, which
indicates transparency, ‘Cut’, which determines how a diamond reflects light, and ‘Color’,
which denotes the hue of the diamond [4]. As shown in Figure 1.1(b-f), natural diamonds
appear in a variety of hues. This color is a result of atoms within the diamond crystal not
being in their original position or being replaced by impurities. A color center is a defect that
absorbs and emits light of a specific wavelength. Among these color centers, the Nitrogen-
Vacancy (NV) centers in diamond have been studied because of their properties [5, 6]. This
dissertation will discuss how the NV center in diamond is used as a magnetic field sensor
and its applications [7-10].

Quantum information science is important for various reasons since it integrates quan-
tum mechanics and information theory to facilitate the advancement of novel technologies
and capabilities not only fundamental science, but also economic [11, 12] and technological

growth [13]. The primary reasons for its worth are given below.
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Figure 1.1: (a) The Hope diamond. Photo taken at Smithsonian National Museum of Natural
History, July 2022. (b) Natural colored diamonds. Photo taken at Natural History Museum
of Los Angeles County, August 2017. (c¢) Diamonds under a daylight lamp. (d) Diamonds
under an UV light. Photo taken at American Museum of Natural History, August 2022. (e)
Cut coloured diamonds (f) Natural colored diamonds. Photo take at Royal Ontario Museum,
August 2022. (g) 2x2x0.5mm?(= 7.04mg = 0.0352 carat) CVD diamonds on a 2 " wafer.

(h) 2 x 2 x 0.5 mm?® diamond after NV center treatment glowing red shined by green laser.



The first is quantum computing. Quantum computing is a subfield of quantum information
science that focuses on the construction of computers that process information using quantum
bits (qubits) instead of classical bits [14, 15]. Quantum computers use quantum physics
principles, such as superposition and entanglement, to do calculations faster than classical
computers. This helps them to handle complex problems in a variety of fields, including
cryptography, optimization, materials science, and drug discovery [16, 17].

The second is quantum communication. Quantum communication is the transmission and
processing of quantum information using quantum systems [18]. The aim of this is to develop
secure and effective communication channels that utilize the unique capabilities of quantum
mechanics. Quantum communication technologies include quantum key distribution, which
provides ultra-secure message encryption and decryption, and quantum teleportation [19, 20].

The third is quantum simulation. Quantum simulation is the research and development of
techniques to simulate and calculate Hamiltonian using quantum systems [21]. Quantum sim-
ulators can be used to research the behavior of complex quantum systems, such as molecules
and materials, that are challenging or impossible to study with classical approaches. Quantum
simulations can provide insights into fundamental physics, quantum chemistry, and materials
science, advancing drug discovery, and material design [22].

Quantum sensing and metrology are the last. Quantum sensing and metrology are focused
on the development of high-precision measurement techniques and instruments that rely on
quantum phenomena [23]. Due to quantum mechanics, quantum sensors and measurement
devices can be more sensitive and accurate than the classical limit. Quantum metrology ap-
plications include atomic clocks, gravitational wave detection, and high-resolution imaging
[24, 25].

In summary, quantum information science covers quantum computing, quantum commu-
nication, quantum simulation, and quantum metrology, all of which apply the principles of
quantum mechanics to develop quantum technology. Quantum information science can re-
alize the quantum advantage and overcome the classical limitations. The current situation is
in a noisy intermediate-scale quantum (NISQ) era where quantum advantage is not yet real-

ized. Quantum information science is growing rapidly due to the huge potential of this field
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of study. In addition, the interest and investment of each country in quantum information

science are increasing [13, 26-29].

Using the unique quantum features of these defect structures, quantum sensing with NV
centers in diamonds produces highly sensitive and precise sensors, especially for magnetic
fields [30]. Several properties of the NV center make it an attractive candidate for quantum
sensing.

The electron spin state of the NV center is relatively stable and has long coherence times,
allowing it to maintain a quantum state for a long time. Its stability is important for precise
sensing and enables precise measurements even at ambient temperature [31]. The electron
spin state of NV centers can be optically initialized and read, making it convenient for exper-
imental setups [32, 33]. It is possible to initialize the spin state of the NV center by shining
a laser on it, and the fluorescence emitted by the NV center is related to the spin state. The
electron spin state of the NV centers is sensitive to magnetic fields [34, 35], electric fields
[36], temperature [37, 38], and strain [39]. Magnetic field sensitivity enables highly precise
detection and measurement of these fields. The NV center’s energy levels split under an ex-
ternal magnetic field, a phenomenon known as the Zeeman effect. Therefore, the magnetic
field can be measured quantitatively, and magnetic field sensing has been studied.

The advantages of NV centers make them suitable for utilization with a variety of de-
vices and scanning probes. Its unique properties enable the construction of highly sensitive
and precise sensors with high spatial resolution and operation from low temperature to room
temperature [40—42]. Following are some of the most important advantages and characteris-
tics of NV centers The quantum properties and long coherence time of NV centers make it
possible to detect weak magnetic fields with sensitivities as low as n'T or even pT [34, 43].
This high sensitivity is advantageous for situations in which the detection of tiny magnetic
field changes is required [44, 45]. The NV centers in diamonds can be placed close to the
sample of interest, allowing nanometer-scale measurements with high spatial resolution [46].
Its spatial resolution is advantageous for imaging magnetic materials and spintronics devices.
It is feasible to create and control NV centers at the nanoscale and fabricate them so that they

may be integrated into a variety of devices and scanning probes [47-50]. Its scalability allows



for the creation of high-resolution sensors and imaging systems. NV centers show quantum
states that are stable under a variety of conditions [51, 52], and diamonds are chemically sta-
ble [30, 53, 54]. Therefore, they can be utilized for precise and reliable measurements. Its
stability enables the incorporation of NV centers into devices and scanning probes without
degrading their sensing capabilities. This makes them valuable in a variety of fields, includ-
ing materials science [55], biophysics [56], geophysics [57], and medical imaging [58, 59].
In conclusion, the advantages of NV centers, such as high sensitivity, high spatial resolution,
scalability, and stability, make them suitable for scanning probes [60, 61]. These character-
istics enable the fabrication of highly sensitive and precise sensors that can be utilized in a
wide variety of applications that cover different fields. We will describe how to do this and

its applications.

The dissertation is structured as follow:

» Chapter 2 introduces the electrical, optical, and spin structure of the basic NV center
and magnetic field sensing using it. The result of measuring the basic NV structure,
the method of coherently manipulating the spin, the result of this measurement, and

the theoretical background will be discussed.

» Chapter 3 describes experimental details of NV center scanning microscopy. The
scanning NV center microscopy is constructed with confocal microscopy, electrical
systems, microwave control, and tuning forks scanning probe microscope. We will

discuss why these devices are used and how they work.

» Chapter 4 presents the magnetic field imaging of a single ferromagnetic nanowire.
These experimental results were performed before the construction of the scanning
probe microscope. The imaging results from magnetic field sensing using confocal

microscopy will be discussed.

 Chapter 5 presents the imaging result of the current profile on graphene point contacted
devices. The current map reconstruction method from the magnetic field map imaged

by a single spin will be discussed.



Chapter 1. Introduction

* Chapter 6 presents the coherent magnetic field oscillation generated on a driven mag-

netic permalloy. Static magnetic field imaging and the coupling between NV center

and magnetic field generated by dynamics in permalloy will be discussed.

» Chapter 7 serves as the conclusion of this dissertation and summarizes the findings of

the experimental study using NV centers. Additionally, the prospects and direction for

further research will be discussed.
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Chapter 2

Quantum Sensing with Single Spin in

Diamond

2.1 The Nitrogen-Vacancy center in diamond

The NV center in diamond is a point lattice defect. It is made of two nearby carbon atoms
replaced by a nitrogen atom and a vacancy [33] shown in Figure 2.1. These NV centers
are like atoms trapped in the crystal lattice of a diamond. This diamond lattice provides
an environment that can protect the quantum state from boiling helium temperature [62] to
the temperature of the universe to boiling water temperatures to over the melting point of
aluminum near 1000 K [51] and in high pressure over GPa [52], the pressure being in deeper
than in the Mariana trench and core of the earth. The NV center is an electron spin qubit that
can be read or initialized using an optical approach, controlled by spin resonance, and has a
relatively long coherence time, therefore meeting the DiVincenzo and Loss criteria for spin

qubits [63].
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Figure 2.1: NV center structures. (a) NV center oriented along [111] crystal direction in a
diamond unit cell which size is 3.57 A. Carbon atoms are represented by black spheres, a
nitrogen atom is represented by an orange sphere, and a vacancy is represented by a dashed
lined circle. In a diamond unit cell, 18 carbons are positioned. So total 8 carbons are in the
unit cell. The diamond shown in Figure 1.1(g) made by ~ 3.52 x 102" carbon atoms. (b) NV
center in a different view. A symmetry axis z in NV center frame is indicated in a vertical red

arrow. Optical dipoles are allowed in two perpendicular directions to the symmetry axis.
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2.1. The Nitrogen-Vacancy center in diamond
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Figure 2.2: (a) Electronics energy level in the band gap of a diamond. There are energy states
of several charge states of NV centers and ionized nitrogen. (b) Charge state readout via

594 nm yellow laser.

2.1.1 Electronic structures

The Cs3, symmetry and the number of electrons trapped in the NV center define the elec-
tron energy structure of the NV center [64]. There are several charge states with NV center
shown in Figure 2.2 [65-70]. The neutral NV and positively charged NV* states do not
exhibit spin-dependent photoluminescence [71]. The electrically negatively charged NV~
state exhibits a spin-dependent change in luminosity, which is why it is being studied for
applications in metrology and quantum information purposes [72]. In this dissertation, the
‘NV’ center will denote the NV~ center.

This NV centers electronic energy is defined by three electrons from sp? dangling bond of
adjacent carbon atoms, two electrons from nitrogen, and one electron from the environment,
such as another impurity in the crystal [70, 73]. Because of the Pauli exclusion principle,

the dangling bonds can accommodate 2 electrons each, allowing a total of 8 electrons to be
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fully occupied. However, in the negatively charged NV center, there are 6 electrons, which
can be represented as having 2 hole defects depending on the model used [74]. It is a C3,,
symmetric group [75] because an NV center with such an electronic structure is symmetrical
for a 120° rotation but not when inverted. Therefore, energy states can be stated using the
Mulliken notation, such as A, As, and E [76]. According to this, the magnitude of the spin
angular momentum was expressed as 25 + 1 on front notation. So it is expressed as 349,144,

3E and 'E.

2.1.2 Optical transitions

Understanding the optical property of color centers is pretty simple. Let there be light,
which energy is larger than the color center energy. The color centers absorb this light and
emit photons with energy lower than that of the color centers. Now, the details of the optical

transition of the NV center are discussed.

Dipole radiation oriented perpendicular to the axis of symmetry produces optical light
emission in NV centers [77]. The level of optical transition is shown in detail in Figure 2.3.
First, considering the spin triplet state, the NV ground state 3A, and the excited state 3E are
separated by an energy difference of 1.95eV (637 nm, 471 THz) [70, 72]. This is called the
zero-phonon line (ZPL). At low temperatures, the >E state has an orbital structure, but at
room temperature it is broad and difficult to distinguish [39].

The transition between the ground state and the excited state is connected to the phonon
mode, which in general absorbs more energy and emits less energy [78], as represented by the
green and red arrows, respectively. Therefore, the NV center has a wide absorption spectrum
and may be efficiently excited with photon wavelengths of around 400 nm to 637 nm [70].
In this dissertation, a 532 nm laser is used for off-resonant excitation.

For the emitted photon, less than 4 % of the photons are released at ZPL [72], and the
dominant wavelength range is 650 nm to 800 nm. This wavelength band is called the phonon
side band. The |mg = 0) state and the |m; = +1) state are separated in a spin triplet. Quantum
states are displayed using the bracket notation. It is excited while conserving spin. After

excitation, it emits light with a decay rate of approximately ~ 10 ns, and returns to its ground
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Figure 2.3: NV center energy level focused its photonic state. (a) Optical transition levels.
In spin triplet, Green arrows refer excitation light such as 532 nm laser, and red arrows refer
emitted photons in phonon side bands. A black arrow refer the zero phonon line, and dashed
black arrows refer phonon decay. Intersystem crossing (ISC) between spin triplet and sin-
glet state are referred in dashed dark red arrows. In spin singlet, Solid dark red arrow refer
1042 nm transition in infra-red (IR) wavelength. (b) g‘? (r) correlation measurement for sin-

gle photon and fitted decay rate 5.2(32) ns. (c) Photoluminescence spectrum on wavelength.
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state [79]. However, there are spin structures ~ GHz that have a magnitude much smaller
than that of the optical level > 10> THz. In the ground state, it is as distinct as the zero
field split (ZFS) Doy = 2.87 GHz [72, 75]. Depending on the spin state, the optical transition
differs slightly. This spin dependence is a key component of the optical cycle of the NV
center. The NV electronic structure allows for an all-optical spin polarization method and
a spin-dependent photoluminescence readout mechanism, as discussed in the next section.
By applying these characteristics, it will be possible for us to accomplish optically detected

magnetic resonance of the ground state spin states and also single qubit gates.

Spin initializaiton
The capability to initialize a quantum state is an important criterion for a good quantum

system. Because of comparing with optical transition energy, thermal energy and ground

state spin state energy

Ezp1, =1.95eV = 637nm ~ 471 THz
> kBT|T=300K ~25.9meV = 6.27THz > kBTIT:4K ~ 345 “ev ~ 83.6 GHz (21)

> Dy =2.87GHz

, where kg is Boltzmann constant and NV ground state energy is Dy = 2.87 GHz, at thermal
equilibritum, the energy state of the NV center is electrically in the ground state. In a ground
state spin structure, the probability of the NV energy states is the same regardless of the spin
states in triplet. But, optical pumping can initialize the spin of the NV center in high fidelity.
This method has the ability to polarize the spin with remarkable fidelity, even under ambient
conditions.

The spin polarization method depends on the fact that the optical transition from the
ground state to the excited state is not totally closed. Because of transverse spin-orbit in-
teraction and the overlap of the vibrational wave function [80], the |mg = +1) spin popula-
tion enters an ISC about ~ 30 % of the time [81-84] and is non-radiatively transferred to a

metastable singlet structure with an effective lifetime of 300 ns [79]. Through a second non-
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2.1. The Nitrogen-Vacancy center in diamond

radiative ISC, the spin population of the singlet state converge to its ground state. As a result,
the initialization of the spin state in the ground state to the |m = 0) state will be effectively
performed by a number of optical cycles. The spin state can be initialized experimentally
by operating a 532 nm laser several times longer than its non-radiative decay lifetime. This

fidelity is limited by NV charge state hopping from-to NV [85].

Spin readout

The following information can be used to determine the spin state. The spin-dependent
fluorescence difference is confirmed by non-radiative decay through ISC and its longer life-
time than radiative decay. When observable, the optical contrast appears to be approximately
C ~ 30 %. To confirm this, a 532 nm laser pulse with a level similar to or less than the non-
radiative lifetime can be used.

As shown in Figure 2.4(a), After preparing the quantum states for |mg = 0) and |mg = 1),
a 50 ns measurement time window coordinated with a green laser was used. Time is the in-
terval between the measuring time window and the start of the green laser excitation for mea-
surement. But, because of the larger time window than the excitation stat life time ~ 10 ns,
early excitation analysis is not clearly shown here. As shown in Figure 2.4(b), the photolu-
minescence generated by the NV displays two features. First, in the |mg = 1) state, due to
the ISC channel and the non radiative decay channel, the photoluminescence appears darker
than in the |m = 0) state, when the photoluminescence is bright. The second is that there is
no difference in the amount of light after attempting to green laser pumping for more than
1000 ns due to initialization to |ms = 0). By integrating this signal, we estimate under which
conditions it is possible to obtain signal gain while maintaining spin-dependent contrast in
photoluminance. Figure 2.4(c) shows the result of accumulating earlier real-time data. The
average number of photons that can be acquired during a single measurement tends to in-
crease in both states, and the difference between them remains stable after 1000 ns without
further increase. In general, (N) ~ 0.03 photons are detected when a 400 ns time window is
used for a single-shot measurement. To compare the contrast of this measurement, we can

divide the difference in accumulation by |mg = 0). As shown in Figure 2.4(d), the contrast
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ment. “z” means pi pulse. (b) Result of depopulation time for time.

reaches its highest value approximately 300 ns, and the longer the measurement duration,
the more it approaches zero. If contrast is not considerably reduced when the readout time
is slightly increased, a readout time of > 300 ns is used, since it is possible to gain more
signal by gently raising the readout time. As shown in Figures 2.4(e-f), photon statistics was
demonstrated with different spin states. After preparing the spin state, data was collected by
performing a single measurement of 400 ns readout time and initialization for 5000 repeti-
tions in Figure 2.4(e) and for 50 000 repetitions in Figure 2.4(e). This measurement was taken
200 times and analyzed statistically. Since a single NV with a signal of nearly 70 kcps was
used for comparison, approximately (N) ~ 0.028 photons were measured at a readout time
of 400 ns and approximately 144.3(17) counts were acquired after 5000 repetitions. The
histogram on the right side of Figure 2.4(e) displays the counts in the |mg = 0) state, which
were fitted with a Poisson distribution to measure an average of 144 counts. In comparison,
when prepared in |mg = 1) state, an average of 102.8(14) counts is measured, as shown by
the histogram on the Figure 2.4(e) left. This distribution has a line width of roughly 13 and
11 counts, and there is overlap within the distribution, therefore it may be difficult to dis-
tinguish fully when measured. In comparison, when 50 000 repeats are counted as seen in
Figure 2.4(f), the two distributions are 1436.4(53) counts and 1020.1(44) counts, which are
far off from one another, making it easy to distinguish between them. Additionally, since

the line width of the histogram is 43 counts and 38 counts, the ratio of the measured value
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to the line width, namely the SNR of the measurement, is improved. Actually relatively, the

SNR of contrast for 5000 repeats is SNR5000 ~ 1441_3102 = 3.2 and for 5000 repetitions it is
SNR50000 ~ %‘;OQO = 9.6 . On the other hand, the spin-to-charge conversion technique
can be used to improve the SNR when measuring after a long period of time, such as a T;
relaxation measurement [86].

By exploring the dynamics in the spin readout and the depopulation time as a characteristic
of the NV centers, it is possible to transition from the excited state |m, = 1) to the ground
state |mg = 0) via the non-radiative decay channel. This time is called the depopulation time.
The timing length can be measured using the pulse sequence shown in Figure 2.5(a). The
process of measurement is outlined as follows. At first, |m, = 0) is prepared by initialization
and subsequently transformed into |my = 1) with the use of a  pulse. This 7 pulse will be
described in further detail in Section 2.2.2 on Rabi oscillation. Second, a short laser pulse
with ~ 100 ns is used to shelve it into the |mg = 1) excited state. The short laser pulse is

utilized due to avoid initialization spin state by a long laser pulse. Third, the spin readout is

performed after a duration of ¢.

The photoluminescence result shown in Figure 2.5(b) is acquired by measuring the de-
population time. Data is fitted by PLo + APLe ™7/ where 19 = (3.0 + 2.0) x 10% ns. After
shelving, it can be observed that nearly ~ 70 % of the population in the excited spin 1 state
show photons emitting within < 10 ns, subsequently returning to the ground state spin 1 state.
The remaining ~ 70 % of the population, however, undergoes non-radiative decay. There,
only ~ 70% of |mg = 1) will contribute to photoluminescence, which is relatively small.
On the contrary, after the depopulation time, the initial 30 % of the population decays to the
ground state |mg = 0). The spin readout shows that 30 % of |m,; = 0) and 70 % of |mg = 1)
contribute to photoluminescence, resulting in a relatively bright measurement.

The initialization process includes the depopulation process. The depopulation time is
due to the internal structures of the ISC and the non-radiativee decay channel. The power of
the pumping laser is not an important consideration for the depopulation time. Initialization,
on the other hand, is determined by the amount of transfer through the depopulation channel

produced by chances of pumping in the spin triplet. Consequently, a positive correlation
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Figure 2.6: Laser power and initialization and photon counts. (a) Normalized photolumi-
nescence result from time trace when initialization with different pumping laser powers. (b)

Initialization time for different powers. (c) Photoluminesence on different laser powers.

exists between the intensity of the laser and the speed of the initialization process.

The measurement process is simple. Initialization and pi pulse are used to prepare the
|ms = 1) state, and then laser pumping is performed, and the readout is taken after time r from
pumping. Figure 2.6(a) shows the result of the initialization measurement. The experiment
consisted of measuring initialization against time at varying laser powers, measured at the
objective lens back aperture. According to the findings, the beginning PL is relatively low
due to its state |m, = 1). However, with continued pumping, it moves bright because of
|mg = 0) state. The relationship between power and initialization time is inversely correlated,
whereby an increase in power results in a decrease in the time taken to return to |mg = 0).
Figures 2.6(b, c) illustrate how results can be investigated for pumping power. The data
presented in Figure 2.6(b) indicates a negative correlation between power and initialization
time. Specifically, as the power increases, the initialization time decreases. The data is fitted
by to/(1—e~F/P0) where 1y = 193(99) ns, and Py = 48(27) uW. The data presented in Figure
2.6(c) indicates that there is a positive correlation between power and PL, which eventually
reaches a saturation point. The data is fitted by PLy/(1 + P/Pg) where PLy = 359(50) uW,
and Py = 85(18) uW.
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Figure 2.7: Optically detected magnetic resonance. (a) CW-ESR measurement pulse scheme.
Optical pumping, microwave driving and photon counting are operated in same time when
the microwave frequency is varying. (b) Photoluminescence of ESR spectrum as a function

of microwave frequency.

