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CHAPTER I 

INTRODUCTION 
 

1.1 Background and motivation 

  The nitrogen-vacancy (NV) center is one of the solid-state spin systems that can 

be implemented in quantum technology, produced by replacing two of the carbon 

atoms in the diamond structure with a nitrogen atom and an adjacent vacancy. The 

negatively-charged NV center contains a spin triplet system (Doherty et al., 2013; Jeske 

et al., 2017), which can be controlled using microwave pulse techniques and read out 

via an optical signal in ambient conditions (Childress et al., 2006). Moreover, compared 

to other quantum systems, the NV center system is more affordable to develop, with 

a demonstration laboratory experiment costing about of $20,000 (Sewani et al., 2020).  

  In quantum computing, the NV center is of interest because it has a long 

coherence time in order of milliseconds (Castelletto et al., 2012). However, to scale 

the qubit up to many numbers of the NV centers, there is a limitation that the distance 

has to be shorter than 25 nm to make the entanglement between two NV centers 

(Dolde et al., 2013), which prohibits optical addressing of each NV center with standard 

techniques. However, due to the coupling between the electron from NV center and 

the surrounding nuclear spins such as 13C, 14N, and 15N, we can use these nuclear spins 

to increase the number of qubits in the quantum register, while using only a single NV 

center. In general, the nuclear spin qubit has a longer coherence time than the 

electron spin because the nuclear spin has a lower gyromagnetic ratio than the 

electron spin (Dutt, Childress et al., 2007; Maurer et al., 2012), making it a robust 

quantum memory in the quantum register. 
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  Various techniques in NV studies have been developed from other research, 

however; there are limitations in studying 13C nuclear spin. Jiang et al. (Jiang et al., 

2009) reported the protocol to control and repeatedly read out the signal from up to 

three qubits, using the 13C nuclear spins. The quantum register derived from these 

surrounding nuclear spins proves effective for quantum error correction (QEC), a crucial 

step in quantum computer development. However, this protocol is quite challenging, 

as it requires the serach from over 3,300 NV centers to find the appropriate coupling 

parameters with two 13C nuclei suitable for qubits in the QEC protocol (Waldherr et 

al., 2014). Sangtawesin et al. (Sangtawesin et al., 2014) performed a fast phase gate at 

room temperature on the 14N nuclear spin, which is challenging to control due to its 

small nuclear magnetic moment. Furthermore, it can be difficult to control the nuclear 

spin of especially when working with additional weak coupling interactions of 13C. 

Taminiau et al. (Taminiau et al., 2012) showed access and control up to six qubits from 

weakly coupled nuclear spins using the dynamical microwave pulse technique, and 

later the group had extended the protocol towards