Optically detected magnetic resonance (ODMR)

We confirmed that the NV center spin can be initialized optically in the same manner as
described previously and that the intensity of the light differs depending on the spin state.
This allows us to optically measure the paramagnetic resonance of the electron spin of the

NV center. This is known as optically detected magnetic resonance.

Easily validate this by observing the continuous wave (CW)-electron spin resonance (ESR).
As illustrated in Figure 2.7(a), while continually pumping a green laser, microwaves near the
NV ground-state energy are employed, and photons are continuously detected. The spin tran-
sition can be confirmed as the frequency of the microwave sweeps approaches the NV ground
state of 2.87 GHz. If the microwave frequency is not equal to the NV ground-state energy,
the spin remains in the |m; = 0) state and the light’s brightness remains. When the frequency
equals the energy of the NV ground state, the ground state transitions and the darkness of
light may be confirmed. The ESR of a single NV spin can be validated, as demonstrated
in Figure 2.7(b). Photoluminescence as a function of microwave frequency is derived from
ODMR. There is a dip on the spin resonance curve when the microwave frequency matches

the ZFS.

So far, we have only considered the optical difference between |ms = 0) and |m; = 1)

without making a distinction between |mg = 1) and |mg = —1). Now, the ground state energy
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will be investigated in more detail, and the optical detection magnetic resonance method for

measuring magnetic fields will be discussed in better detail.

2.2 Magnetic field sensing

One myth says that an ancient Greek shepherd tending sheep with an iron staff discovered
the staff attached to a particular rock. The rock was magnetite, and because the Magnesia
region of Greece is where this magnetite is found in abundance, it is believed that the magnet’s
name was Magnet. The sheep are also said to have been cared for by a shepherd named
Magnes, who gave the name [87].

Magnets have been a part of human existence since the beginning of history. Various spin-
tronics materials and devices are currently the subject of research, and the nanometer-scale
imaging technique is important not only for fundamental research but also for information
device applications. The Zeeman split of the NV center electron spin can be measured with

high spatial resolution and high magnetic field sensitivity.

2.2.1 Electron spin resonance with Zeeman split

The energy of the electron spin at the NV center can be calculated quantum mechanically,
and several quantum calculation methods follow this reference. Description of NV center

ground state Hamiltonian is start simply with

g//’l =D[)SA'§+)/GE' §
A . . . (2.2)
~ DoS? +¥eB.S; = DoSxy + YeBnvSnv

, where ground level crystal zero field split Dy = 2870 MHz in room temperature, electron
gyromagnetic ratio is Yo = gepun = 28 MHz/mT, and z-axis is NV orientation shown in
Figure 2.1(b) [30]. So, B, S . are written as Byv, Snv along the NV axis which will be used
to avoid confusing other coordinates. Other energy terms may be added such as hyperfine

interaction, temperature shift, strain, and electric field coupling, but let us focus on this for
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Chapter 2. Quantum Sensing with Single Spin in Diamond

now. Dy is a ZFS that takes |mg = 0, £1) to a quantum number. In addition, there is a Zeeman
energy term in which the electron spin is induced by a magnetic field. It is defined by the
gyromagnetic ratio of the electron y,. Because Dy is large enough compared to Dg/y. =~
0.1T, in B, < 100mT, it can be approximated. From this Hamiltonian, transition levels

between |mg = 0) & |mg = 1) and |m; = 0) < |my = —1) are calculated by
Joox1 = Do £ yeB; (2.3)

, where f'is ESR frequency, and B is magnetic field parallel to NV azis B||. We can determine
the magnetic field B, = Af /2y, from the two frequencies in the ODMR.
In only with perpendicular magnetic field with B, < Dy, transition frequency is calcu-

lated by

2 p2 2 p2
B B
fr=Do+2Bt £ =Do+ Tt
0

2.4)

, where f, is transition between |0) < |+), f_ is transition between |0) < |-), B, is perpen-
dicular magentic field B, = /B2 + B2, |0) =~ |0), |+) = % and |-) ~ Lf';” . Also,
in the case of a strong perpendicular magnetic field > 20 m'T, the PL is quenched, which is
used in magnetic field imaging [83].

But generally with two component of magnetic field with parallel and perpendicular, tran-

sition frequency is calculated by
3yeBt

=Dy xyB)+ <
fr1 0% YeBy+ 575

(2.5)

In this dissertation, we will focus on the parallel magnetic field Bxy = Bj. As showin in

Figure 2.8(a), photoluminescence signal was fitted by summation of Lorentzian functions

2/4 2/4
/ C /

TN =0\l -Cr—ermn S+

(2.6)

, where 7 is photoluminescence intensity, C is ODMR contrast, I" is linewidth defined by full
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Figure 2.8: ESR spectrum on varying magnetic field. (a) ESR spectrum on magnetic field.
(b) ESR spectrum with varying magnetic field. Darker V-shape shows Zeeman split. (c)
Comparison ESR result with different magnetic field. (d) Magnetic field sensing using PL

change.
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width half maximum (FWHM). This line width is typically defined by the rabi frequency
related to microwave power. But its downside is limited by the inverse of 7.} (called T two
star) time. We will derive this Lorentzian function in the Rabi oscillation Equation 2.11.
As shown in Figure 2.8(b), the ground spin states of the NV center are subject to change
by an external magnetic field via the Zeeman effect. Upon continuous illumination of the
pumping laser and GHz microwave photons, ESR transitions of |mg = 0) < |ms = —1) and
|mg =0) & |mg =+1) occur. The ESR signals appear as valleys in the photoluminescence
measurement due to the dark transitions associated with the |m; = +1) states. The sensitivity
of the DC magnetic field based on this method is determined by the minimum resolvable
frequency shift 6 f defined as 6 f = az\(;—%f’ where 0N is the minimal resolvable photon
counts and N is the number of photons measured [88].

From this resolvable frequency, minimum detectable magnetic field B,i, and magnetic

field sensitivity g is defined by

B = 6of NIt T
m Ye YeCIot/T )/eC‘\/.Zbl" 2.7)
M = Bunin Vi % —— |
B = Dmir ~
111 ,yeC»\/]_b

, where ¢ is total measurement time [89]. The magnetic field sensitivity is depending on ‘4C’
which includes ‘Collection of photons’, ‘Contrast of ODMR’, ‘Coherence time’ in single NV

center [34], and also ‘Concentration of NV centers’ in the case of ensemble [43, 90, 91].

The relationship between photon counts, contrast, and linewidth with laser power and
microwave power is illustrated in Figure 2.6(c), and Figure 2.9. Therefore, experiments are
performed after finding the optimal sweet spot for these powers. In a single NV center, the
magnetic field measurement sensitivity is several ~ pT/VHz, where linewidth is a couple of

tens MHz, contrast is between 0.2 ~ 0.3, and intensity is several tens of kcps.
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Figure 2.9: Contrast and linewidth are depending on laser and microwave power. (a) Contrast

vs. Laser power. (b) Contrast vs. Microwave power. (b) Linewidth vs. Microwave power.

2.2.2 Rabi oscillation

By fixing the microwave frequency to one of the ground-state transitions, we can effec-
tively consider a two-level system to simplify our calculations. So, its total Hamiltonian has
two parts. First term, the two-level system Hamiltonian is described stationary. Second term,
the oscillating magnetic field induced by the microwave is coupled to the electron spin in the
NV center. So, Total Hamiltonian is described by

H/h= Lo + Qg cos (wt + @) oy (2.8)
, where wg ~ 27 X 2.87 GHz is an angular frequency of the ground state transition, o, is the
Pauli z matrix, Qg is the Rabi frequency, oscillating magnetic field 27y B, depending on
microwave power, w is an angular frequency of the microwave near wy, ¢ is a phase of the
microwave, oy is the Pauli x matrix, basis [ms = 0) = [0) = ({), and [m; = 1) = 1) = (}).

We can convert these Hamiltonian in the interaction picture as known as rotating frame
(See Appendix A). In interaction picture, time independent Hamiltonian is chosen to change
frame from Shrddinger picture or Heisenberg picture. The total Hamiltonian is described

wo— W

Lo+

separately H = Hy + H,(t). At this time, we choose Ho/fi = 5o and Hi(t)/h=
QTR cos(wt + @)oy. The new form of ket vectors and operators is calculated with transform

using Up(t) = e~Hot where the ket vector is ) = Up(r)T |), and the Hamiltonian oper-
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ator is Hy (1) = U H1(t)Up. From this, Hy (t)/h = 2520, + & (cos() oy +sin(p)oy) +
QTR(COS(Q(UI + ¢)ox — sin(2wt + @)oy), where o, is the Pauli y matrix. Because the ro-
tating wave approximation can reduce terms with 2wt in fast rotating regime w > Qg, the

Hamiltonian is simplified as

N  Ae Qr . B Aw/2 Qpre ¥
Hy(1)/h = S0, + 25 (cos(p) oy +sin(p)oy) = _ (2.9)
Qre'? —Aw/2

, Where Aw = wg — w is angular detuning frequency. When we match the angular frequency
of the microwave w = wg with ¢ = 0 or ¢ = /2, we can rotate the spin on the Bloch sphere
on the x or y axis with Rabi frequency Qg.

Bloch sphere is a representation of the spin expectation values on or in the sphere [92, 93].
State can be written in /) = cos 6 |1) + sin fe’¥ |0). From this (8, ¢), the Bloch vector is
represented by S = (sin @ cos ¢, sin@sin ¢, cosO) on the Bloch sphere. In using density
matrix p = 3; pj|j) (jl, where p is density matrix, and p; is probability of |}, the Bloch

vector generally represents by

N 1+8 S, —-iS
p=|"" P =lu+S 5 =L : 2t (2.10)
o1 P00 Sy+iSy, 1-§;

This Bloch vector S can be ‘in’ Bloch sphere. In comparison with conventional notation, the
north pole of the Bloch sphere will be represented as the |1) state in this dissertation, so that
coefficient of o, in the Hamiltonian has a positive value and this procedure is connected by
the Rabi oscillation Hamiltonian above Equaiton (2.8).

Rabi oscillation can be performed with In-phase & Quadrature (IQ) modulation of mi-
crowave signal generator to control rotation axis of Bloch vectors. Probability of each state

started with pg(z = 0) = 1 is calculated

po(1) = cos®({Q2 + Aw?r) + Aﬁgﬁ% sin?(4/Q% + Aw?r)
__ 0% 2 02 + Aw?
pl(t)—msm ( r T Aw 1).
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Figure 2.10: (a) Rabi oscillation pulse scheme. Every pulse is synchronized. The microwave
pulse is controlled by a switch, and the measurement is performed by varying the duration
of the pulse. As the duration of the pulse varies, so do the relative positions of the laser and
photon count triggers. (b) Rabi oscillation measurement result. The spin state is readable via
photoluminescence. It begins in |m; = 0) and changes to |m; = 1) after ~ 200 ns. If we use

a ~ 100 ns microwave pulse, we can achieve superposition of spin states.

From this equation, We can confirm the Lorentzian curve on its coefficient on sinusoidal
term.

It is demonstrated in Figure 2.10. Normalized photoluminescence (PL) value can be used
to determine the spin state. This is the photon count of the signal divided by the photon
count of the reference. By fitting these time-varying PL data, it is possible to determine
the Rabi frequency and determine when the spin state changes. Its Rabi frequency is Qg =
27 %X 2.34(2) MHz. From this result, the transition time from |m, = 0) to |m, = 1) is 213 ns.
We call this time the m(pi)-time. This means that the spin rotated by 180° at this time. In
addition, we can determine % time, half of 7 time, rotated by 90°. These %, 7 time pulses
are used for other measurement such as Ramsey, Echo, 77, and dynamical decoupling. Rabi

oscillation can be used for magnetic field sensing. If our target microwave frequency is
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Figure 2.11: Ground state energy level and hyper fine interaction of NV centers with *N and

15N. Ground state crystal field split is Do = 2.87 GHz in room temperature.

matched with the NV energy level, we may determine the microwave amplitude from the Rabi
frequency. Furthermore, this Rabi oscillation measurement is limited by the spin relaxation
time 7. T} is dominantly impacted by high-frequency noise. Additionally, it can be utilized

for high-frequency measurement [23].

2.2.3 Ramsey measurement
The Hamiltonian of the NV center with hyperfine interaction with nitrogen nuclear spin

is described by

I:I/h=DOS§+’yeE'§
L o S A (2.12)
—yNB T+ A S I+ AL (Scly + Syly) + QI

, where nuclearspin gyromagnetic ratio is yn = gnup = 3.08kHz/mT for '“N and yn =

4.32kHz/mT for N, nuclear quadrupole coupling is Q = —5.01 MHz for "N and Q = 0
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2.2. Magnetic field sensing

for 1°N, hyperfine parameter are Ay = -2.14MHz, A, = -2.70 MHz for 14N and Ay =
3.03 MHz, A, = 3.65 MHz for 15N [94]. These main hyperfine parameters are Fermi-contact
interaction and off-diagonal terms are zero because of NV symmetry. So, ESR transition lev-
elsD—geueB,—A|, D~gepecB;, D—gepte B;+A | are definedin [ms; = 0 & —1,m; = -1,0,1)
of *N. And, D — geleB, — %A”, D —geeB, + %A” are defined in |my; =0 & —1,m; = i%)

of 1°N. And, Hamiltonian with other nuclear spin such as '3C is described by

_HoyeYih

TR 3(S-HT-#-§-1) (2.13)

H/h=
, where yo = 47 x 107" H/m is vacuum permeability, y; = 10.7 MHz/T is gyromagnetic
ratio of 13C, r is distance from a nuclear spin, and negative sign is due to negative electron

spin [95]. Typically, energy with '3C in within ~ nm? lattice is ~ kHz. There are 1.1 % of

8 atoms
(3.57A)3

We can focus on the NV ESR with weak microwave power to determine this nitrogen

x 1nm?® = 2atoms

13C in naturally without isotropic purification, So

nuclear spin energy level. As shown in Figures 2.12(a,b), the nuclear spin energy levels are
indicated. For Figure 2.12(a), it shows the energy level of NV center with *N. There are 3

valleys with transitions between
lmg=0,m; =-1,0,1) & |mg=1,m; =-1,0,1) (2.14)

states. For NV with °N, There are two energy levels in nuclear spin states. So, there are 2

valleys with the transitions between
Ims = 0,mp = +3) & |mg = 1,my = +3) (2.15)
states shown in Figure 2.12(b).
The Ramsey measurement is similar to pulse methods such as Rabi oscillation measure-

ment in principle but utilizes microwave pulses differently. To actually implement the Ram-

sey measurement, we must first determine the Pi time from the Rabi measurement. The
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Figure 2.12: Ramsey measurement. (a) and (b) Hyperfine structure of NV center with 14N
and '°N. (c) Ramsey experiment pulse scheme. There are 3 valleys in (b) with m; = 0, +1
transitions, and 2 valleys in (c) with m; = i% transitions. (d) Ramsey experiment on in

condition (b).
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2.2. Magnetic field sensing

Ramsey measurement requires the creation of a superposition of states and the subsequent
observation of their interference. The following is a detailed explanation on how to make a
Ramsey measurement on an NV center in diamond shown in Figures 2.12(c,d).

At first, the NV center should be initialized in the |mg = 0) state. This is often performed
by optically pumping the NV center to its ground state spin |m; = 0) using a green laser.
Initialization should take only a few microseconds. Two microwave pulses are required. It
is the initial microwave pulse. We apply a microwave pulse of duration 7 to the NV center.
This pulse is resonant with the transition between the spin states |mg = 0) and |m; = 1), and
provides a superposition of these two states. The Rabi oscillation frequency determines the
duration of the 7 pulse, which is typically on the order of several tens of nanoseconds. Let
the NV center freely evolve in the magnetic field for a free precession time 7. During this
interval, the superposition of states will accumulate a relative phase that is dependent on the
duration and the detuning frequency ¢; related to the magnetic field. The detuning frequency
6; is defined by

6i = fmw — fi (2.16)

, where fyrw is the micrwoave frequency represented by solid line shown in Figure 2.12(a),
and f; are the NV center transition energy on each hyperfine levels shown in dashed lines in
Figure 2.12(a). We apply a second microwave 3 pulse. This pulse rotates the superposition
states, causing interference of the |my = 0) and |m; = 1) states when the system is measured.
Shortly, we measure the x component of the Bloch arrow using the 7 pulse converting it to
the z component of the Bloch arrow that we can readout. Using readout pumping laser pulse,
we evaluate the state of the NV center. We determine the probability that the NV center is
in the |mg = 1) state by collecting the photoluminescnece. The intensity of the measured
photoluminescnce is correlated with the population under |m; = 1) conditions. Repeat the
experiment with various values of the free precession time. The collected data will show a
pattern of oscillations. Examine the data by fitting the Ramsey measurement to a sinusoidal
function with a decay envelope indicating exponential decay shown in Figure 2.12(e). The

decay time constant of the envelope is equal to the inhomogeneous decay time or the free
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Figure 2.13: Qualitative graphical description of decoherence and T} when Ramsey mea-

surement.

induction decay time T

This method is used for DC magnetic field sensing. The detuning frequency offers in-
formation on the Zeeman shift caused by the magnetic field when performing the Ramsey
measurement to estimate the magnetic field applied on the NV center. The Zeeman shift
is caused by the interaction between the magnetic field and electron spin of the NV center,
which causes splitting of its energy levels. The detuning frequency is extracted from the
Ramsey measurement data such as Figure 2.12(e). If the detuning frequency varies, the mag-
netic field change is detected by using a Zeeman split. The diffrence in the magnetic field
is described by Ad; = y.AB. The sensitivity of this measurement is confined to 7 in the

measurement. If the 73 is longer, smaller variations in the magnetic field can be observed.

Coherence and decoherence will be discussed to explain 7.). Decoherence is the loss of
quantum coherence of a quantum system. Quantum coherence is a feature that enables qubits
to remain in a superposition of states and complete quantum operations. The interaction of
qubits with their environment causes decoherence by inducing noise and random perturba-
tions into the quantum system [93]. This interaction makes the quantum state (pure state)
into a mixed state, resulting in the degradation of the quantum information contained in the

qubits.
In short, the superposition state is a state with a |0) and a |1). If the qubit is coherent, the

states |0) and |1) can interfere with each other, and if it is decoherent, the states |0) and |1)

cannot interfere with each other.

So, T will be described as an example. The inhomogeneous dephasing time 7} is a time
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2.2. Magnetic field sensing

of how fast this dephasing occurs due to the environment. In a system of spin qubits, such
as NV centers, for instance, T. 2* indicates the time it takes for the phase difference between
the qubits to become randomized because of fluctuations in the local magnetic fields. When
a qubit is exposed to a magnetic field, its state begins to precess about the the axis of mag-
netic field. The qubit would process coherently and retain their relative phases in a perfect
system. This is because both qubit states are accumulating up their phases. Nevertheless,
due to environmental factors, such as fluctuations in the local magnetic field, the qubit in
the ensemble will undergo slightly different magnetic fields, applying it to precess at slightly
different frequencies. In the graphical description using the Bloch sphere, dephasing corre-
sponds to the spreading or divergence of the trajectories of an ensemble of precessing qubits
around the magnetic field axis, as shown in the dark red arrows in Figure 2.13. This causes
the distribution of qubit states on the Bloch sphere to become more widespread, like dark red
arrows, resulting in a loss of phase coherence between the qubits. So, the length of the red
arrow that is the ensemble of the dark arrows decreases in the Bloch sphere. It is described
by decreasing to zero of the off-diagonal components in Equation 2.10.

Techniques such as spin echo and dynamical decoupling (DD) can be used to minimize
the impacts of dephasing [96]. These techniques include applying a sequence of pulses to
the qubits in order to refocus the phase variations resulting from dephasing. Therefore, it
is capable of increasing the coherence time 7> beyond the inhomogeneous dephasing time
T}, providing more robust quantum operations. Therefore, echo measurement and 75 will be

discussed.

2.2.4 Echo measurement

We will discuss dynamical decoupling such as a Spin-Echo (or Hahn-Echo) and how to
use this method for quantum sensing. In general, it looks like the Ramsey measurement. The
difference is that a & pulse is added in the center of evolution, as shown in Figure 2.14(a).
This 7 pulse can rotate the spin, eliminating phase accumulation that occurs during evolution
times with 7. This will be shown with a Bloch sphere in Figure 2.14(b). During the first of

evolution, phase ¢; is accumulated. The Bloch arrow then revolves around the y-axis with
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Figure 2.14: Hahn-Echo measurement. (a) Pulse scheme of Echo measurement. (b) Graphical
representation of Echo measurement in the Bloch sphere. (c) Echo measurement example

with ESEEM in 15N.
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Figure 2.15: T} measurement (a) Pulse scheme of 77 measurement. If the 7 pulse displayed
in the dahsed round bracket is utilized, it prepares |1) state, and if it is not, it prepares |0)

state. (b) Result of 77 measurement. There are two results prepared at |0) and |1) states.

the m-pulse to reach the equator. The phase @2 then accumulates during the second evolution.
The 1 and @5 will be equalized and canceled each others if 6, () is induced by a DC field
independent of time. Consequently, applying again the 5 pulse will allow the spin to return
to its initial condition of |0) state. However, if an AC field with a period equal to 27 exists,
the phases will not cancel and the two phases will constructively interfere. In contrast to
the Ramsey measurement, the Echo measurement reduces DC noise by not detecting the DC
field and shifting a noise-sensitive frequency by % This noise-sensitive area is known as the
filter function, and it may be determined by using different dynamical decoupling methods

[97]. So, this Echo measurement could be used to AC fields sensing.

Figure 2.14(c) shows the results of the Echo measurement. In this case, the envelope
obtained from the echo measurement depends on the coherence time 7>. The envelope of the
NV center with 1°N, which differs from 4N, presents a ~ 3 MHz oscillation. The oscillation

in the envelope is produced by electron spin echo envelope modulation (ESEEM) [95].

2.2.5 Spin-lattice relaxation measurement

The time taken to reach thermal equilibrium is the spin-lattice relaxation time 77. Accord-

ing to Equation 2.1, the energy at the ~ GHz level of the NV ground state is significantly less
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than the thermal energy. The partition function calculation results in the probability of the
NV center being in all ground states in thermal equilibrium is almost the same. Using optical
or electron spin resonance techniques, we can modulate the spin state of the NV center |0)
or |1), but at thermal equilibrium it becomes a mixed state with the same probability in all
states. This 7, time is affected by the temperature. Temperature has a major effect on the
T: time of the NV centers. At low temperatures < 100 mK, the 77 time can be measured
in ms or even longer, but at room temperature it can decrease to several tens of pus or even
shorter [62]. Also, it is affected by high frequency magnetic noise, so it is used to measure
high frequency magnetic fields [23, 86]. This 77 measurement is due to the fact that at higher
temperatures, the system is more dependent on interactions with lattice vibrations (phonons),
which might result in rapid energy dissipation and spin relaxation. This is simple to measure
experimentally. The Figure 2.15(a) shows two techniques, the first of which is to utilize a
7 pulse after initialization to get the spin to state |1) and then measure the spin state after 7
time. The second technique involves measuring the spin state after 7 time has finished after
initialization to state |0). Using both techniques, we can confirm that the time scales of the
two observations from spin |1) and spin |0) to the mixing state are identical.

This chapter covered the basic structures and measurement of NV centers. The next chap-
ter shows how to realize these measurements experimentally and utilize them to construct a

single scanning magnetometer.
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Chapter 3

Nanoscale Imaging Experiment Setup

We have a little compass known as the NV Center [88]. In this chapter, we will describe
an experimental method to explore solid-state physics systems by placing this compass on
a scanning probe microscope, which is a ship shown in Figure 3.1. A solid-state physics
system is one in which spins are ordered or whirled like vortex, or in which a current flows
and a magnetic field is produced around the current. To perform the experimental method,
we present confocal microscopy, a technique that can optically address and read individual
NV centers. In addition, the microwave experiment equipment used to realize the ODMR
and the electrical device used to detect the optical signal will be described. Finally, we will
describe how to connect the previous experimental setup with the scanning probe microscope

and how to use it to perform single spin scanning magnetometry.

3.1 Confocal optics

By utilizing a confocal microscope to optically measure the single electron spin of a single
NV center, research using a single NV center has begun to get attention [98]. In this section,

we will introduce confocal optics to address NV centers in diamonds.
Before starting about confocal optcs, all optical components and equipment written in

Table 3.1. are on an optical table. Using an optical table serves two purposes: isolating the
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HI, I’M NITROGEN-VACANCY CENTER IN
DIAMOND AS A MAGNETIC FIELD
SENSITIVE QUANTUM SENSOR. YOU CAN
READOUT AND INITIALIZE MY QUANTUM
STATE UNDER CONFOCAL OPTICS AND
MANIPULATE WITH SPIN RESONANCE.

N

I’M POSITIONED AT THE END OF
FABRICATED DIAMOND PILLAR. IT CAN
BE COMBINED WITH TUNING FORKS
SCANNING PROBE MICROSCOPE TO
ACHIEVE HIGH SPATIAL RESOLUTION.

WE CAN IMAGE MAGNETIC FIELD
GENTERATE BY SPIN SYSTEMS SUCH AS
FERRO-MAGNETIC PERMALLOY THIN FILM.

ALSO, WE CAN IMAGE MAGNETIC FIELD
ABOVE ELECTRIC CURRENT FLOW IN

2D MATERIALS SUCH AS GRAPHENE AND -
REPRODUCE CURRENT MAP _= ]‘SOUNDS INTERESTING :))

FROM MAGNETIC MAP. _711 SO HOW IS IT CREATED?

Figure 3.1: A cartoon describing dissertation experiments. In the middle of the figure is a
diamond probe with a small red arrow indicating to a single NV center. Above this, an optics
that focus a green laser and tuning forks at scanning probe microscope are attached to the
diamond probe. On the bottom left of the picture, there is a radio antenna that creates spin
resonance. Next to it are magnets that represent spin systems, and then there is a picture of
a current with electrons moving through it. On the far right, the orbital magnetic moment is

displayed. In the background, a cold iceberg is visible.
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Figure 3.3: Optical components of confocal microscopy. Each components details are written

in Table 3.1.

optics from external vibrations and fixing the optics. To protect the optics from vibration
noise, the optical table is made up of a few hundred kilograms of iron and columns that float
it above the ground. This is represented by an oscillator with a large mass and damping.
So, it has a low natural frequency, and is able to block the transmission of higher frequency

vibrations. Columns are suspended by nitrogen gas or pump pressure.

Figure 3.2 shows the vibrational characteristics that were measured using a geophone on
an optical table and its floor. A geophone is an instrument that uses inertia and electro-
magnetic induction to measure vibration and earthquakes. The velocity results are shown in
Figure 3.2(a) for time and Figure 3.2(b) for frequency spectrum. The displacement results
are shown in Figure 3.2(c) for time and Figure 3.2(d) for frequency spectrum. On the opti-
cal table, both the velocity and the amplitude of the displacement are reduced, and the high

frequency noise is also suppressed.
The description of confocal microscopy begins with excitation 532 nm CW laser. This

solid state laser is used for pumping NV centers in off resonant excitation. We used 532 nm

38



3.1. Confocal optics

Components Description Vendor Part No.

Laser 100 mW CW solid state 532 nm laser CNI MLL-III-532
F1 ND Filter Series, Optical Density: 0.4 Thorlabs NEO4A

M1-6 Silver Mirrors Thorlabs PF10-03-P01
L1 AOM Focus Lens ¥ = 125 mm Thorlabs LA1986-A

AOM Acousto-Optic Modulator, TeO2, 200 MHz  IntraAction ATM-200C1

L2 AOM Collimate Lens 250 mm Thorlabs LA1461-A

Iris Block Iris Diaphragms Thorlabs SM2D25

Fiberl Optical Fiber for Green Laser Thorlabs P3-460B-FC-2
L3 Fiber Couple Lens # = 6.2 mm Thorlabs C171TMD-A

L4 Fiber Port Lens ¥ = 11 mm Thorlabs C220TMD-A

LP Nanoparticle Linear Polarizer Thorlabs LPVIS050-MP2
HWP Half Wave Plate 532 nm Foctek WPC225H-532
DM Dichroic Beamsplitter 560 nm Semrock FF560-Di01-25x36
FSM Fast Steering Mirror, 2—axis, +1.5° Newport FSM-300-02

L5 Scanning Mirror ¥ = 300 mm Thorlabs AC508-300-B
L6 Scanning Mirror ¥ = 750 mm Thorlabs AC508-750-B
Obj. Scanner  Objective Piezo Scanner, 250 pm nPoint nPFocus250
Obj. Lens Objective Lens 50x Olympus LCPLFLN50xLCD
M7,M8 Broadband Dielectric Mirror 400 — 750nm  Thorlabs BB1-E02

F2 Notch Filters 532 nm Thorlabs NF533-17

F3 Long pass filter 594 nm Semrock BLP01-594R-25
L7 Fiber Collection Lens ¥ = 8.0 mm Thorlabs C240TME-B
Fiber2 Optical Fiber for Photoluminescence Thorlabs P1-830A-FC-2
APD Single Photon Count Module Excelitas SPCM-AQRH-10-FC

Table 3.1: Optical components used for confocal optics. The positions of the components are

shown in Figure 3.3.
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Figure 3.4: AOM delay measurement. (a) The pulse sequence for AOM delay measurement.

(b) Photoluminescence data vs. time result of AOM delay measurement.

CW with 100 mW power laser. The beam from the green laser passes through a couple of
neutral-density (ND) filters to optimize the focused laser power at the end of the microscope
and block the laser beam for returning to the laser as shown in F1 of Figure 3.3. This laser
beam is then aligned with the lens and Acousto-optic modulator (AOM) after being reflected
by two mirrors labeled M1 and M2. Because of their capacity to control both the position
and angle of the laser beam, the two mirrors are used in pairs. For instance, if we use a
single mirror to control the position, its position will determine the angle. However, using
two mirrors in pairs allows you to adjust both. The laser generates a beam that is collimated.
Furthermore, the laser beams reflected from the two mirrors are collimated. The laser beam
is focused on the AOM by passing through the L1 lens. Since the focal length of the L1 lens is
125 mm, the AOM is 125 mm away from the L1 lens. The AOM is a device that modulates
light using the acoustics of the inner crystal. Microscopically interacting phonons in the
inner crystal with photons traveling through the crystal changes the momentum of light. This
AOM is powered by a radio frequency of 200 MHz. While the AOM is not being driven,
the beam simply passes through the AOM; however, when the AOM is being driven, the
beam separates into light with various momentum. We can turn ON and OFF the beam using
only one of these separated beams. These AOM beams are collimated by passing through
the L2 lens. The focal length of the L2 lens is 250 mm, which is twice that of the L1 lens,
expanding the diameter of the beam by double. These beams are blocked at the aperture.
Only one of the beams can pass through the aperture, the beam that splits when the AOM is

driven. Therefore, we can only excite and read the sample when the AOM is driven.
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Let us describe the practical use of AOM. The AOM used in this instance is an element
of equipment that drives a mechanical oscillator. Therefore, running the devices takes time.
This AOM time delay should be synced with other pulses. Therefore, the AOM delay must be
measured, calibrated to the position of other pulses, and synchronized during the actual pulse
operation. The measurement method is simple, as shown in Figure 3.4(a). After pumping the
NV center for time ¢, photon counting follows. At this point, the photoluminescence starts
to drop. The AOM delay, which in the example of Figure 3.4(b) delay time is ~ 1300 ns,
defines the amount of time when the photoluminescence starts to decrease at this time. The
following pulse measurements will continue to apply this parameter.

The laser beam is now aligned towards the fiber port after the two mirrors following going
through the AOM and iris. Through lens L3, the laser is coupled to a fiber that is attached
to the fiber port. Fiber is utilized to isolate the laser part’s optics system from the confocal

part’s optics system and to filter the mode of the used green laser.

Here, a single mode FC/APC fiber with an operating wavelength of 532 nm is used. When
selecting a fiber, the wavelength of the light to be transmitted is considered to determine
whether it is not constrained by the cutoff wavelength. Additionally, the spatial mode that
can pass through the fiber must be given consideration, single mode and multi mode. The
diameter of the core of the fiber differs according to the mode. The diameter of single mode
fiber is smaller and can only capture light with a single spatial mode. Multimode fiber has
a wider diameter and can capture multiple types of light. We used a single mode because it
also functions to filter light. We utilized an FC/APC fiber with an angled cut at its end. This
enables more light to be emitted instead of being reflected off the fiber’s end.

To couple light from the free space to the fiber, lens L3 with a focal length of 6.3 mm
was used. The focal length of the lens L4, which collimates light from the fiber, is 11.0 mm.
When choosing the L3 lens, the numerical aperture (NA) of the fiber (0.1 — 0.14) must be
considered, in addition to the relationship 2/2F < N.A., where 9 is the diameter of the
beam, ¥ is the focal length of the lens. If the diameter is too large, for instance, the area
of light outside the incidence angle of the fiber cannot be coupled. The NA of L4 must be

greater than the NA of the fiber. The L4 used for collimation is approximately twice as large
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as L3, suggesting that the diameter of light passing through the fiber is approximately twice
as large. Ifthe M3, M4 mirrors are utilized properly to couple light to the fiber, approximately
70 — 80 % of the light arrives.

Light that has been collimated now travels via a linear polarizer and a half wave plate.
The linear polarizer is an optical component that allows only one polarization of light to
pass through and linearly polarizes it. Since we use a diode laser, the light is already over
95 % linearly polarized, but it is filtered again. The next optical component, the half wave
plate, enables us to modulate linearly polarized light by rotating the linear polarization to any
desired angle. This can be used to change the polarization direction. Although not used here,
the quarter wave plate can convert linearly polarized light to circularly polarized light. The
linear polarizer can be utilized over a broad range of wavelengths, but the half wave plate

can only operate to a single wavelength.

The light now travels aligned after two mirrors, M5 and M6, then onto a dichroic mirror
and a fast steering mirror before reaching the 4 — ¥ scanning system, which consists of L5
and L6. The dichroic mirror either reflects or transmits light, depending on the wavelength.
Therefore, we may use it to reflect the 532 nm used to shine the NV and deliver it to the
diamond, while allowing the 600 — 800 nm light from the NV to pass through to the photon
counting module. The fast steering mirror is a device that tilts the angle of the reflected light
by a small amount. It is used to scan the sample’s surface. A galvano mirror can be used
instead.

Let us now review the 4 — ¥ scanning system. The goal of this method is to image and
address a single NV center in a diamond and measure the photons it emits. To explain the
imaging process, we will first describe the configuration of the optical system as shown in
Figure 3.5(a). Following L5 at a distance of 75 from the fast steering mirror, L6 is at a
distance of ¥5 + 7. Lastly, there is an objective lens at the 74 distance from L6. 5 is the
focal length of L5, and 7% is the focal length of L6. Since four focal lengths of the optical
path are required, we call this 4 — # scanning optics.

First, let’s discuss the beam size of this optical system. When the collimated light is re-

fracted at L5, it becomes focused 75 from L5. Subsequently, the light spreads over a distance
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Figure 3.5: (a) Schematics of 4 — ¥ scanning microscope. (b) Collection from NV to the end

of objective lens. (c) Optical image acquired by confocal optics. Scale bar 1 pm.

of Fg and is refracted at L6. The light is collimated at L6 because it began at a distance of
Fe from L6. Finally, this increases the beam size by %, which makes the green laser beam
used to shine diamond. The end result is a beam spot large enough to fill the back aperture of
the objective lens. Filling the back aperture sharpens the light’s focus, thus minimizing the
depth of field. This will decide the object’s focal resolution. The diameter of the beam in the
direction of light collection from the NV will be reduced by a factor of % This beam size is
considered when designing the fiber port lens for the confocal part front of a single photon

counter.

The distance and angle of the laser beam are now described. When the fast steering mirror
is tilted at an angle of 6, the light is tilted at an angle of 26. The light reflected by 26 reaches
the optical axis at a distance equal to F5 tan(26). Light starting at a focal length 5 of L5 is
refracted parallel to L5’s optical axis. After going through #5+ %, light parallel to this optical
axis is refracted at position L6. At distance 7§, the parallel incident beam is refracted at L6

and passes through the optical axis. This is the location of the objective lens. The incident
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angle of the collimated light is equal to arctan(% tan(26)). Now that the collimated light
has arrived, the objective lens will focus this light at a distance of Fop;. And since the angle
of incidence is arctan(% tan(26)), light will focus on % tan(260)Fopb; as shown in Figure
3.5(b).

So, the field of view of this system is calculated by

FOV = ;Z tan(260)Fop; = 328% X tan(2 X (£26.2mrad)) X 3mm ~ +60 um (3.1)
, where all parameters are used in this dissertation. The fast steering mirror we used has 4
digit resolution, so it can be address and image single NV centers in diamond. When the
distance of the stage attached to the lens is adjusted, the focus position of the diamond in
depth could be adjusted. The stage could move by 100 pm, which is significantly less than
Fe to have no effect on the image. NV centers are imaged with this system in Figure 3.5(c).
In addition, a piezo stage can be used instead of this 4 — ¥ scanning system. It is slower, but
easier to make smaller.

We can roughly estimate the upper bound of photon counts at saturation from a single
NV center. It will begin with the excited state lifetime of ~ 10ns of the NV centers. It
is assumed that photons radiate uniformly in all directions, ignoring the optical transition
dipole direction. These photons are collected using an objective lens with 0.7 NA. NA is
specified by nsin 6, therefore light will be captured inside the solid angle defined by Q; =
foh d¢ f091 df sin 0, where 61 = arcsin(0.7) ~ Zrad. Unfortunately, the diamond refractive
index is n = 2.42, which is a high value. So many photons are caught and cannot exit the
diamond. The effective angle 62 = arcsin(sin8/n) is defined by Snell’s law as shown in
Figure 3.5(b). Therefore, the estimated value for the solid angle is 0.26 sr, which is 2 % to
the total solid angle 47 sr. To enhance this collection rate, there are study results that suggest
the fabrication of a wave guide in the shape of a diamond pillar or a solid immersion lens. In
this bare diamond case, The estimated upper bound of photon counts at saturation is computed

by
27 arcsin(NA/n .
1 /0 d¢f0 (NA/ )d9 sin(6)

NV 4 sr

PL =

~ 2 Mcps (3.2)
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where v 18 NV excited state life time, n = 2.42 is refraction index of diamond, and NA= 0.7
is numerical aperture of objective lens. In practice, however, a saturation value is on the
order of a hundred due to dipole directions, wavelength band, optical mode, polarization,
and optical system loss.

Thus, the light from the NV returns to its former path, passing this time across the dichroic
mirror. Subsequently, the light is reflected by mirrors M7 and M8 and aligned to the fiber port.
Broadband dielectric mirrors are used in this case to capture as much photon as possible from
the phonon sideband. This light travels to a single photon counting module after confocal
optics. Confocal optics is an optical imaging technique that removes out-of-focus light by a
pinhole. For instance, light collected from a source in front of or behind the focused NV is
focused in front of or behind the pinhole and cannot pass through because it is not focused at
the precise location of the pinhole. Light captured by a light source near to the focused NV is
focused near the pinhole and is unable to pass through it. A fiber can serve as an alternative
to the pinhole [97]. Because it may be directly linked to the fiber port of the single photon
count module, a fiber is used. In this case, the lens utilized to couple to the fiber matches the

following focal length

aIMFD 7 x1.2mmXx5.8um
s YT ax700mm  Comm (3-3)

, where A is the wavelength of the light, & is the diameter of the beam in this case defined by
back aperture of objective lens and % reduction ratio, and MFD is the mode field diameter

of the fiber.

3.2 Microwave and electronics setups

The microwave is electromagnetic radiation with frequency from 300 MHz (wavelength
isd = J% ~ 1m) to 3GHz (= 10cm) to 300 GHz (= 1 mm). The results of electron spin
resonance utilizing microwaves are read optically. The optical method was explained in

the preceding section. So, how do we process the data read optically? How are the lasers
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Components Description Vendor Part No.
Microwave Source RF Signal Generator DC to 4 GHz SRS SG384

Microwave Switch TTL Driven Switch, DC to 5 GHz Mini-Circuits  ZASWA-2-50DR+
Amplifier Amplifier 16 W, 1.8 GHz to 4 GHz Mini-Circuits ZHL-16W-43+
Circulator Microwave Circulator 2 GHz to 4 GHz MECA CS-3.000

Coupler Directional Coupler 2 GHz to 4 GHz MECA 780-dB-3.000
Pulseblaster(PC network)  Programmable Pulse Generator 500 MHz  SpinCore PBESR-PR0O-500-PCI
DAQ(PC network) Multifunction Data Acquisition NI PXIe-6363
GPIB(PC network) GPIB Module NI PXI-GPIB

AOM Driver RF Driver 200 MHz Isomet 535C-2

Table 3.2: Electronics and Microwave components. This is utilized to design a microwave

and measurement system as illustrated in the Figure 3.6.

and microwaves used in the experiment controlled? In this section, we will describe the
microwave and electronic equipment written in Table 3.2 and briefly explain how they are
utilized for the processing of data. As shown in Figure 3.6, every device is managed by
a desktop. The blue line represents the microwave transfer typically connected with SMA
cables, the black line represents the electronic connection, and the green and red line represent
optics. On the desktop, there are PCle slots for the PXI interface that connects DAQ and
GPIB, and PCI slots for the pulseblaster. The desktop-connected GPIB, Pulseblaster, and
DAQ will be described, but the description will begin with the GPIB to explain the microwave

element first.

The desktop-connected GPIB, Pulseblaster, and DAQ will be described, but the descrip-
tion will begin with the GPIB to explain the microwave element first. Using the GPIB, the
microwave’s power, frequency, and mode are mainly controlled. And through the modu-
lation section of the rare panel for the microwave source, the modulation is adjusted such
as I/Q modulation, frequency modulation, etc. This I/Q modulation is used to change the
phase of the microwave to define a rotating axis on the Bloch sphere. The modulation part of
this experiment is controlled by the signal from the pulse blaster. This microwave source’s
frequency range to cover the NV center ground state energy. The microwaves generated by
the source are sent through a microwave switch. The ON/OFF of the switch is controlled
by the Transistor—transistor logic (TTL) signal from the pulse blaster. So, we can gener-

ate microwave pulses with several tens of ns from microwaves using the pulse blaster and
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Figure 3.6: Electronic parts. Each components details are written in Table 3.2.

the switch. Microwave pulses are amplified in the amplifier with 45dB gain. So, it can
be achieved to m pulse time with several tens of ns (related to Rabi frequency ~ MHz, and
microwave amplitude ~ 0.1 mT). The circulator is a device that transmits microwaves in
one direction, similar to a roundabout road. This device helps to protect the amplifier. The
circulator has three ports: the signal entering port 1 is transmitted to port 2, the signal en-
tering port 2 is transmitted to port 3, and the signal entering port 3 is transmitted to port 2.
Port 1 is connected to the amplifier’s output, and port 2 is connected to the sample. When
the amplified microwave reaches the sample and the not terminated microwave is reflected
back, it returns to port 2, then exits through port 3, and then terminates. This prevents the
power from reflecting back to the amplifier. At the end of the circulator port 3, a coupler and
a terminator are connected. The coupler is used to double check the reflected microwave.
The circulator port 2 is connected to the sample PCB through a DC block and terminated.
On a sample PCB, wiring connected by a wire bonder is used to generate microwaves on NV

centers, or the PCB itself designed for an antenna generates microwaves.

In this section, our aim is to explain the role of the pulse blaster. The pulse blaster is
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Figure 3.7: AOM leakage reduction (a) Tank circuit diagram. (b) The Bode plot of the tank
circuit. (c) Double passed AOM optics.

a device that generates TTL signals synchronized at 500 MHz with 10 ns minimum pulse
width and 2 ns resolution, which are then used to produce and control pulses. This pulse
blaster is connected with five output usages. First, the first output is connected to the AOM
driver, which is used to turn the AOM driver ON and OFF. The AOM driver generates a
200 MHz RF signal that activates the AOM, ultimately enabling the control of the laser pulses
ON/OFF. The tank circuit in between will be discussed later. Second, the second output is
connected to the DAQ. The trigger is used to adjust the photon counting readout window,
which allows the number of photons to be counted within a specified time interval. Third, the
third output is connected to the microwave switch, which controls the passage of microwaves
and enables the use of microwave pulses. Finally, the fourth and fifth outputs are connected
to the microwave source. Specifically, they are connected to the frequency modulation and
1/Q modulation of the microwave source rear panel. Using frequency modulation is as simple
as plugging it in. In this case, the change is discontinuous and limited to a single frequency
difference modulation. However, in the case of IQ modulation, the pulseblaster signal must
be modified to utilize the entirety of +I, and +Q. For this purpose, an 1Q adder is utilized
This PCB is utilized between the pulseblaster and the microwave source. The +X, —X, +Y,

and —Y input signals of the pulseblaster are converted into two +I, and +Q output signals.

The Tank circuit, which is used as a noise eater in the AOM, is described. When the pulse
blaster is not activating the AOM driver, the AOM driver still outputs a weak 200 MHz signal.

This causes the AOM to operate, allowing light to pass even when the AOM is intended to be
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turned off. If light leaks out, there could be unwanted initialization during spin manipulation
in the dark state. To prevent this, a noise eater circuit is used. This circuit blocks weak
200 MHz signals when the driver is not in operation, while allowing strong 200 MHz signals

to pass through. Other frequencies are permitted to pass as well. To operate at 200 MHz,

1
27VLC”’

with two diodes (1N4148 or 1N914) with opposite directions and capacitance on the scale

the frequency f is defined by f = According to the value of f, the circuit is made
of pF, along with a coil with inductance on 0.3 pH, as shown in Figure 3.7(a), enclosed in
small Pomona electronics box. The results of the transmission measurement of this circuit
are presented in Figure 3.7(b). When power is low, RF cannot pass through at 200 MHz,
but it can pass through when power is 5dBm. In practice, when the AOM is turned on,
8.35 mW of the laser passes through, and when turned off, 8 uW of the laser passes through.
However, when the Tank circuit is added and the AOM is turned off, only 427 nW of the
laser passes through. Taking into account the initialization time, if 8 uW passes through, the
initialization time is less than 102 us. With the tank circuit, the initialization time of leakage
increases about 20 times to the ms level, providing better spin protection. Alternatively, a
similar effect can be achieved using a double pass AOM method [99], as shown in Figure
3.7(c).

We explain the DAQ system. First, the analog output of the DAC at DAQ is connected
to the FSM and the Obj. scanner shown in Figure 3.3, which is used to adjust the focusing
position at samples. The two analog outputs adjust the lateral XY position by controlling
the FSM, whereas another analog output adjusts the vertical Z position by controlling the
Obj.-Scanner. This allows for a 100 x 100 X 200 pm?® imaging area.

The optical signal part is described. The APD single photon count module (SPCM) used
for photon counting outputs a TTL signal (width ~ 10 ns) every time a single photon enters
the input fiber port. This output is connected to the counter at the DAQ. We only read the
signals that correspond to readout times, differentiating them from photon counts measured
during initialization, or dark current (~ 102 cps) based on Johnson noise (thermal or white
noise), etc. To differentiate these signals, we use the pulse blaster output, synchronized with

the AOM, as a trigger. The counter accumulates the number of TTL pulses from the SPCM.
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Figure 3.4(a) shows an example of pulses. There are two pulses (width ~ 50 ns) in the
signal section, which are width ~ 400 ns apart in the photon counting connected with DAQ
represented the solid red line. In addition, there are two pulses in the reference measurement.
The signals read by the counter in the DAQ are differentiated by the pulse blaster trigger.
By calculating the difference in the accumulated photon counts for each pulse blaster trigger
interval, the results are sampled as signal measurements, garbage measurement, and reference

measurements [97].

3.3 Scanning probe microscope

Various methods can be used to perform magnetic imaging of samples using NV centers,
as shown in Figure 3.8. For example, the simplest method, as shown in Figure 3.8(b), is to
place the sample on top of a diamond and measure the near NV centers to get a magnetic field
[100]. This method has the advantage of not requiring any diamond fabrications. However, it
has the disadvantage that the sample must be suitable for placement on the diamond, such as a
nanoparticle. Measurement of each NV center individually is also a disadvantage, making it
difficult to get continuous images and requiring interpolation to produce images. As shown
in Figure 3.8(c), it is possible to obtain magnetic field information by measuring the NV
centers of nanodiamonds sprinkled on a substrate with a sample [101]. This method has the
advantage of being able to measure various samples without any additional processing. How-
ever, it requires measuring NV centers in different directions each time, and measurement at
desired locations is limited. Magnetic field information can be obtained using wide-field-of-
view imaging with a diamond containing ensemble NV centers, as shown in Figure 3.8(d)
[102, 103]. This method has the advantage of being able to obtain continuous magnetic field
imaging and to finish the measurement fast. However, there are limitations to the types of
samples that can be measured and the measurement limit is restricted by the optical diffrac-
tion limit. As shown in Figure 3.8(a), diamond scanning probe measurements are possible
[104]. This measurement method offers the advantages of high spatial resolution, the ability

to continuously use the same NV center for measurements, and no destructive effects on the
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Figure 3.8: NV Imaging methods. (a) Scanning magnetic samples using a diamond tip. (b)
Magnetic sample on diamond substrate. (c) Nano-diamonds on magnetic samples. (d) Wide-

field of view imaging with diamond NV ensemble.

sample. However, there are disadvantages, such as the need to fabricate the diamond to an
optimal pillar structure and the relatively long scanning time.

In this section, the scanning probe microscope with the NV center is explained. There are
various scanning probe microscope methods, such as scanning probe microscope, but here
we focus on atomic force microscope (AFM). AFM is a microscopy technique for measuring
samples using the attractive and repulsive forces between atoms on the sample surface and
atoms on the scanning tip. This measurement provides the advantage of achieving nm spatial
resolution and even allows for atomic resolution measurements. AFM measurements can
be performed using optical methods to measure the cantilever motion, piezo self-resistance
methods, or tuning forks (TF) made of materials such as quartz crystal. Since we are already
using optical measurements and avoiding optical interference, we employ the tuning forks
method.

Continuing with the description of tuning forks, they are made of piezoelectric material,
such as quartz. Electrodes are connected to the surface and the end of the tuning forks. When
a voltage is applied to the electrodes, a mechanical motion occurs. The resonance frequency
of the tuning forks is determined by factors such as their length, width, and thickness dimen-
sions and the material properties of the quartz. Tuning forks with the resonance frequency
~ 32 kHz are commonly used. Their resonance frequency can be read electrically. The me-
chanical oscillator of the tuning fork can be related to an RLC circuit with the mechanical

values of damping constant, mass, and spring constant. These values can be used to calculate
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Figure 3.9: NV Scanning method. (a) A fabricated diamond probe. (b) Nano-diamond at-
tached at the end of AFM cantilever. (c) Mangetic samples attached at the end of AFM
cantilever. (d) Fabricated diamond pillars and mangetic samples attached at the end of AFM

cantilever.

amplitudes. This calculation will be explained after the description of the experimental setup.

Various scanning methods can be used, as shown in Figure 3.9. There are methods like in
Figures 3.9(a,b), where the diamond scans the sample, and methods like in Figure 3.9(c,d),
where the sample is attached to an AFM cantilever. The advantage of Figures 3.9(a,b) is that
there are fewer restrictions for the sample, but the disadvantage is that diamonds need to be
fabricated or attached. Furthermore, in Figure 3.9(b) [105], the spin properties of NV may
be worse compared to Figure 3.9(a) [106]. Figures 3.9(c,d) have the advantage of being able
to use multiple NV centers and the disadvantage of having limited types of samples that can
be used. Figure 3.9(d) [107] can obtain better optical properties compared to Figure 3.9(c)

[86]. In this dissertation, scanning using fabricated diamond probes is discussed.

The equipment used for scanning setups is described in Table 3.3. The outline of the

electronic structures is shown in Figure 3.10. This electronic structure is described here. We
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Figure 3.10: Scanning probe microscope electronics. Each components details in Table 3.3.

Components Description Vendor Part No.

Lock-In Amp. Lock-In Amplifier 500 kHz Zurich Inst. MFLI 500 kHz

DAQ Multifunction Data Acqusition NI PXIe-6363

Piezo Amp. Open-Loop Piezo Controllers Thorlabs MDT693B

XYZ Scanner Piezo-based Scanner, 50 x 50 x 24 um?®  attocube ANSxyz100std/LT/HV
Current Amp. Current Amplifier, Gain 5 x 107 V/A FEMTO LCA-100K-50M

XYZ Positioner Cryo Positioning Stage High Resonance ~ JPE Custom ordered CPSHR1-S
XYZ Pos. Controller  Cryo Actuator Driver Module JPE CADM

Table 3.3: Tuning forks based scanning probe microscope electronics. This is used to build

the scanning probe electronics as seen in the Figure 3.10.
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Figure 3.11: Confocal microscope images of diamond scanning probes. (a,d) UCSB probe
images. (b,e) QNami probe images. (c,f) QZabre probe images. Scale bars 20 um for (a-c).
Scale bars 5 um for (d-f).

can consider our system to be divided into two main parts: one is the lock-in amplifier used
for driving the TF and readout, and the other is the DAQ that controls the position of the TF.
At the start, the DAQ is explained. The DAQ reads the TF amplitude during scanning from
lock-in amp. and is used to decide the tip-sample distance and control the position of the tip.
The TF amplitude is read through the ADC analog input and the position of the tip is adjusted
using the DAC analog output. This analog output is used to control the piezo scanner stage
through a piezo amplifier. The XY voltages drive the scanner via a buffer which is based on
LT1167 [108] and a 300 Hz low pass filter and piezo amplifier. The 300 Hz low pass filter is
built using a passive RC circuit enclosed in a Pomona box. The gain of the piezo amplifier
is 7.5. The Z voltage is then passed through the adder and 300 Hz low pass filter to drive
the scanner enclosed in Pomona box. Voltage correction is added by a Lock-in PID feedback
in the adder which is based on LT1167 and LT1097 [108]. The piezo positioner is driven
by high voltage of the positioner controller module connected with usb to the desktop. It is
operated using the slip-stick motion [109] of a typical piezo motor. The piezo positioner and

piezo scanner parts will be discussed.

Detailed images of the scanning stage are shown in Figure 3.12. The XYZ positioner
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Figure 3.12: (a) Whole side view, and (b) Side view, and (c) Top view photo of scanning
systems. Scale bars 1 cm for (a-c). (d) Diamond probe, sample, microwave. (e) Diamond

probe and nano pilla on QZabre. Scale bars 10 um for (d,e).
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controls coarse movements, which are positioned using three piezo actuators. The home
built AFM head is assembled with screws on XYZ positioner. Also, diamond probes are
attached to the AFM head and electrically connected to the lock-in amplifier. The scanning
probes are from UCSB [40, 110], QNami [111], and QZabre [112, 113] as shown in Figure
3.11. The AFM head is fixed and the positioner is adjusted to control the relative position
of the tip and sample. The position is controlled by a combination motion of three piezo

knob actuator in +0.5 mm and can be manipulated within approximately < 1 X 1 x 1 mm?3

determined by

Ax -AN3 0 5\3
Ay A 24 A

Azq
Az 1| % % R . G

= —_— Z .
AR,| 3% -1 | N 2
23

ARy, -V3 0 V3
AR, 0 0 0

, where Az; 2 3 are motions of each piezo knobs, the height of positioner /# is ~ 34 mm,
the distance from piezo actuators & is 15mm, and ARy , . are rotations on each axes. For
this movement, the angles are coupled, but in practical use it will be a tilt of about < 1°.
The piezo scanner operates at room temperature in the 60 V range with 50 X 50 x 24 pm?
of movement, and adjusting the output by 1 mV results in 0.4 nm of vertical movement and
6.3 nm of lateral movements calculated by

_ 24pm

Az = G0V X 1mV ~ 0.4nm,

Ax, Ay = 50 pm

(3.5)

7.5 1 ~ 6.3 nm.
0V X x1mV nm

Amplifer

Electrical signal part will be explained.

The Lock-in amplifier is a device that measures amplitude and phase robustly against
noise. By using it, measurements can be made to suppress 1/f (pink) noise. Output and

input signals are mainly used, and the amplitude or PID feedback can be used for the utility.
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Figure 3.13: Schematics of tuning forks. (a) Drawing of a structure and electrodes of tuning

forks. (b) Equivalent RLC circuit of tuning forks.

The principle of the lock-in amplifier uses a local oscillator of a specific frequency and a
modulated output of the same frequency. When reading the input signal, the local oscillator
is used for demodulation, and the amplitude and phase are got from the demodulation. For
example, the operating principle is simply explained in the Figure 3.10. If the signal coming
out of the lock-in amplitude is called voltage output V,, (¢) = V, sin(w,t), the current driving
the TF is called /;. There is an invert buffer and 10 pF, but these will be explained later. This
current /; is amplified through a current amplifier and read as V; (1) = Vi sin(w,t + ¢) into
the lock-in amplifier. The demodulation process is as follows. Multiply an arbitrary input
signal V,,(t) = V,, sin(w,t + ¢) and a reference signal V,.(¢) = V;. sin(w,t) which is the local

oscillator. This is calculated by

V() =V, (0)Ve (1) = VnVr%(cos(wot + ¢ — wyt) — cos(wot + Wyt + @)
~ %anr cos(¢)

(3.6)
V% (r) = Vn(t)Vr’% (t) = VnVr%(cos(wot + @+ 5 —wpt) — cos(Wot + Wt + 9+ 7))

~ _%anr Sln(‘ﬁ)
where w,, ~ w,. If w, and w,, are similar, the term oscillating at w, +w,, is oscillating fast and
removed using a low-pass filter. In this way, only the frequency components matching the

reference are measured, and the noise is suppressed by measuring in the frequency reducing

1/ f noise. Through this, we can get the amplitude V; and the phase ¢.
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Figure 3.14: Lock-In signal. (a) Amplitude vs. frequency. (b) Amplitude vs. distance. (c)

Phase vs. frequency. (d) Phase vs. distance. (e) Comparison distance

The TF mechanism is described with one example what we used. When electric drive
occurs, an oscillation of TF is created as shown in Figure 3.13(a). The tuning forks moves in a
lateral shear mode. In general, the magnetic field of the sample varies more along the vertical
direction, so it is more beneficial to measure the magnetic field by vibrating the diamond
probe laterally. The TF have dimensions with length # ~ 3 mm, thickness ¢ ~ 0.3 mm,
and width z+ =~ 0.37 mm. An effective mass of TF is defined by meg = 0.2427¢(£Zw)

1

0.2 mg, where density is ¢ = 2.65 x 10% kg/m?, and a spring constant is defined by £ =

18w (%£)? =~ 7x 103 N/m, where Young’s modulus is & = 78.7 GPa [114]. So, its resonance

m’% - ~ 3 X 10kHz. As shown in Figure 3.13(b), This TF
eff

frequency is defined by f = 5=
is related with the RLC circuit with a parallel capacitance C. caused by electric contacts,
and wire connections. The TF resonance curve is transformed asymmetrically because of the
parallel capacitance. This parallel capacitance component causes the TF resonance curve to
be asymmetric. To compensate for this effect, the invert buffer is used to provide opposite-
direction modulation and is connected with 10 pF before the current amplifier [115]. The
capacitance 10 pF is enclosed in Pomona box. This invert buffer is based on LT1167, LF356

and Potentiometer [108].
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Figure 3.15: PL vs. distance from surface.

So, TF resonance curve for the amplitude and the phase is obtained as shown in Figures
3.14(a,c). In the frequency domain, we can see that it has a resonance of ~ 32 kHz, and
its phase shifts 180 deg around the resonance frequency. Also, depending on the tip-sample
distance, the amplitude and phase changes rapidly at closer to the sample as shown in Figures
3.14(b,d). For example, if we fix the frequency and move the tip closer to the surface and
determine the point where the amplitude changes rapidly, we can measure location of the
samples. The diamond pillar is not sharp, so it is difficult to reduce the amplitude to cause the
amplitude to change rapidly closer to the sample. This limits our ability to measure distance
at the atomic level, so we typically have a deviation of ~ 1 nm. In more distant regions, the
distance is estimated through the region where the PL curve is oscillating by reflection from

the sample or quenching near the samples surface showin in Figure 3.15.

So there are a couple of ways to check how much this TF is actually moving. We can
calculate the amplitude by comparing the mechanical energy dissipation to the driving power
[116]. The driving power is defined by Vims_71ms, Where Vi is the driving voltage which is
determined at lock-in output, and 7,1 is the driving current which is determined at lock-in
input divided by the gain of the current amplifier (5 x 107 V//A). The mechanical dissipation
is defined by —M, where the amplitude is «, and the Q factor is @ ~ 2000 in our cases.

Q
QVrms(,Z.rms
= —_— 1 37
@ 1/ o[ nm 3.7

The amplitude is calculated by
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Figure 3.16: Tuning forks amplitude measurement. (a) Optical images of single NV center at
diamond probe. Scale bars 1 pm. (b) Line cut of PL image where TF ON. (c¢) TF Amplitude

vs. lock-in input signal.

, where Voutput = 5mV, and Vippye = 1mV.

The other way is to measure optically and interpolate the results as shown in Figure 3.16.
Since the TF frequency is fast enough compared to the timescale of acquiring the confocal
image, we will be able to determine from the optical image where the velocity at both ends
is zero. An example of this is shown in Figure 3.16(a). The top image shows a single bright
spot represented the single NV when the TF is not vibrating. The bottom image shows an
image of the NV in the case of mechanical excitation. The NV image looks like a dumbbell,
expanding out to the sides. Also, the PL measurement is smaller than when it is at rest because
it is not in the same position all the time. We can get a line cut of this image and figure out the
amplitude, as shown in Figure 3.16(b). These measurements were repeated for each different
lock-in input and interpolated as shown in the Figure 3.16(c). This resulted in a relationship
of approximately ~ 1 nm/V, which is roughly similar to the previous calculation Equation

3.7.

The spatial resolution of these measurements is described in the Figure 3.17, where two
magnetic field sources are shown. Figure 3.17(a) illustrates two infinite current-carrying
wires separated by 100 nm and carrying 10 wA. The NV probe scans at a constant height
above them to measure the magnetic field. As the height increases, two factors can be ob-
served. First, the magnitude of the magnetic field decreases. Second, the line width of the

magnetic field is broaden. Above 70 nm, it becomes hard to distinguish the magnetic fields
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Figure 3.17: The spatial resolution of magnetic field imaging is determined by the distance
between the tip and the sample. (a) Magnetic field values along two parallel wires at different

heights. (b) Magnetic field values above two electron spins at different heights.

of the two wires.

In Figure 3.17(b), the distance between the two electron spins is 100 nm. The magnetic
field of an infinite wire follows ~ % relationship, while the magnetic field of a magnetic
dipole follows ~ %3 relationship. As a result, the magnitude of the magnetic field decreases
with increasing height. However, the magnetic field peak becomes less diffuse, allowing
to be distinguishable at heights of 100 nm. Thus, the spatial resolution is dependent on the

distance between the tip (NV) and the sample in both cases, as shown in the Figure 3.17.

3.3.1 Imaging method example for various magnetic samples

The methods for actually measuring in scanning. Various measurement methods are used
depending on the size of the magnetic field generated by the samples, in order to achieve
effective, and fast measurements. For example, when the magnetic field generated by the
sample is large and varies greatly in magnitude, the ESR spectrum must be measured over
the entire frequency range to find the position of valleys. Alternatively, there are cases where
the entire ESR spectrum is not necessary when we wants to quickly image the changing
pattern or domain of the samples. There are also cases where the magnitude of the magnetic

field is similar and the changes are small. Therefore, various measurement methods are

61



Chapter 3. Nanoscale Imaging Experiment Setup

7 @) © P(F,)-P(F,) (d) 4P(f)

c 0.2 0.2

o)

S o o.\/\ 0 \/\
T i 0.2 0.2

£ 2890 2900 05 0 0.5 05 0 0.5 2890 2900
9 f (MHz) AB (mT) AB (mT) f (MHz)

Figure 3.18: Example of ESR spectrum and magnetic field measurement scheme. (a) Draw-
ing of ESR spectrum as a function of microwave frequency. (b) The photoluminescence
P (fo) with regard to variations in the magnetic field when the frequency of the microwave
is set at fy. (c) The difference of PL P (f1) — P(f>2) with regard to variations in the mag-
netic field when the frequencies of the microwave are set at f; and fo. (d) The lock-in PL
AP (f) spectrum as a function of micrwave frequency. In the linear central area, The AP (f)

measurements at two frequencies can be used to find the frequency where AP (f) = 0.

complementarily used.

For example, we can get two valleys through full ESR measurements, and the magnetic
field can be measured through their positions. One examples shows in Figure 3.20(a), and
Figures 4.3(a,b). The advantage of this measurement is that it can directly obtain magnetic
field from the ESR measurement results and quantitatively measure the magnitude of the
magnetic field. However, the disadvantage is that the entire spectrum must be measured while
performing a frequency sweep. Consequently, the number of frequency positions measured
is large, resulting in a longer measurement time.

Figure 3.18(a) shows an illustration representing a valley of the ESR spectrum, and this
illustration shows an example to explain other measurement methods. For example, assume
that the ESR spectrum in applying a bias field is as shown in Figure 3.18(a). If we fix the mi-
crowave frequency at fy and measure the PL as a function of the magnetic field variation, the
result shows Figure 3.18(b). In this case, the PL is dark at the AB = 0 position and bright at
the AB # 0 positions. By fixing the frequency and performing normalized PL measurements
where microwave ON/OFF, a scanning NV image is obtained, as shown in Figure 3.19. This

image shows the contour of the magnetic field related to domains in magnetic films. Alter-

62



3.3. Scanning probe microscope

Normalized PL
(arb. units)

Figure 3.19: Examples for contour image of the magnetic skyrmion sample. This sample
is made with Ta(1.5)/Pt(2)/Co(0.3-1.5)/Pt(5)/Ta(2) on MgO(001) Substrate. As the external
magnetic field increases from (a) to (c), the magnetic image changes from zebra-like stripes

to bubbles-like patterns forming the skyrmions. Scale bars 5 pm.

natively, by using a different microwave frequency, a contour corresponding to a specific
magnetic field can be obtained. Also, these examples are compared with a full ESR image
shown in Figure 3.20(a) and contour images shown in Figures 3.20(c-g). This measurement
offers the advantage of simple and rapid imaging of samples and makes it easy to check for
domain changes. However, this imaging is that it provides only partial information about the
magnetic field. Furthermore, the range of magnetic fields must be larger than the frequency
corresponding to the ESR linewidth. In cases where the magnetic field variation is small, it
may be challenging to observe clear contours. For example, in Figure 3.18(b), if the changes

in the sample are greater than 0.3 m'T, then the contour measurement becomes meaningful.

Another method, similar to the contour imaging discussed earlier, involves using dual
microwave frequencies. By measuring the PL P(f1) and P( f>) at frequencies fi and f5 in
Figure 3.18(a) and subtracting P (f1) — P ( f2) values, the result shown in Figure 3.18(c) can
be obtained. In this case, the PL is linear to changes in magnetic field in the AB ~ £2.5mT
range. This PL can be used to convert the magnetic field. An example of this measurement
is shown in Figure 3.20(b), Figure 6.2(c), and Figure 6.3(g-i). This method allows for some
degree of quantitative measurement and is faster than a full ESR measurement. However, it
has the disadvantage of having a fixed dynamic range, and it is hard to use in magnetic field

values larger than the range.
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Figure 3.20: Various magnetic imaging of ferromagnetic film with IrMn(5). (a) Full ESR
measurement image. (b) Dual microwave frequency image. (c-g) Contour image with several

microwave frequency for picked magnetic field variations. Scale bars 500 nm.

Another method is the Frequency Modulation (FM) lock-in measurement technique. This
approach is similar to the lock-in measurement. It employs FM modulation of the microwave
generator, centering the frequency f and modulating the frequency within a range of Af,
such as ~ 100kHz. In this process, the measured PL is demodulated, resulting in a value
referred to as AP (f) shown in Figure 3.18(d). By measuring AP (f) near AB = 0 at two
points and determining the x-intercept of the frequency domain between these two points,
the precise location of the valley can be determined. The advantage of this method is that
it allows quantitative measurement by determining the ESR valley position. Additionally,
the use of the lock-in technique enables robust and precise measurements in noisy situations.
However, this method includes a limited dynamic range and the requirement of a frequency
modulation function. An example of this measurement can be seen in Figures 5.2(b,c), Figure

5.3(c), Figure 5.7(a), and Figure 5.8(a).
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3.4 Experiment in cryostat

These NV center experiments can be performed in a cold environment. Vacuum levels
and temperature and thermal transfer should be discussed for experimentation in cryogenic
conditions. Vacuum levels and a pump to provide a vacuum environment are discussed.
There are several units to present vacuum level. Typically, atmospheric pressure is described

by 1 atm which is same with
1atm = 1.013 x 10° Pa = 1013 mbar = 14.7 psi = 760 mmHg = 760 Torr. (3.9)

In this dissertation, Torr is used. The degree of vacuum and vacuum levels are divided by

» Atmospheric pressure 760 Torr 101 kPa
* Low vacuum ~ 1073 Torr ~0.1Pa
* High vacuum (HV) 107 ~ 1073 Torr 1 ~100mPa

Ultra high vacuum (UHV) 1071 ~ 10710 Torr 1 ~10nPa
» Extreme high vacuum ~ 10713 Torr ~ 1071 Pa

« Outer space 10717 ~ 1072 Torr 10715 ~ 1077 Torr.

In physically, the vacuum is comparable to the mean free path of a gas molecule and the
volume of a vacuum chamber. An appropriately high vacuum must be created to suppress
the condensation of gases such as vapor in the experiment [117]. These levels determine the
type of vacuum pump. For example, at low vacuum levels, a rotary pump is used. At higher
vacuum levels, a turbomolecular pump or an ion pump may be used. At low temperatures, a
cryo pump may be used for high vacuum. In addition to pumps, clean materials are required.
Dirty elements cause surface evaporation and make it difficult to produce a vacuum. Ultra-
sonic cleaning is used to remove an oil or matter and chemical cleaning with citric acids is

used to remove metal oxidation.
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Thermal transfer is explained to present how to make the temperature cold and a cool-
ing power of the cryostat. There are three types of thermal transfer such as ‘Conduction’,
‘Convection’, and ‘Radiation’ [118]. We are talking about heat transfer by conduction. The
temperature drops through the base plate connected to a cryocooler. Methods to prevent
heat transfer by radiation from room temperature are discussed. In the case of high vacuum,
the heat transfer by convection is small enough, but several methods for calculating it are

discussed.

For conduction, heat transfer is described in solid by

dr

P= KAE (3.9)
, Where « is thermal conductivity of the materials, A is area and x is distance between ob-
jects. This means that the larger the cross-section and the shorter the length, the more heat
it transfers. The heat of the base plate is transferred to the cryocooler and the base plate is
cooled. For the heat sink from a sample to the base plate, a ribbon made of oxygen-free
high-conductivity copper is used as shown in Figure 3.21. In addition, electrical connec-
tion can inject heat > 10 mW from the housing to the samples. Phosphorus bronze thin
wires are used to prevent conduction. For example, the thermal conductivities of copper are
k=300W/(mK)|r_4x = 700 W/(m K)|7-19k, and conductivities of phosphorus bronze
are k = 1.6 W/ (mK)|p_yx = 4.6 W/(mK)|7r219x- In the case of electric wiring as shown
in Figure 3.21, the phosphorus bronze wire with 36 AWG is used to avoid transfer heat from

housing shield (at 30 K) which is calculated by

30K -4K
X—

P=~46W/(mK)x (2.5 x 1078 m?)
0.1m

=0.46 mW. (3.10)
In the case of heat sink ribbons, the copper ribbon with the width of 2 cm, and the thickness

of 0.2 mm connected between base plate and samples is considered by conduction equation

10K -4K

P=~300W/(mK) x (4 x 107%m?) x
0.1m

72mW. (3.11)
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For better conductance, surface polishing or acid cleaning are performed on ribbons, and a

little N grease is spread for better thermal contact on surface.

For radiation, black-body radiation power is calculated by

P = AsoT?

169 (3.12)

Pip=A o (T} - Ty)

E1+EQ—E1E9

, where P is a radiation power, P; o is the power exchange between matters, the Stefan-
Boltzmann constants is o = 5.67 x 1078 W/(m? K*), an emissivity is &, and A is the area.
Radiation shields (at 30 K) are used to prevent thermal radiation heating between the base
plate (at 4 K) and the outer housing (at 300 K). The power of heat ~ 10 mW is radiated
through a circle ~ cm of diameter between 4 K and 300 K.

For convection, there are two types of thermal transfer such as the viscous regime and
molecular regime. At first, viscous regime is discussed in high gas pressure, where the mean

free path of the gas is larger than the size between two objects. This power is described by

dr
P=xA— 3.13
KA— (3.13)
, where k = k(T) is the thermal conductivity independent of pressure and % is the temper-
ature difference between the object. At second, molecular regime is discussed in low gas

pressure, where the mean free path of gas is smaller than the size between two objects. This

power is described by Kennard’s law

P i Dy A S Bl (3.14)
y-1 8tM T

, where accommodation coefficient @ depends on the gas species, y is the heat capacity ratio,

72 1s the pressure of the gases, M is Molar mass of gas (unit in kg here), R is the gas constant.

Power of this convection is smaller than < 1 mW in typical cryostat conditions.

So, NV experiment in low temperature requires the cryostat supporting high vacuum,
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Figure 3.21: (a) A block diagram of an optical cryostation. (b) Schematic of experiments

in the cryostat chamber. The radiation shield to prevent radiation is kept at 30 K, which

is the temperature of the first stage of the cryocooler, to prevent radiation heating at room

temperature. The upper part of the radiation shield has a hole for optical access through

which most of the radiation heat is transferred. Electronics pass through the radiation shield,

which inhibits heat transfer through conduction.
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Figure 3.22: Temperature and vacuum data were measured during the 36-hour cooling pro-
cess. (a) Temperature data. Due to the presence of samples and experimental equipment,
the cooling time is several hours longer. Stages 1 and 2 are the temperature of the pulse-
tube of the cryostat GM cryocooler. The temperature of the radiation shield is equal to the
temperature of Stage 1. It is cooled to ~ 30 K first and maintained at that temperature. The
temperature of the cold plate drops to ~ 4 K. The temperature of the sample drops to ~ S K.
The sample is close to the upper window of the chamber and receives a lot of heat transfer
> 10 mW through radiation from the outside, so its temperature does not drop further. (b)
Pressure data. A vacuum of < 1 Torr is created using a rotary pump before starting cooling.

During the cooling process, a high vacuum is achieved through a decrease in temperature and

a cryopump.
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cryogenic temperature, and an optical access. The s200 with custom hat design (Montana
instruments) is used for the optical cryostat as shown in Figure 3.21. It provides a cool-
ing power 50mW at 4 K, a high vacuum condition < 107 Torr, a low vibration < 10 nm,
and cryogen-free experiments. In this cryostat, the rotary pump is used to achieve low vac-
uum level. Also, a turbo pump can be used in addition to that. After a low vacuum level,
cryo pumps such as a charcoal column are used under the cooling condition to provide high
vacuum conditions. In this cryostat, a Gifford-McMahon cryocooler is used here. This cry-
ocooler uses a helium compressed in a compressor and expanded by a pump in the cryohead
to take away heat and cool the object. This cryocooler cooling power is temperature depen-
dent; as the temperature decreases, it decreases its cooling power. Thus, we can decrease
the temperature until thermal equilibrium is reached. Therefore, at approximately 3 ~ 4 K,
the cryocooler output is ~ 50 mW, which is equal to ~ 50 mW of heat transfer by radiation,
and the temperature is maintained. In addition, the ~ 10 mW of heat is generated during
the experiment using optics and microwaves. In this situation, the cooler can provide higher
cooling power at higher temperatures, so at higher temperatures, the sum of the heat gen-
erated within the device and the heat received from the outside balances the cooling power
at higher temperature ~ 100 mW|;_;ok. So the experiment can be performed at 8 ~ 10 K

shown in Figure 3.22.

In this chapter, we described the NV center experiments and how to make measurements

with them. In the following chapter, we present the results of our measurements.
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Magnetic Nanowire

From spintronics to recent biomedical applications, ferromagnetic nanowires attract grow-
ing interest due to their potential applications in nanotechnology, such as magnetic data stor-
age, logic devices, sensors and actuators [119-127]. In these applications, it is crucial to
realize precise control over time-varying magnetic properties such as domain wall motion or
locomotion of nanowire itself. In terms of the dynamical control, ferromagnetic nanowires
possess unique advantages owing to their combined geometrical properties of high aspect
ratio and cylindrical symmetry [124—131]. In spintronics applications, for instance, uniform
and stable domain wall motion is possible [128—130], and the Walker breakdown problem
can be surpassed by using ferromagnetic nanowires [131]. On the other hand, large mag-
netic shape anisotropy results in enhanced magnetic force and torque when an external mag-
netic field is applied, which allows for improved locomotion of nanowires [124]. In this
regard, ferromagnetic nanowires can act as untethered mechanical robots whose motion can
be wirelessly maneuvered by means of external magnetic fields. The motion capability of
ferromagnetic nanowires makes them promising biomedical platforms such as drug delivery
nanocarriers. For instance, the nanoscale machines driven into target biological systems can

deliver medications, actuate force/heat and probe local change within the systems [125—-127].
Despite the unique advantages of magnetic nanowires, monitoring and tracking their dy-

namics in fluids remains challenging as it requires precise measurement with high magnetic
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Figure 4.1: (a) Schematics of magnetic field imaging of single nanowire. (b) Bar magnet and

iron powders. (c) Bar magnet and compasses. Scale bars 2 cm.

field sensitivity, high spatial resolution, and stable operations in liquid environment. While
various sensitive magnetic measurements have been evaluated for magnetic imaging, satisfy-
ing all the conditions simultaneously is a demanding task. For instance, magneto-optical Kerr
effect microscopy, an optical imaging technique with magnetic contrast, provides relatively
fast imaging speed and may be applied to image samples in aqueous solutions [132—134].
However, it is based on optical detection making it hard to monitor the motion of nanowire
when it is located inside opaque biological cells or tissues. In contrast, magnetic force mi-
croscopy (MFM) is advantageous with regards to this issue since MFM measures magnetic
stray fields, which can penetrate biological samples more easily than light [135-137]. How-
ever, measuring fast changing magnetic fields while operating in solution is difficult for MFM
since it is a force sensitive scanning probe technique.

Recently a novel magnetic sensor based on nitrogen-vacancy (NV) color centers in dia-
mond has been introduced and successfully demonstrated magnetic sensing and imaging of
various biological samples [56, 58, 138—140]. NV center is an atomic-scale defect in dia-
mond whose spin states sensitively respond to small changes in magnetic field via Zeeman
effect. When negatively charged, the NV center exhibits a spin triplet configuration in the
ground state [30]. In the presence of a magnetic field, the NV center’s spin Hamiltonian can

be written as , I:I/h = DOS‘E + yeE S+S- Ay - f, where D = 2.87 GHz is the crystal-field
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splitting, ye = 28 MHz/mT is the gyromagnetic ratio of the NV electronic spin (i.e. S = 1),
B is a vector magnetic field, and Ay is the hyperfine coupling to the nitrogen nucleus spin
(e.g. I =1 for MN). The second term in the Hamiltonian corresponds to the Zeeman effect
which splits the [m = +1) spin states by an amount proportional to the magnetic field along
the NV’s quantization axis. The change in the spin states can be optically read out (optically

detected magnetic resonance; ODMR), and thus magnetic information can be recorded.

In this way, the NV center can detect magnetic stray fields from biological samples with
high spatial resolution and field sensitivity. The magnetic field sensitivity is in the order of
nT/Hz'/? for a single NV center [34] and can be smaller than pT/Hz'/? for NV ensem-
bles [43]. Furthermore, the host diamond crystal is non-toxic and biocompatible suitable
for biomedical research [30]. NV centers can also be operated in liquid environment and
have potentials to monitor ferromagnetic nanowires even inside biological samples. There-
fore, these unique properties make the diamond NV center as an appealing candidate for
nanoscale magnetic sensors for biomedical applications.

Here, we demonstrate magnetic imaging of individual ferromagnetic nanowires by mea-
suring magnetic stray fields around the wire with diamond NV centers. The experiment is
conducted in dry and ambient condition to test NV center s capability of sensing magnetic
fields from the nanowire. We locate a single Co nanowire on a diamond plate where multiple
NV centers are closely located underneath the surface. NV centers surrounding a nanowire
detect static magnetic field generated from the wire whose strength depends on the relative
separation between the nanowire and the NV center. The magnitude of magnetic field is
extracted from the amount of Zeeman splitting observed in ODMR signal during the NV
measurement. The obtained image shows a good agreement with the simulation result of
magnetic field. We also demonstrate improved sensing of DC magnetic field with Ramsey
measurement. This work represents an important step toward biomedical sensing devices

capable of probing and tracking the dynamics of ferromagnetic nanowires.
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4.1 Ferromagnetic nanowires and diamond NV centers

Co nanowires are synthesized by means of template-assisted electrodeposition. The elec-
trolyte consists of 120 g 17! of cobalt (II) sulfate hexahydrate (CoSO4-6H50) and 45 g 17! of
boric acid (H3BOs3). The pH of the electrolyte was pH = 5.0 and it was operated at room
temperature. Nanoporous templates of anodic aluminum oxide (AAO) (Whatman Co.) with
a pore size of 200 nm were used. 200 nm of a thick Au layer is thermally evaporated on one
side of the AAO template to serve as a working electrode. A Pt sheet is used as a counter
electrode. Co nanowires are electrochemically grown using a current density of =5 mA cm =2
for 3h. After the deposition, the membrane is chemically etched away in 5 M sodium hy-
droxide (NaOH) solution for 1 h. The nanowires are rinsed with DI water several times to
remove aluminum oxide residuals.

The nanowires are characterized using a scanning electron microscopy (SEM). An SEM
specimen is prepared by dispersing the nanowires aqueous suspension on a Si wafer (1 cm X
1 cm). After drying the suspension at room temperature, an SEM image is acquired using a
secondary electron detector in Zeiss ULTRA 55.

Diamond NV centers are formed by implanting nitrogen into an electronic grade single
crystal diamond plate (Element six, size 2 X 2 X 0.5 mm?) grown by a chemical vapor de-
position. N implantation with a dosage of 5 x 10'! ions cm ™2 at an energy of 15 keV with
angled 7° preventing ion channeling generates NV centers at the depth of about 30 nm. The
sample is further annealed at 850 °C for 2 h inside a tube furnace with a flow of 200 cc Ar

gas.

4.2 Experimental setup and ODMR measurement

Experiments are carried out at room temperature and in an ambient condition. A home-
built confocal microscope is used to detect the NV center’ s PL signal. The NV center is
excited with a diode laser at 532 nm and emits broad band photons of 600 — 800 nm, which
can be detected by an avalanche photodiode. Typical laser power used for the measurement
is in the range of several hundreds of pW to 1 mW. Microwave photons around 2.87 GHz

are applied to the diamond with a gold wire. While the laser optically pumps and initializes
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the NV center into the |m = 0) state, the microwave photons manipulate transitions between
the |m; = 0) and |mg = +1) spin states. Neodymium permanent magnets are used to generate
a static magnetic field-of 1.5 mT to lift the ground state spin degeneracy. We carefully align
the magnets along the direction of the NV's quantization axis (i.e. [111] in this paper) to
isolate the NV centers of this orientation from the NV centers of other crystal axes, and to

minimize the field component perpendicular to the NV axis.

Continuous-wave ODMR measurements are conducted by recording the PL signal as a
function of microwave frequencies. A reduction in the signal about ~ 10 % occurs at the spin
transition frequencies and the amount of splitting between the transitions is proportional to
the magnetic field along the NV axis. For pulsed measurements, such as Ramsey sequences,
the laser and microwave photons are gated with an acousto-optic modulator and a RF switch

respectively.

4.3 Magnetic field simulation

We conduct micromagnetic simulations with the object oriented micromagnetic frame-
work (OOMMF) [141], open source software commonly used to compute magnetization and
stray field distributions of magnetic samples. We simulate static magnetic field around a
single Co nanowire with the following parameters: magnetization M = 1.4 x 10> Am™,
wire length # = 12 um, wire diameter @ = 300 nm, and cell size 2 X 2 x 5nm3. The size
of the nanowire is determined from SEM image. The magnetization value is determined
from the saturation magnetization, M, values in references, i.e. M; ~ 1.4 X 105 Am™
[142, 143] as well as from our own magnetic hysteresis measurements on the nanowire ar-
rays (M ~ 5x10° Am™'). The external magnetic field used in the ODMR experiment
is approximately 5 % of the magnetic field for the saturation magnetization. To obtain the
magnetization value, we consider this ratio and adjust the value further within an order of
magnitude in order to match the simulation results to the experimental data. Based on the
OOMMEF results, we calculate the magnetic field component along the NV axis since it is

what we measure from the ODMR measurement.
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4.4 Magnetic field imaging in confocal optics

Figure 4.1(a) shows schematics of the confocal setup and ODMR measurement. A sin-
gle Co nanowire on a diamond plate generates a local magnetic field whose distribution is
detected by a group of NV centers located at various distances from the wire as shown in Fig-
ure 4.1(a). The NV centers serve as the iron powders or compasses in Figure 4.1(b,c). The
direction and magnitude of the magnetic field can be determined from Zeeman splitting in
the ODMR spectrum. The |ms = 0) spin level is split from the degenerated |m; = +1) states
by Dg at room temperature. The degenerated |m, = +1) states are further split upon applied
magnetic field along the NV axis. The Zeeman splitting is manifested by two resonance dips
in the ODMR spectrum whose separation in frequency is given by Af = 2y, |Bny|, where
Bnv is the magnetic field parallel to the NV axis as shown in Figure 2.1. While the field
magnitude is obtained from the amount of splitting, the field direction can be determined
from the relative change in the splitting with respect to the external field from the permanent
magnets. If the magnetic field from the nanowire aligns as the same (opposite) direction as

the field from the magnets, for instance, the Zeeman splitting will increase (decrease).

For the quantitative analysis of magnetic field distribution, we compare measured data
with the OOMMEF simulation results. Figures 4.2(a,b) show typical SEM and confocal images
of a single Co nanowire, respectively. Bright spots visible in the confocal image correspond
to the NV centers while the Co nanowire appears dark as it blocks PL from underneath NVs.
The wire’s length and orientation in the image are used for the simulation in Figure 4.2(c). We
use the saturation magnetization value from the magnetic hysteresis loop shown in the inset
of Figure 4.2(a), obtained from a vibrating sample magnetometer measurement on nanowire
arrays. When an external magnetic field is applied parallel to the wire long axis, the nanowire
generates a magnetic field emanating from the wire’s upper end and enters toward the lower
end, as dictated by the arrows in Figure 4.2(c). The arrow length is proportional to the field
strength which becomes larger near the ends.

Total 92 NV centers around the nanowire are used for the measurement, marked as circles
in Figure 4.3(a). Their colors denote the measured Bnvy values. There are four different crys-
tal orientations possible for NV center i.e. [111], [111], [111], and [111]. Since NV center

detects magnetic field component parallel to its crystal axis, Byy values vary depending on
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Photoluminescence (arb. units)
l0g+0 |B| (MT)

Figure 4.2: Magnetic properties of a single Co nanowire. (a) An SEM image of a single
Co nanowire. Scalebar, 2 um. The magnetic hysteresis loop obtained from nanowire arrays
(inset) confirms the soft ferromagnetic property of the Co nanowire. The saturation magneti-
zation of the arrays, My, is ~ 5 x 10> Am~!. (b) Confocal microscope image of a single Co
nanowire on a diamond plate. The nanowire appears as a dark rod. The bright spots are NV
centers. Scalebar, 2 um. (c) An OOMMEF simulation of the magnetic field around the wire.
A magnetization value of M = 1.4 x 10° A/m is used for the simulation. Field strength is

indicated by color while field direction is denoted by the arrows. Scale bar, 2 pm.
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Figure 4.3: Magnetic imaging of a single Co nanowire. (a) 92 NV centers of [Ili] crystal
orientation are used to image magnetic stray field around the nanowire. Circles denote the
NV centers and color represents Byny. (b) For the purpose of smooth and continuous field
display, the data in (a) are reconstructed by a biharmonic spline interpolation method. For
clarity, constant field contour lines are added. (c) Simulated magnetic field along the [Ili]
direction. The results in Figure 4.2(c) are converted into the field component along the NV
axis. Dipole-like patterns at the nanowire’s tips are well visible both in (b) and (c). All scale

bars, 2 pm.
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which NVs are used. In this measurement, we choose 92 NV centers with the same crystal
axis of [111] by carefully aligning the permanent magnets along this direction and obtain
Bnv value from one NV center at a time. The results are plotted in Figure 4.3(a) showing
the distribution of magnetic field around the nanowire with the minimum field strength of
~ 0.1mT. However, the image looks quite sparse, mainly due to the low NV density and
random locations of the [111] NVs. By using a biharmonic spline interpolation method, we
reconstruct the data and obtain a smooth continuous magnetic field map shown in Figure
4.3(b). The image displays that the measured Bnvy becomes stronger near the ends of the
nanowire, but its sign gets changed from positive to negative or vice versa. It is because NV
center can measure not only the magnitude but also the direction of magnetic fields. This
is clearly seen in Figure 4.3(c) which is the calculated magnetic field along the [111] axis
from the OOMMEF results in Figure 4.2(c). Dipole-like features appeared at the tips agree
well with the measurement in Figure 4.3(b). Note that small but non-zero positive magnetic
fields appear around the middle of the nanowire in Figures 4.3(a,b). This may come from the
intra-magnetic structures of the nanowire, however, fully understanding this phenomenon is

beyond the scope of this paper and is an important subject for future research.

4.5 Ramsey measurement applications

The continuous-wave ODMR used in Figure 4.3 is a direct and simple, but quite insen-
sitive, method for magnetic sensing and imaging. Its magnetic field sensitivity is limited
to the line-width of the resonances, and its fundamental limit can be determined by the in-
homogeneous dephasing time of the NV center, 7¥. Due to the power broadening effect
resulting from laser and microwave photons, the practically achievable smallest magnetic
field for a single NV is on the order of 1 uT for a 1 s measurement. In order to avoid this
effect, pulsed-wave schemes can be applied such as Ramsey, spin echo, and other dynamical
decoupling sequences. In these cases, the field sensitivity is limited by the NV’s coherence
time of 7. or T» which are typically in the range of a few microseconds to a few milliseconds
[144, 145]. For instance, the Ramsey measurement can probe DC magnetic fields with a sen-

sitivity as high as ~ 10nT/Hz'/2. For a better sensitive detection of the static field around
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Figure 4.4: Ramsey sequences for sensitive DC measurement. (a) There are three hyperfine
resonances in the ODMR spectrum resulting from the coupling between the NV electron spin
and 4N nuclear spin (I = 1). Microwave pulses used in the Ramsey sequence are detuned
from the resonances by d1, 92, and 3. (b) Obtained Ramsey signal displays beating patterns
of three oscillations at the detunings. The FFT of the signal shows three peaks at the detuning
of 61, 2, and d3 (inset). The locations of these peaks will be shifted in the presence of

magnetic field from the nanowire.

the nanowire, we implement the Ramsey method.

The Ramsey method consists of the microwave pulse sequence § — 7 — 3 [95]. The NV
spin is first initialized into [m = 0) state with the optical pumping. A & microwave pulse is
applied to create coherent superposition between |mg = 0) and |m = +1) (or my = —1) states.
The spin then starts to evolve and decay during the free precession time, 7 until a second 7
microwave pulse is applied that brings the spin back to |mg = 0) state. Finally, the spin
states can be read out through the subsequent laser pulses. When the microwave frequency
is detuned from the resonance (e.g. |mz =0) < |my; = —1)), the Ramsey signal exhibits
oscillations at the frequency of the microwave detuning ;. Since there are three hyperfine
resonances due to "N nuclear spin (I = 1), three oscillations appear at the frequencies of
three detunings 61, d2, and 03 produce complicated beating patterns shown in Figure 4.4.

The fast Fourier transform of the signal clearly shows three peaks separated in frequency

by ~ 2.2 MHz that equals to the hyperfine coupling strength. The fit function used for the
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Figure 4.5: Comparison of the Ramsey measurement between two NV centers. (a) The Ram-
sey data obtained from the NV centers marked in the confocal image (b). For clarity, the
plots are offset in y-axis. Due to detuning that was either too large (for NV1) or too small
(for NV5), only two oscillations are observable in the measurement (see the text for further
information). The fit results are written in the graph. From the fit results of 62, we extract
Bnv at each NV center: Byy = 40(20) uT for NVy, and By = 0(30) uT for NVa. (b)

Confocal image shows locations of the two NV centers. Scale bar, 5 pm.

Ramsey signal is

3
norm.J (t) = norm.Zy + e~ IT? po+ Z picos(2mé;t + ¢;) |, 4.1)
i=1
where §; are the three detunings. We add an overall decay term in y-offset, po and phase

offsets in the oscillations, ¢;, which are necessary when the Rabi frequency is low.

In the presence of a magnetic field, the oscillation frequencies are changed due to the
Zeeman shift which can be measured by the Ramsey sequence. We compared the Ramsey
signals obtained from the two NV centers located at different distances from the nanowire,
denoted as NV and NVs in Figure 4.5. We choose these NVs since the differences in field
strength at these locations are smaller than 0.1 mT which is too small to be detected by the
continuous-wave ODMR measurement. Figure 4.5(a) shows the results and from the fit we
obtain 61 = 1.04(59) MHz, 62 = 3.26(50) MHz, T* = 1.13(61) us for NV, and 62 =
2.17(30) MHz, 63 = 4.16(95) MHz, T = 0.75(37) ps for NVy. Note that we fit the data
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with only two detunings. For NV, the farthest hyperfine state at 63 ~ 5.4 MHz is barely
affected by the Ramsey pulse at the Rabi frequency of 2.1 MHz used in the measurements. On
the other hand, for NVs, the closest hyperfine state at 6; ~ 0.1 MHz oscillates too slow to be
detected within the dephasing time of ). For the comparison, therefore, we use the fit results
of 92. The obtained magnetic fields are Byy = 40(20) pT for NV, and Byy = 0(30) uT for
NV,. The magnetic field at NV is too small to be detected within the fit errors. Nonetheless,

we are able to detect the change in magnetic field on the order of 10 uT.

4.6 Conclusions

In summary, we present sensing and imaging of static magnetic field around a single ferro-
magnetic nanowire by using diamond atomic sensors. Sensitive DC measurement techniques
are implemented using continuous-wave ODMR and Ramsey sequences. The obtained re-
sults are compared with numerical simulation yielding quantitative information of the mag-
netic field and we demonstrate a tens of Tesla level of DC field sensitivity. Though the mea-
surements presented in this paper were performed under dry conditions, we expect that they
can be improved further in several ways. The current experimental setup designed for dry
nanowire samples can be extended to an optimized configuration for conducting experiment
in liquid. For instance, microfluidic devices combined with wide field-of-view optics and
total internal reflection fluorescence microscope can be implemented. With similar config-
urations, magnetic imaging of biological samples in aqueous solution has been successfully
demonstrated in recent diamond NV experiments [56, 58, 138]. Moreover, AC magnetic
fields induced by the dynamic motion of the nanowire can be measured using the NV center,
which possesses an AC field sensitivity of ~ nT/Hz!/? and a detection bandwidth of ~ MHz
[30, 34]. By characterizing the magnetic field around a single nanowire, this work marks
an important step toward monitoring and tracking ferromagnetic nanowires in biomedical

applications.
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Point-Contacted Graphene Devices

Understanding carrier dynamics has become of significant importance for the studies of
graphene transport phenomena. Depending on the amount of interaction between carriers,
distinct dynamical behaviors can be realized ranging from coherent ballistic transport to hy-
drodynamic flow of Dirac fluid [146—149]. The spatially resolved imaging technique can
provide direct visualization of current distribution and thus yield complementary understand-
ing of the carrier dynamics combined with the conventional transport measurement. For
instance, a parabolic current profile in the graphene channel can be used to confirm the exis-
tence of viscous Poiseuille flow of Dirac fermions [150, 151]. In the ballistic regime, on the
other hand, the ideas of “electron optics” have been proposed where the optics-like control
of coherent electron paths can be achieved by diverging, focusing, or collimating the electron
beam [152—155]. As the surprising features such as negative refraction in the graphene p—n
junction [152] or specular Andreev reflection at the graphene/superconductor interface [156]
often occur through narrow transport trajectories, spatially mapped local measurements are

crucial for the studies.

In this regard, a scanning probe microscope (SPM) is a powerful tool due to its ability to
image current flow with high sensitivity and spatial resolution. Over the last few years, sev-

eral different types of SPM have been used in the study of graphene transport. For instance,
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cyclotron orbital motion of the electron under the magnetic field is imaged by scanning gate
microscopes [157]. Simultaneous mapping of voltage and current density is demonstrated
by scanning single electron transistors [158]. Different current profiles between Ohmic and
hydrodynamic regimes are illustrated from the measurement with single-spin scanning mag-
netometers [150, 151].

Here, we use a single-spin scanning magnetometer to image current profiles in point-
contacted graphene devices. A point contact (PC) is a point-like source or drain of current in
graphene transport devices, which provides a well-defined current path for various “electron
optics” experiments such as Veselago lensing, magnetic focusing, and collimation of electron
beams [152—155]. Small PCs (e.g., ~ 100 nm in diameter) have been fabricated in graphene
devices and characterized by the multi-terminal transport measurement combined with the
electrostatic model calculation [159], but the relevant current profile has not been directly
imaged. In this article, we demonstrate imaging of the magnetic field due to current distribu-
tion in graphene, by using a single-spin scanning magnetometer based on a nitrogen-vacancy
(NV) center in diamond. From the stray field data, we reconstruct the current density map,

which is consistent with the expected pattern of diffusive electron flow.

5.1 Point contacted graphene

As shown in Figure 5.1, we developed two types of point-contacted graphene structures:
device #1: narrow channels of patterned graphene and device #2: inner metal contacts with
electrodes. The former design is beneficial in terms of scanning experiment as the contacts
are located at the same plane as the graphene and are well separated from taller electrodes,
thus providing a relatively flat scanned area around the contacts. On the other hand, the
latter design is more suitable in conventional transport experiment as the electrodes are di-
rectly connected to graphene via the contacts. For both devices, mono layer graphene is

encapsulated in atomically flat hexagonal boron nitride (hBN) crystals (top and bottom of
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electrodes
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Figure 5.1: Graphene point contact devices. (a) Optical image of device #1. A rectangular
shape of hBN-encapsulated graphene is patterned to have two narrow channels in the middle
(channel width is ~ 500 nm and their separation is ~ 2 um). (b) Optical image of device #2.
There are four point contacts at the corners of a rectangular hBN-encapsulated graphene and
their relative separations are 3 pm, 5 um, and 5.8 um. The electrodes are electrically con-
nected to the graphene through holes in the top-hBN. The hole diameter is ~ 500 nm. Scale
bars 3 um. (c) Graphene resistance vs back gate voltage. To prevent the device from signif-
icant Joule heating, we maintain the resistance below 5 kQ by applying +5 V gate voltage.
(d) Schematic of imaging the current profile between two point contacts. We define (x; y; 2)
Cartesian coordinate such that the z axis is perpendicular to the graphene surface located in
the (x; y) plane and the x axis is along the direction of two PCs. The dashed lines are equipo-
tential contours and the solid line arrows indicate the direction of current. (¢) Cross-section

of the device #2.
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Chapter 5. Point-Contacted Graphene Devices

the graphene). The dry-transfer technique is used to ensure a high-quality transport channel
by avoiding any contamination on graphene [160]. For the device in Figure 5.1(a), we define
the device geometry by electron beam lithography and reactive ion etching (RIE) with CF4
and O plasma. The channel width (i.e., size of contacts) is about 500 nm. For the device in
Figure 5.1(b), on the other hand, we define a circular pattern of 500 nm diameter on PMMA
[poly(methyl methacrylate)] mask by electron beam lithography followed by RIE to expose
graphene for contact. Then, Au/Cr is deposited by electron beam evaporation using the same
PMMA mask for RIE that prevents contamination of the exposed graphene edge. We cap
the edges of graphene mesa with aluminum oxide to prevent extra current paths except for
the contacts. Note that the contact in this paper is relatively large compared with typical PCs
(e.g., 100 nm). Nevertheless, it is much smaller than the graphene device, thus acting as an

effective point contact.

Figure 5.1(c) shows a resistance measurement of the device as a function of back gate
voltage. For the entire experiment in this paper, we applied a back gate voltage of +5V to
avoid the sample resistance larger than ~ 5 kQ, where we observed a substantial increase in
the resistance due to Joule heating after ~ 20 — 30 h of continuous experiments. A DC of
~ 100—200 pA is supplied to the graphene devices via PCs. Note that the power dissipated by
the DC (< 0.2 mW) is less than the overall dissipation in the NV measurement itself (~ mW)
and does not result in noticeable heating issues in our experiment at room temperature and
ambient conditions.

When current flows in graphene, its magnitude and spatial distribution can be determined
by measuring the current-induced stray field with the help of the scanning probe technique
depicted in Figure 5.1(d). We used a commercial diamond scanned probe that hosts a sin-
gle NV center at the end of the tip apex [112]. It is combined with a home-built scanning
system and confocal optics for the NV’s photoluminescence measurement. The NV cen-
ter is an atomic-size spin qubit that is highly sensitive to the magnetic field [55, 60, 161].

The ground state of NV’s electron spin (i.e., S = 1) is described by the spin Hamiltonian,
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5.2. Magnetic imaging using scanning NV microscope

H /h = DOS’IQ\IV + yeBNVS’NV, where the zero field splitting is Dy = 2.87 GHz, the electron
gyromagnetic ratio is y. = 28§ MHz/mT, and Byv is the external magnetic field projected
along the NV’s quantization axis. The nonzero spin levels are subjected to be shifted in the
presence of magnetic field and the Zeeman splitting is measured by optically detected elec-
tron spin resonance (ESR) spectrum shown in Figure 5.2(a). For more precise determination
of the amount of splitting, we implemented the differential measurement with the lock-in
technique, where we modulate the frequency of the microwave and find the location of ESR
resonance from the x-intercept of the modulated signal shown in Figures 5.2(b,c). With a per-
manent magnet, we apply 0.6 m'T of static magnetic field along the NV axis. An additional
shift in ESR resonance is recorded as the field from the device itself. In our experiment,
we estimate that the magnetic field sensitivity of the scanned probe is ~ 7 pT/Hz!/2, Figure
5.2(d) which corresponds to the current density sensitivity of ~ 9 A/(m Hz'/2).

As the current-induced Oersted field decreases inversely proportional to the distance from
the sample, we position the scanning tip close to the sample and scan it over the surface at
a constant height. This is done by approaching the tip to touch the surface, retracting it to a
constant height from the surface, and performing the ESR measurement for 1s. We repeat
the procedure over at every pixel in the scanned area. After considering thermal drift during
the ESR measurement and uncertainties in the NV depth and the angle between the tip and

sample, we estimate the NV-sample distance to be ~ 70 — 90 nm.

5.2 Magnetic imaging using scanning NV microscope

Figure 5.3 shows the experimental results of device #1; the dashed rectangle in Figure
5.1(a). Similar designs of the graphene transport channel are used in recent experiments
[150, 151], but it is much narrower in our device (i.e., channel width ~ 500 nm) making it as
an effective PC. For the experiment, we supply a DC of 100 pA from the left PC to the right

PC. By using the Biot—Savart law based on the current profile in Figure 5.3(a), we compute
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Figure 5.2: Probing magnetic field via ESR. (a) Optically measured ESR spectroscopy of the
diamond NV center. The difference in the resonance frequencies corresponds to the amount
of Zeeman splitting that is proportional to the magnetic field along the NV axis. (b) ESR
data measured by frequency modulated lock-in methods. (¢) The resonance frequency is de-
termined from the x intercept of the frequency modulated data. (d) The histogram of the
magnetic field measurements shows that the minimum detectable magnetic field for 1 s mea-

surement is ~ 6.8 u'T.
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Figure 5.3: Reconstruction of current density in device #1. (a) Simulated current density
with the supplied current of 100 pA. (b) Simulation of magnetic field along the NV axis,
Bnv based on the current density in (a). (¢c) Measured Byy with the scanning magnetome-
ter described in Figure 5.1(d). The pixel size of the image is 50 nm and it takes 1s of the
measurement for each pixel. (d)—(f) From the data in (c), we obtain the magnetic images of
(B, By, B;). (g)—(i) We reconstruct the current density of J,, J, and J (x,y) = (Jx,Jy) with
the help of the reconstruction method described in the main text. Note the color and arrows
in (i) indicate the magnitude and direction of J. The dotted lines in all images are guidelines
of the graphene. Note that the non-zero current density in the shaded areas is an artifact from

the reconstruction process. All scale bars 500 nm.
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Figure 5.4: Flow diagram of the reconstruction process. Using Ampere’s law and Fourier
transform, we first convert the real space data of Bnvy into Fourier space counterparts of Bnv,
B, By, and Ez. Using inverse Fourier transform, we obtain the real space images of By, By,
and B,. Or using Biot-Savart's law and the model Green’s function with Hanning Window,
we calculate Fourier space current density, J, and fy. With inverse Fourier transform, we

convert these into real space values of J, and Jy. Finally we reconstruct the current density,

j(x, y) = (Ux, Jy)-

the field distribution of Byvy. Note that the NV’s orientation angle is (6, ¢) = (54.7°, 180°),
where 6 is a polar angle and ¢ is an azimuthal angle based on the coordinate in Figure 5.3(d).
As seen in Figures 5.3(b) and 5.3(c), the simulated and measured images of Byy agree with

each other confirming the expected current flow in Figure 5.3(a).

5.3 Current profile reconstruction

The central question is whether one can do this in a reverse way, namely, reconstructing
current density from the measured magnetic field. Since the current is confined in the xy-
plane of two-dimensional (2D) graphene, we only need to consider the current density of Jx
and J,. It is also known that reconstruction of the 2D current density is feasible even from

a single component of the magnetic field when it is spatially mapped over the surface at a
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Hanning window: %(1+cos%kl), |k| < 2m/A
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Figure 5.5: Effect of the Hanning Window in the reconstructed current density profile. The
Hanning Window function used in the reconstruction process contains the cut-off wavelength,
A. If it is too big (e.g. 4 = 640 nm), find features of J is not shown due to spatially averaged
out. If it is too small (e.g. 4 = 40nm), higher frequency components of wave vector k are
not effectively filtered out. For the figures in the main text, we used a value in between i.e.

A =160 nm.

fixed height from the sample [161-164]. For the simulation, we assume that the NV center’s
height is kept to be constant at z = 80 nm during the scanning process. With these conditions,
we adopt the reconstruction methods used in Refs [161-164]. As shown in Figures 5.3(d-
h), we are able to reconstruct both B(x,y,z) = (Bx, By, B;) and J(x,y) = (Jx,J,) from
the Bxv(x,y,z = 80nm) data with the help of the Biot-Savart law, Ampére’s law, and
Fourier analysis (more information of the reconstruction process is discussed in Figure 5.4
and Appendix B). Finally, we obtain the image of the current density, J, in Figure 5.3(i)
showing the largest magnitudes, |f |, around the PCs as expected from Figure 5.3(a). Note
that the discrepancy in the magnitude between Figures 5.3(a) and 5.3(i) is mainly due to
uncertainty in the NV-sample distance as well as the finite truncation and filtering effect of
the signal during the Fourier analysis in the reconstruction process [161-165] (see Figure
5.5).

In Figure 5.6, we repeat the same measurement with the reversed direction of current.
Figure 5.6 displays close-up images around one of the channels with opposite directions of

current. As seen in Figs. 5.6(a) and 5.6(b), the sign of the magnetic field, Bnv, across the
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Figure 5.6: Measurement with the opposite directions of current flow. (a) and (b) Measured
Bnv around a point contact in device #1 but with the reversed direction of current; from left to
right in (a), and the opposite in (b). (c¢) and (d) Expected Bny images according to the current
direction in (a) and (b). (e) and (f) Reconstructed current density based on the measurement
in (a) and (b). The dotted lines in all images are guidelines of the graphene channel. Note that

the non-zero current density in the shaded areas is an artifact from the reconstruction process.

All scale bars 200 nm.
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5.3. Current profile reconstruction

channel width gets flipped as expected from the simulations in Figs. 5.6(c) and 5.6(d). With
the same method used in Figure 5.3, we reconstruct the current density images in Figures
5.6(e) and 5.6(f). The arrows indicate the direction of reconstructed J that matches with the
direction of the injected current. Note that the results only confirm the overall flow pattern
of J. Understanding a detailed profile within the contact requires additional experiment with
improved spatial resolution and sensitivity. Moreover, an artifact from the reconstruction
process can happen particularly around the edges of the scanned image. In order to satisfy
the continuity equation (V - J= 0) at the edges after the inversion of the Biot—Savart law, for
instance, the reconstructed current density may produce unrealistic flowing patterns such as

backflow or vortex.

As a next step, we move to the measurement of device #2 in Figure 5.1(b). Compared to
device #1, this type of PC device is expected to be more practical in graphene applications but
makes it harder to do scanning magnetometry experiment. For instance, the finite height of
the top electrode can affect the scanning condition at a constant height and the current flow-
ing through the electrode itself generates the Oersted field, making it difficult to selectively
image the current only flowing in the graphene layer. Nonetheless, the spatially resolved

field profile provides useful insights into the PCs™ functionalities.

Figure 5.7(a) shows the scanned image of the magnetic field, BNy, over the area in the
inset. For the experiment, we use the two top PCs and supply DC of 200 uA from the left
(i.e., PCy) to the right (i.e.,PCs). In this experiment, the NV’s orientation angle is (6, ¢) =
(54.7°,150°). We first characterize the distance dependence of the measured data from the
contacts. Figure 5.7(a) shows the field data along the dashed line in Figure 5.7(a). The line
cut profile can be understood by ~ 1/r dependence of the current density. Current from
a point-like source isotropically spreads into 2D graphene, resulting in a current density of
J(r) ~ 7/@2n|r —r;|), where 7 is the current and |r — r;| is the distance from a PC at r;
[159]. As the magnetic field on graphene is proportional to the current density, J(r) by

the Biot—Savart law, the magnetic field component along the NV axis is also represented as
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Figure 5.7: Magnetic field measurement on device #2. (a) Scanned image of Bny. The two
top point contacts in the inset are used for the experiment and DC of 200 pA is supplied from
the left to the right point contact. Scale bar 500 nm. (b) The line cut profile along the dashed
line in (a) shows that the measured magnetic field is inversely proportional to the distance
from the point contacts. The shade indicates where the top electrodes [dotted curves in (a)]

are located over the point contacts.

B(r) ~ 1/|r — r;|. We fit the line cut data in Figure 5.7(b) with the equation:

B(l’)=Bo+Bl (I’Q—rl) (r_1r1+r_1r2) (5.1)

where ry and ro are the position of each PC. The fit results are r; = —90(46) nm, ro =
1942(44) nm, By = 5.7(24) uT, and By = 27.6(61) uT.

Finally, we reconstruct the current density map of device #2 by using the same method in
Figure 5.3. We assume the NV height at z = 80 nm. Figure 5.8 shows the measured image
of By around the PC2 as well as the reconstructed images of magnetic field (B x> By, BZ)
and current density (Jx, Jy, ’f ‘) The reconstructed image of J in Figure 5.8(g) indicates
that the largest magnitude occurs around the contact and the direction is toward it (i.e., drain
contact). Note that nonzero current flow along the edge of the device is also visible. However,
the overall distribution is not as clear as the one with device #1, which is mainly due to the

relative difficulties of scanning measurement on this type of device as discussed earlier.

94



5.3. Current profile reconstruction

(a) Byy (HT) (b) B, (uT) (c) By (uT) (d) B, (uT)
A | Se e A | Srl S Jemer
100 i . .
¢ i < -
0 "
-100
(e) Jy (A/m) () Jy (A/m) (9) J(AIm)
et | s A BRI W A
200 % =N  ARS
A&, 3 R | =5 4 -
L 1 200 c‘\
0 [
wooff froi
-200
0 -

Figure 5.8: Reconstruction of current density in device #2. (a) Close-up measurement of
Bnv around the drain point contact (the right one in Figure 5.7). (b) and (c) Magnetic images
of (B, By, B;) converted from the data in (a). (e)—(g) Reconstructed images of J, J, and
J(x,y) = (Jx, Jy). The dotted lines in all images indicate a graphene edge. Note that the
non-zero current density in the shaded areas is an artifact from the reconstruction process.

All scale bars 200 nm.
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Chapter 5. Point-Contacted Graphene Devices

5.4 Conclusions

In summary, we demonstrate the reconstruction of the current density in point-contacted
graphene devices from the spatially resolved magnetic field measurement. For the experi-
ments, we use a single-spin scanning magnetometer based on a diamond NV center that can

probe a small stray field down to ~ 7 uT/Hz!/?

with a high spatial resolution of 80 nm. Us-
ing the current reconstruction method, we are able to convert the field data into the 2D current
density map. The reconstructed results show diffusive current flow where the maximum cur-
rent density occurs at PCs and the current spreads over the devices. Studying detailed profiles
within the contact, however, requires improved spatial resolution and field sensitivity, which
can be realized by applying advanced sensing methods such as spin Hahn echo or dynam-
ical decoupling sequences [55, 150]. A point-like current source can be useful in a variety
of graphene experiments in both ballistic and hydrodynamic transport regimes [146—156].
Therefore, the scanning magnetometry measurement described in this paper could provide

useful insights into the studies of novel transport experiments based on the graphene PC

devices.
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Chapter 6

Dynamics in Permalloy

Magnetic imaging in thin films was studied by various methods such as optical Kerr effect
microscopy (MOKE) [166—-168], X-ray circular dichroism (XMCD) [169-171], magnetic
force microscopy (MFM) [172], superconducting quantum interference devices microscopy
(SQUID) [173, 174] and diamond nitrogen-vacancy center magnetometers [175, 176]. These
methods are used complementary because the experimental requirements are different, such
as high vacuums, cryogenics, or large synchrotrons. Also, these measurements touch dif-
ferent dimensions in length and time. The structure and dynamical properties of magnetic
domains in a ferromagnetic film such as permalloy are studied using these techniques [177,
178]. The magnetic domain and vortex formation between domains have been reported, and
the dynamics of magnetism have been studied with the Landau-Lifshitz-Gilbert equations
[179, 180]. In previous work, magnetic films and materials have been studied using the NV
center scanning probe microscope (SPM) [175, 176], and the dynamics and resonance of
magnetic domains with quantum sensing with the NV center have been reported [177, 181—
183].

In this work, we used NV SPM to investigate a static magnetic field map and a local
excited microwave feature above the permalloy square. The static field is generated by mag-
netization in the permalloy. The electron spin resonance of NV centers has been shown for

static magnetic field imaging. Also, this NV center could be coupled with a microwave. That
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Figure 6.1: (a) Experimental Schematics. Diamond probes hosting single NV centers acquire
static magnetic field and Rabi oscillation using ODMR on each position of Py. Microwave
~ 3 GHz is used to excite magnetic resonance in NV centers. Gold wire is used to generate the
microwave. (b) Magneto optical Kerr effect microscopy images. Each color shows direction

of magnetization of domains. It shows four magnetic domain around vortex. Scale bar 5 um.

has been represented by Rabi oscillations of electron spin in NV centers.

The coupling between magnetic materials and spin qubits has received a lot of research
attention as not only a qubit enviroment interaction but also magnonic quantum devices.
Most stray field imaging studies have focused mainly on static magnetic field or measured
magnetization in materials. The imaging near field microwave on magnetic materials could
open the understanding of microwave field generated by magnetic materials.

This study shows that Rabi oscillations coupled with driven oscillations of permalloy and
this coupling could be different in each position of magnetic materials. We show the enhanced

and suppressed Rabi oscillation is measured directly and it effects on ESR contrast.

6.1 Experimental details

The experimental setup is shown in Figure 6.1(a). We used home-built confocal mi-
croscopy to address and detect a single NV center in a diamond probe [40, 110]. The electron
spin resonance (ESR) of NV centers is acquired by confocal optics. The gold microwave wire
is along the x direction on the samples. It generates microwave oscillating with y, z directions
[184]. This ~ 3 GHz microwave is used to generate a microwave for the NV ESR measure-
ment. Magnetic field is measured from the the spin resonance detection. Using home built

atomic force microscopy (AFM), this magnetic field sensing is performed on each point of a
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Figure 6.2: (a) Magnetic simulation of permalloy square. (b) Magnetic field simulation on

permalloy square. (c) Magnetic field imaging using ESR measurement. All scale bars 2 pm.

permalloy square with a tip-sample distance of ~ 1200 nm. An microwave antenna is used
to excite the microwave for spin resonance in NV and drive permalloy domain motion.

We simulated magnetization in the permalloy domain using object-oriented micro mag-
netic simulation [141, 180, 185]. Static magnetization on square magnetic permalloy with
width of 10 pm and thickness of 160 nm is simulated with cell size of 5 x 5 x 20nm?. For
static simulation of the permalloy square, magnetization M, = 8 X 10° A/m, gryomagnetic
ratio y. = 28 MHz/mT were used. Dynamics of magnetization was calculated using Landau-

Lifshitz-Gilbert equation

(6.1)

, where M is local magnetization, ﬁeﬁ is the effective magnetic field, and « is the damping
constant [177, 178]. The magnetic field projected on the orientation of the NV center was

calculated from this result of simulation.
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Chapter 6. Dynamics in Permalloy

6.2 Static magnetic field imaging

We imaged a magnetic field from the permalloy square domain. As shown in Fig. 6.2(a),
the result of simulation shows the lateral direction of magnetization in permalloy. There are
4 different directions on domains in square. These directions align counterclockwise around
the vortex at the center of the square. We simulated this magnetic field using OOMMF. From
the simulation result, the magnetic field generated by these magnetization is calculated shown
in Fig. 6.2(b). The magnetic field is calculated with the sample to the imaging plane distance
1200 nm in each direction.

The magnetic field is projected in the NV center orientation, and the magnitude of the
projected magnetic field is measured as shown in Figures 6.2(b,c). These images were taken
where the sample-tip distance is 1200 nm and each pixel is separated 200 nm. This image
shows eight radial leaflets in the permalloy domains. We measured these magnetic images
with the magnitude of the magnetic field along the NV direction. As shown in Fig. 6.2(b,c).
These magnetic images are compared and show that this permalloy square has a vortex in its
center, not just the ferromagnet domains.

This magnetic field map was imaged with other methods. We aimed to compare these
imaging methods. As shown in Figure 6.3(a), electron spin resonance signal is measured
optically by photon counts rate as a function of the microwave frequency. The ESR signal
has a valley at 2870 MHz without magnetic field shown in the blue plot in Figure 6.3(a).
These valleys of the ESR signal are led by Lorentzian functions. The degenerate energy lev-
els of the ground state of NV centers split by the Zeeman split. The frequency difference
between ESR valleys shows magnitude of the magnetic field. The frequency difference is
proportional to the magnetic field along the orientation of the NV center as Af = 2y,Bnv,
where y. = 28 MHz/mT is the electron gryomagnetic ratio, and Byy is the magnetic field
along the NV centers. The magnetic field is measured from this frequency difference mea-
surement. However, in full ESR spectrum, the photon counts measurement is repeated at
each microwave frequency typically a few tens of times. We used different magnetic field

sensing in Figure 6.3(c) to show its quantitative comparison with Full ESR images. This
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Figure 6.3: (a) ESR signal is acquired photoluminescence as a fucntion of microwave fre-
quency. Magnetic field is measured by the frequency difference of valleys in ESR. (b) Dual
frequency measurement signal is proportional to magnetic field. (c) Magnetic field imaging

using dual microwave frequency imaging. All scale bars 2 pm.

measurement takes a fixed dual-iso-microwave frequency f; = 2870 MHz, fo = 2878 MHz
in this imaging [186]. The first frequency f; was chosen where the frequency position of the
zero magnetic field valley and the second frequency f> was chosen due to ESR valley where
in magnetic field Bxy = 0.5 mT.

This signal using dual frequency P( f1, f2) is defined by P( f1, fo) = P(f1)—P(f2) where
P(f1, f2) is the signal plotted in Figure 6.3(b) and #( f) is the normalized ESR measurement
measured at fixed frequency f. The dynamic range of the magnetic field and the profile of the
signal are followed by the dual frequency f, f> we picked and the line width of the ESR data.
This dual frequency signal is plotted as a function of the external magnetic field in Figure
6.3(b). It shows that this signal is linear in the range from 0 mT to +0.5 mT determined by

the two microwave frequencies used.

From these imaging techniques, we measured the magnitude of the magnetic field from
the spin resonance spectrum as a function of microwave frequency. The magnetic images
shown in Figure 6.3(c) was performed by the dual-iso microwave frequency measurement

method where the geometric parameters in the scanning are the same as in Figure 6.2(c).
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Figure 6.4: Magnetic domain evolution in different magnetic field. The domain of east side
is parallel to external field with —y direction. Size of east side domain by applying exter-
nal magnetic field. (a,b,c) Domain shows with varying external magnetic field for 0.6 mT,
1.0mT, and 2.0 mT. The position of vortex moves to right side by external field —y direc-
tion. (d,e,f) Magnetic field simulation by dual-iso imaging method. (g,h,i) Scanning images.

All scale bars 2 pm.

6.3 Domain driven by external field

These domains evolve in the applied external magnetic field [179]. Scanning NV center
magnetometry could be used in various magnetic fields. Shown in Figures 6.4(a-c), Mag-
netization is simulated with a varying magnetic field where the magnetic field is applied in
—y direction with 0.6 mT, 1.0 mT, and 2.0 mT. When we applied the magnetic field along
—y directions, the east side domain in permalloy where it is parallel to the external magnetic
field grows for a larger area. It is qualitatively elucidated that the growth of parallel domain
evolution leads to lower energy in magnetization. On the anti-parallel domain on the west

side, the domain shrinks in evolution. Due to this mechanism, in Figures 6.4(a-c), the posi-
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Figure 6.5: (a) Map of ESR contrast. (b) Rabi frequency is calculated from ESR contrast.
(c) Image of Rabi frequency. (d) Data of Rabi oscillation of each point labeled in 1, 2, and
3. The frequency of oscaillation is Rabi frequency. (¢) Rabi frequency is calculated from the

simulation of magnetization dynamics. All scale bars 2 pm.

tion of magnetic vortex between parallel and anti-parallel to the external field moves to the
left side. The magnetization simulation shows a positive correlation between the distance of

the vortex evolution and the magnitude of magnetic field.

From these simulations of magnetic domain evolution, we calculated magnetic images
generated on domain evolution. We used this magnetic field map to apply the ESR signals
to calculate the image by the dual iso-B imaging method, as shown in Figures 6.4(d-f). The
microwave frequencies that present the magnetic contour were selected to show a magnetic
field £0.2 mT from the evolving magnetic domains of the external bias magnetic field. These
magnetic simulations show the magnetic field variation ABxy from —0.2mT to 0.2 mT and
the magnetic contour on the red and blue area leading the maximum and minimum magnetic
field contour within the dual microwave frequency as shown in Figures 6.4(g-i). These dual-
iso-B images show that the domains on the permalloy follow the external magnetic field to

stable conditions.
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Chapter 6. Dynamics in Permalloy

From the static domain evolution example, we expanded the measurement method where
the sinusoidal AC magnetic field excites the domains in permalloy. In these cases, we ap-
plied the microwave represented by an AC magnetic field oscillating along the y direction.
The sinusoidal magnetic field leads to evolution of the domains on the east and west sides.
This evolution is expressed for the vortex dynamics that makes sinusoidal magnetic field on
vortex. We predicted that vortex motion is coherent to external microwave so the amplitude
of microwave is enhanced on the vortex that is center of the permalloy domains. To confirm
this intensity enhancement of microwave, First, We measured the contrast from the NV cen-
ter ESR on the permalloy domains. As shown in Figure 6.5(a), From the ESR measurement
result, the contrast map was obtained by fitting the Lorentzian valleys of ESR result in Fig-
ure 6.3(a). The typical contrast C of optically detected magnetic resonance is ~ 20 %. This
ODMR contrast is positively correlated with the amplitude of the microwave. The contrast
map in Figure 6.5(a) shows a position dependently enhanced on the permalloy domains. At
the center of the permalloy square, on the vortex, the contrast increases with ~ 30 %. On
the other hand, contrast is suppressed or not affected in typical domains < 20 %. From the
contrast map, we could estimate that the Rabi frequency is amplified on the vortex. The Rabi
frequency is the frequency of spin flip of the NV centers in the microwave. That is directly
proportional to the amplitude of the microwave. The relation between ODMR contrast C and

Rabi frequency Qp is defined by

s Cryre
"1+ \Cuom - C

Qr (6.2)

, where Cyorm. 1s overall normalization factor, I',, is optical polarization rate, I'. is optical
cycle rate, and s is saturation parameters [187]. We calculated the Rabi frequency for each

area using this relation as shown in Figure 6.5(b).

The Rabi frequency image was measured to check that the magnetic field of the microwave
is enhanced on the vortex as shown in Figure 6.5(c). This measurement was made in two
measurements. First, we measured the ESR signal as in Figure 6.3(a) to pick up the resonance

frequency of the NV centers. A microwave frequency was used on resonance of the NV center
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6.4. Rabi frequency calculation

in the range of ~ 2.87 GHz — 2.9 GHz. This frequency is off resonant of the ferromagnetic
resonance frequency < 100 MHz of permalloy square where the width is 10 pm and the
thickness 160 nm [185]. In this dynamics, the drive by the magnetic field is more dominant
than ferromagnet resonance. Second, to image Rabi frequency, the Rabi oscillation of NV
center spin was performed where the microwave frequency from the ESR measurement is
used. The Rabi frequency is acquired by fitting the oscillation data as shown in Figure 6.5(d).
Shown in Figure 6.5(c), This Rabi image shows that the amplitude of microwave is magnified
at the center of the domains, because the change of magnetization at the center is easier
when we apply an external magnetic field as shown in Figures 6.4(a-c). The various Rabi
oscillation data shown in Figure 6.5(d) are represented on the points noted on Figure 6.5(c).
From the Rabi oscillation measurement, we confirmed that two physical quantities follow
the arguments. The Rabi frequency and contrast are the largest in the center of the domains
in Figure 6.5(c,1). At some points of the domains, the Rabi frequency and the contrast are
suppressed by destructive interference of the magnetic field generated by the microwave and
the motions of excited domains in Figure 6.5(c,2). On the outside of the permalloy square,
that quantities were not affected by excited domain motions in Figure 6.5(c,3). Only driving
microwave contributed to these Rabi oscillations on that. To compare this imaging with
theoretical models, we simulated the magnetic domain dynamics of the permalloy square
using Equation 6.1 in the driving microwave. From the magnetization dynamics simulation,
the sinusoidal magnetic field generated by the dynamics is calculated and added with external
microwave that we applied. The Rabi frequency was calculated from the added oscillating
magnetic field. Shown in Figure 6.5(e), the simulated Rabi frequency is followed with its

center enhanced profile.

6.4 Rabi frequency calculation

Rabi frequency was calculated to compare with the imaging by motion of magnetization
in Permalloy. The calculation of motion of magnetization was calculated using OOMMEF.
We shined the microwave using a microwave wire in the x directions related to Figure 6.1(a).

This microwave wire generates the oscillation of the magnetic field Byrw of the microwave
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Figure 6.6: (a) The normalized amplitude of oscillating magnetization modulated with fre-
quency ~ 3 GHz for AM,, (b) AM,, and (c) AM;. (d) The sinusoidal magnetic field generated
by magnetization oscillation in the first direction of perpendicular with NV centers orienta-
tion. (e) The sinusoidal magnetic field in the second direction of perpendicular with NV

centers. All scale bars 2 pm.

(y\/—;) cos(wnmwt) where Bg = 0.1 mT is the amplitude of

in the y — z directions Byw = By
the microwave and wyrw = 27 X 3 GHz is the frequency of the microwave. The oscillation
of magnetic field drives magnetic domains in Permalloy vortex. This magnetization dynam-
ics is calculated using the LLG equations presented in Equation 6.1. The amplitude of the
magnetization oscillation is shown in Figures 6.6(a-c). These images present two behaviors.
First, the left and right sides of the domains already polarized in the y directions are mod-
ulated in the x directions in Figure 6.6(a). And, the upper and lower sides of the domains
are modulated in y directions. in Figure 6.6(b). They are modulated in perpendicular direc-
tions. It follows a typical description of LLG equations. Second, the oscillations domains of
all components with M., M, M, are strong in the center of the domains shown in Figures
6.6(a-c). This could be explained quantitatively with Figure 6.4. When the magnetic field
was applied, the change of magnetic domains is dominant in the center of Permalloy. In
dynamical conditions, the magnetization in the center is easily modulated.

From this simulation of driven magnetization, the magnetic field above the Permalloy
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6.5. Driven imaging in external static field

square is calculated. Also, the applied microwave is added. To compare with Rabi frequency
image, this oscillation of magnetic field is projected on NV centers coordinate. These mag-
netic field images in the NV center frame are shown in Figures 6.6(d-e). The first x direction
of the magnetic field B, ; represented in the NV frame is defined by the cross product be-
tween the y direction in Figure 6.1(a) and the orientation of the NV centers. The second y
direction of the magnetic field B, 5 is defined by the cross product between the orientation
of the NV centers and the first direction of B 3. From these magnetic fields, Rabi frequency

is calculated. The Rabi frequency is described by

Q'0—>1 = %\/(ABL,X,COS + ABJ_,y,sin)2 + (ABJ_,)?,COS - ABJ_,)Z,sin)2, (6-33)

QO—>—1 = %\/(ABL,X,COS - ABJ_,y,sin)2 + (ABJ_,i,cos + ABJ_,)E,sirl)2, (63b)
Y

Qo1 Qo1 Q= \/—% AB?  +AB? (6.3¢)

, where €g_,;1 is Rabi frequency defined in transition between 0 and 1 states and Qg_,_; is
Rabi frequency defined in transition between 0 and -1 states. In general, Qq_,; described in
Equation 6.3a and €2y_,_; described in Equation 6.3b could be different. However, the applied
microwave is dominant in linear polarization and the microwave generated by domains is
in phase with the applied microwave. In this case, the equations are simplified with Q in
Equation 6.3c. This calculated Rabi frequency is shown in Figure 6.5(e). It is also similar to

the magnetic field in perpendicular directions in Figures 6.6(d-e).

6.5 Driven imaging in external static field

The Rabi frequency imaging was confirmed where static bias magnetic field was applied
in Figure 6.7. As shown in Figure 6.7(a), the static magnetic field map shows evolution of
domains. The image is matched to Figures 6.4(a,d,g) where same bias field. Because of bias
field, the magnetic field is not zero in the center of domains.

The contrast of ODMR shown in Figure 6.7(b) was measured simultaneously with Figure
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Figure 6.7: (a) Static magnetic field image in bias field By, = —0.6 mT. (b) Image of ODMR

contrast. (c) Image of Rabi frequency. All scale bars 2 pm.

6.7(a). The contrast is large in the center of domains related. As shown in 6.7(c), the Rabi
frequency map was imaged to confirm the contrast map. The contrast map and the Rabi
frequency are related. These images show that the oscillation of driven magnetization is

strong at the center.

6.6 Conclusions

We used NV SPM to show magnetic field feature on permalloy domains. These magnetic
fields were acquired by NV ESR full spectrum measurement and represented the magnetic
field map. Otherwise taking whole time to acquire data from all frequency positions, Dual-
Iso-B frequency method was used to measure quantitative field and magnetic contour on its
dynamic range. The magnetic domain evolved in external magnetic field to make the paral-
lel domain larger. This evolution is simulated and imaged by these methods. In the driven
microwave, this magnetic domain acts like a concave mirror for enhanced microwave on
its center by driven motion of domains. The microwave generated by permalloy was mea-
sured for Rabi oscillation. This coherent microwave enhancing or suppressing external driven
microwave was confirmed by Rabi frequency and ESR contrast [162, 188—-190] . Imaging
microwave on materials could be a candidate for tools to understand magnetic antennas or

magnon quantum devices [191-194].
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Chapter 7

Conclusions

This dissertation has offered a detailed analysis of the fundamental structure and measure-
ment of NV centers, outlining their importance in the context of nanoscale magnetic field
imaging. The experimental equipment used in these studies, including confocal microscopes
and scanning probe microscopes, have been thoroughly described, along with instructions
on how to make and use them. Through a series of three experimental experiments, we have
revealed the extraordinary potential of NV centers in a variety of applications, therefore in-

creasing our understanding of nanoscale magnetic imaging.

The first experimental result demonstrated the capability of NV centers to image magnetic
fields surrounding ferromagnetic nanowires. We are able to better understand the behavior
of magnetic materials as a result of these results. In addition, these discoveries could pave
the way for the creation of improved magnetic storage devices [120, 123], spintronic tech-

nologies, and drug delivery robots [125, 126].

In the second experiment, we focused on magnetic field imaging of a graphene point-
contact device flowing a current. The capability to transform a magnetic field back into
a current enabled a nanoscale analysis of the current distribution and local magnetic fields.
This information is essential for understanding the electrical properties of graphene and other
two-dimensional materials, which have received a lot of attention due to their distinct charac-

teristics and potential to improve electronics, and emerging materials applications [152, 195].
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By explaining the relationship between current flow and magnetic fields in these materials,
scientists can probe their properties to develop electronic devices with efficiency [153, 157].

The third experimental result showed magnetization in a ferromagnetic film as well as its
dynamic responses to microwaves. This study demonstrated the ability to adapt NV centers to
characterize magnetic materials and their response to external magnetic fields. It is essential
to be able to observe the dynamic behavior of ferromagnetic films under microwave exposure
to understand their behavior in high-frequency applications [196], such as communications
devices and radar systems [197, 198]. In addition, this information may lead to the creation
of unique approaches for probing and adapting magnetic domains, which will allow novel
features in future magnetic devices and the realization of long-range spin qubit coupling via
a magnon mode [191-194, 199].

We highlighted throughout this dissertation the significance of NV centers in nanoscale
magnetic field imaging and their diverse applications in a variety of situations. We have
proved the power of NV centers in demonstrating the magnetic characteristics of various
materials and systems by using the capabilities of single spin scanning probe microscopes.
The experimental discoveries given in this paper have not only contributed to the current un-
derstanding of nanoscale magnetic phenomena but also have the potential to motivate further
study of broadened magnetic and electrical devices.

Clearly, in the future, NV centers will continue to play an important role in the ongo-
ing investigation of nanoscale magnetism. Certainly the resolution and sensitivity of these
systems will improve, as researchers demonstrate the methodology for NV center measure-
ments. This will enable the study of magnetic phenomena and improve our understanding
across a broad spectrum of applications. This dissertation finally provides a demonstration

of the potential of NV centers to discover nanoscale magnetic field imaging.
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Appendix A

Spin Operator Calculation

In this appendix, spin operators are defined and how to calculate time evolution of spin
in rotation frame (interaction picture) is discussed. In particular, we focus on the spin triplet,

which is the NV center ground state discussed in Section 2.2.

A.1 Spin operator definitions

For spin %, spin operator are defined by

G _1fon)y o afon) o110
2l o) 2\ o) 200 1)
0 1 00
S+= ,S_: .
00 10
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Appendix A. Spin Operator Calculation

For spin 1, spin operators are defined by

010 0 —i 0 10 0
1 1
SX:_].Ol’Sz_. 0 _9S:OO O’
\/5 y \/§l 1 z
010 0 i 0 00 -1
(A.2)
0 V2 0 0 0 0
Se={0 0 V2[.S-=[v2 0 of.
0 0 0 0 V2 0

A.2 Rotating frame calculation

We can simply pick two level for matching microwave frequency to one on NV ground

state energy level with

I:I/h = DOSE + yeBZS’Z + yeBxS’x cos(wt + ¢)

(A.3)

=Dy 0 cos(wt + ¢)

, when w = Dg + y.B;, 2 X 2 block matrix can be used. So, this Hamiltonian can be written

. 1 1 B 1
H/h =Dy + YeB; 4 YeOx cos(wt + @)
0 0] V2 1 (A4)
Do +veB Do + y.B B
= ZoTYe o0+ 0F e ‘o +7e xcrxcos(a)t+go)

2 2 ARG

, where the identity matrix oy of the first term can be ignored, and the other terms are similar

form with Equation 2.8. In this appendix section, it will be described how to change this with
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A.2. Rotating frame calculation

the interaction picture. We can choose Hy /% = wS g in Equation A.3. So, we can take

2nDg + veB; —w
H/h= 0 + 2716 B Sy cos(w + )

2nDg — YeB, —w

w w]—w
= 0 + 0 + 27ryeBxS’x cos(w + ),
(A.5)
w w_1— W
Ho/h Hy/h
e—iwt
U = ¢~iHot/h _ 1
e—iwt

, where w1 = 2n(Dg + veB;), and w_1 = 27n(Dg — y.B;). Using this equation, interaction

Hamiltonian described by

H;/h=U"H,U/n

_ +iwt
w1 =@ € (A.6)

1 . .
= 0 +21yeBy—| e 1! e '@t |cos(wt + ¢).
2
\/_ +H wt

w_1— W e
Sinusoidal terms are simplified by

i
e_lwt

cos(wt + ¢) = (cos wt + i sin wt)(cos wt cos ¢ — sin wt sin @)

Cos ¢ cos® wt  Fisin ) sin? wt +(+i cos ¢ — sin ¢) cos wt sin wt
N—— —— — ——

+% cos 2wt %—%costh %siant

N[ —

%(cosgo Fising) = %e‘i‘p
(A.7)
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Appendix A. Spin Operator Calculation

, where trigonometric function with 2wt terms are ignored in rotating wave approximation
regime 2w > w1 — w, and the transition between 1 and 0 is dominant in w; — W <K W-1 — W.

The interaction Hamiltonian is simplified by

w]—w e

A 1 . .
H;/h= 0 + 21y Bx——=| e™'¥ et |. (A.8)
1 e x2\/§

w_1— W e'?

From that, we can choose 2 X 2 matrix describe in Equation A.3.
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Appendix B

Magnetic Field Decomposition and

Current Reconstruction

This appendix describes how to reconstruct in backward a 2D current distribution image

from a magnetic field map with arbitrary direction components in Section 5.3.

B.1 Magnetic field decomposition

The magnetic field of a component parallel to a dimensionless unit vector 7 is described
as follows

BNy =nyByx +nyBy +n;B, B.1)

, where 71 = (n,ny,n;) is unit vector parallel to NV axis, and Byv is magnetic field along
NV axis, and B = (By, By, B;) is magnetic field. The beginning of this explanation is the

Maxwell equation. The Maxwell equations are as follow

-

V'D:pfree, V'E:O, VXE_:: 2B VXﬁ:ffree"'% (Bz)

ot
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Appendix B. Magnetic Field Decomposition and Current Reconstruction

, in matter, and
V-E=2, V.-B=0, VxE=-95 V><B=,uo(j+eoaa—f) (B.3)

, iIn vacuum, where E is electric field, D is electric displacement field, B is magnetic field,
H is magnetic field strength, p is electric charge density, fis current density, € is vacuum
permittivity, and uq is vacuum permeability. Since the source-free region above the sample

surface is considered, the expressions for magnetic field B are
V-B=0, VxB=0. (B.4)

These relations are transformed in Fourier space. The differential operators follow

& —iky, £ —iky, & ok (B.5)
, where k., k,, are Fourier space momentum vectors, and k is defined by k = /k)% + k%. The
differentiation of x and y can be derived by using the definition of the Fourier transform.
If the source is known, the z differentiation can be derived, and it is discussed later when
the Green’s function is introduced. Using these Equations B.1, B.4, and B.5, the system of

equations for B is derived as follows

Byxv =nyBy +nyBy +n;B;, — BNV = nxgx +nyBy+n;B,,
0B, 0B, 0B, - -

V.-B= ot 3 + 32 =0 — ikyBy +ikyBy — kB, =0, (B.6)
> 0B 0B 5 R
(VX )z - ayx - axy =0 — ikyBx —ikyBy =0
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B.2. Current reconstruction

, where B are magnetic fields defined in Fourier space. These system of equations are rewrit-

ten as

o ik P
ingky +inyky —nzk NV
- ik -
B, = Y Bnv, (B.7)

T ingky +inyky —nzk
B & ;
T ingky +inyky —nzk

By imaging a magnetic field map in one direction parallel to the NV center and utilizing
boundary conditions and source conditions, magnetic field maps in all component can be

calculated.

B.2 Current reconstruction

Biot-Savart law of 2D current density is defined by

B()_#O//J(r)x(r_?/)dxdy. (B.8)

-

r—r’|

In Fourier space, the relationship between the current density at height 0 and the magnetic

field at height z is calculated. For Fourier space, this Biot-Savart law can be rewritten as
B(kx, ky,2) = g(kx, ky,2)J (kx, ky,0) (B.9)

, where g(ky, ky, z) is Green’s functions of Biot-Savart law in Equation B.8. This Green’s

function is calculated with

0 1
glkrky ) = -1 0 |. (B.10)
iky [k —iky/k
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Appendix B. Magnetic Field Decomposition and Current Reconstruction

The differentiation z in Equation B.5 is derived using this. Finally, the relationship between

current and magnetic field is determined by

By 0 1 ;

By|=Bet=| 1 o || (B.11)
S| 2 Ty

B, iky/k —iky/k

By combining these equations, J (x,y) = (Jx,Jy) can be calculated from the NV direction

magnetic field Bny map by

e [FA)) ik, ;
= = COS | — ’
*T 2 2 ) Bookzingky +inyky —ngk

o1 KA\ 1 ik, - (B.12)
Jy==(1+ — Bnv. :
¥ 79 ( COS( 2 )) B oke in ey + inyky —ngk

Hanning window

In practice, this relationship is multiplied by a Hanning window to filter out noise.

136



Index

71,33
Ty, 31
T, 30,79

Bloch
sphere, 24

vector, 24
Current reconstruction, 91

Diamond lattice, 7

Dual frequency ESR, 63, 101
FM Lock-in ESR, 64, 87

Hanning window, 91, 136

Hyperfiend interaction, 27

Intersystem crossing, 12

Ion implantation, 74

1Q modulation, 24, 48
Landau-Lifshitz-Gilbert, 99
Mulliken notation, 10

Nanowires, 74

NV*+0-~ center, 9

OOMMF, 75
Optical dipoles, 7

Partition function, 33

Point-contacted graphene, 84

Rabi oscillation, 23, 103

Ramsey measurement, 26, 79

Zeeman energy, 20
Zero field split, 12

Zero phonon line, 10



This page intentionally left blank.



Curriculum Vitae

Myeongwon Lee

Education

Mar. 2017 Ph.D. in Department of Physics, Korea University, Seoul
- Aug. 2023 Advisor: Prof. Donghun Lee @ &
Dissertation: Quantum sensing and nanoscale imaging using
scanning magnetometry with Nitrogen-Vacancy centers in diamond
Mar. 2011 B.S. in Department of Physics, Korea University, Seoul
- Feb. 2017  (Great Honor)

Publications © ¥

1. Myeongwon Lee, Yuhan Lee, Tackhyeon Lee, Alec Jenkins, Min-Wook Han, Soogil

Lee, Ha-Reem Kim, Hong-Gyu Park, Byong-Guk Park, Ania C. Bleszynski Jayich,
Kab-Jin Kim, and Donghun Lee, “Imaging static field and driven microwave of Permal-

loy domain using single spin magnetometer” (in prepation)

2. Yuhan Lee*, Myeongwon Lee*, Junhyeon Jo, Seokmin Lee, Jungwoo Yoo, Andreas

Heinrich, Taeyoung Choi, and Donghun Lee, “Imaging Oersted field around current
flowing wire based on diamond scanning magnetometer,” Current Applied Physics 34

59 (2022)

3. Lan-Anh T. Nguyen®, Krishna P. Dhakal*, Yuhan Lee*, Wonseon Choi, Tuan Dung
Nguyen, Chengyun Hong, Dinh Hoa Luong, Young-Min Kim, Jeongyong Kim,
Myeongwon Lee, Tacyoung Choi, Andreas J. Heinrich, Donghun Lee, Dinh Loc Duong,

and Young Hee Lee, “Probing room-temperature spin-polarized bands via circular-
polarized photoluminescence in V-doped WSes monolayer,” ACS Nano 15 12 20267
(2021)


https://orcid.org/0000-0003-3348-9474
https://scholar.google.com/citations?user=nzjQFT4AAAAJ
https://orcid.org/0000-0003-3003-0625
https://scholar.google.com/citations?user=-rQ7iQUAAAAJ
https://doi.org/10.1016/j.cap.2021.12.001
https://doi.org/10.1016/j.cap.2021.12.001
https://doi.org/10.1021/acsnano.1c08375
https://doi.org/10.1021/acsnano.1c08375

4. Myeongwon Lee, Seong Jang, Woochan Jung, Yuhan Lee, Takashi Taniguchi, Kenji

Watanabe, Ha-Reem Kim, Hong-Gyu Park, Gil-Ho Lee, and Donghun Lee, “Mapping
current profiles of point-contacted graphene devices using single-spin scanning mag-

netometer,” Applied Physics Letters 118 033101 (2021).

5. Myeongwon Lee, Bumjin Jang, Jungbae Yoon, Mohan C. Mathpal, Yuhan Lee, Chulki

Kim, Salvador Pane, Bradley J. Nelson and Donghun Lee, “Magnetic imaging of a
single ferromagnetic nanowire using diamond atomic sensors,” Nanotechnology 29

405502 (2018).

6. Sunuk Choe, Jungbae Yoon, Myeongwon Lee, Jooeon Oh, Dongkwon Lee, Heeseong

Kang, Chul-Ho Lee, and Donghun Lee, “Precise temperature sensing with nanoscale
thermal sensors based on diamond NV centers,” Current Applied Physics 18 1066
(2018).

* Equal contribution

Book Chapters

1. Myeongwon Lee, Jungbae Yoon, and Donghun Lee. “Atomic Scale Magnetic Sensing

and Imaging Based on Diamond NV Centers,” (Magnetometers - Fundamentals and

Applications of Magnetism, 2019, ISBN: 9781839690969)

Honor and Awards

« Grand prize, IonQ & QCenter,’ Quantum Challenge (2021)
* Outstanding Teaching Assistant in Department of Physics, Korea University (2019)

* Great Honors in B.S., Korea University (2017)

T QCenter (A4 H A2 L 41E): Quantum Information Research Support Center, South Korea


https://doi.org/10.1063/5.0037899
https://doi.org/10.1088/1361-6528/aad2fe
https://doi.org/10.1088/1361-6528/aad2fe
https://doi.org/10.1016/j.cap.2018.06.002
https://doi.org/10.1016/j.cap.2018.06.002
https://doi.org/10.5772/intechopen.84204
https://doi.org/10.5772/intechopen.84204
https://qcenter.kr/sub/sub02_05.php?boardid=contest&mode=view&idx=3&sk=&sw=&offset=&category=
https://qcenter.kr

Scholarship

» Research Encouragement Scholarship in Graduate School (2020, 2021)

* Baekwoon Scholarship in Department of Physics (2019)

* General Scholarships in Graduate School (2017 - 2018)

* Brain Korea 21 Plus Scholarship during Ph.D. (2017 - 2019)

* National Science and Engineering Scholarship during B.S. (2011, 2014 - 2016)
Experience

« A33] tiste S At <A e s> TR, Y nduSd (2022)

A R 7 X 3], QCenter, Team: KoKoPos (2022)
“Error mitigation for reliable quantum computation,” Mentor: Yosep Kim

Quantum Challenge, lonQ & QCenter, Team: Kim&Lee (2021)

Teaching Assistant, Korea University (2017 - 2019)

General physics, and laboratory, Modern physics and experiments, Solid state physics

Creative Challenger Program, 122t w5571, Team: W SHA7F (2016)

“Teaching Mathematica® Quantum Mechanics,” Advisor: Prof. Mahn-Soo Choi

Military Service, Honorable discharge from Army as Sergeant (Mar. 2012 - Dec. 2013)

il Studying project for early stage of ‘M.-S. Choi, A Quantum Computation Workbook, Ist ed. (Springer,

2022y


https://doi.org/10.1007/978-3-030-91214-7

Presentation

* Oral talk, APS March Meeting, “Imaging spin dynamics in ferromagnets using a single
spin scanning magnetometer” (Mar. 2022)

+ Oral talk, FAH B 784250, “TonQ & QCenter Quantum Challenge”
(Jan. 2022)
* Oral talk, The 2nd International Workshop on Scanning Probe Microscopy, “Mapping
current profiles of point-contacted graphene devices using scanning diamond nitrogen-
vacancy center magnetometer” (Aug. 2021)
e Oral talk, A A5 & Y T4 “Quantum sensing and nanoscale imaging
with defects in solid-state” (Feb. 2021)
* Poster, Virtual Workshop on Scanning Probe Microscopy, “Current imaging of graphene
point contacts using single spin magnetometer” (June 2020)
* Poster, IBS Conference on Quantum Nanoscience, “Quantum sensing and nano-scale
imaging based on diamond NV centers with atomic force microscope”  (Sept. 2019)
* Poster, Gordon Research Conference on Quantum Sensing, “Construction of novel
scanning probe magnetometer based on NV Center in diamond” (June 2019)
* Oral talk, KPS Spring Meeting, “Nano-scale stray field imaging of magnetic structure
with a single spin magnetometer” (Apr. 2019)
* Poster, International School on Spintronics and Korea-Japan Spintronics Workshop:
Topological Phenomena in Magnetism, “Construction of novel scanning probe magne-
tometer based on diamond NV centers” (Jan. 2019)

* Poster, Symposium on Quantum and Nano Device, “Magnetometer based on NV cen-

ters in diamond” (Nov. 2018)
* Oral talk, KPS Fall Meeting, “Construction of novel scanning magnetometer based on
NV centers” (Oct. 2018)

* Poster, Spin-based quantum information processing (Spin Qubit 4), “Construction of
novel scanning probe magnetometer based on diamond NV center” (Sept. 2018)
* Oral talk, The 5th International Conference of Asian Union of Magnetics Societies,
“Novel scanning magnetometry based on quantum defects in diamond” (June 2018)
* Poster, KPS Spring Meeting, “Nanoscale magnetic imaging based on diamond NV cen-
ters” (Apr. 2018)
* Poster, The 9th BK21+ Young Physicists Workshop, “Quantum magnetic sensing and
imaging based on diamond NV centers” (Feb. 2017)



Figure 3.5, 3.9, 3.13, and 3.18 appear as animated images
supported in Acrobat reader in Windows environment.
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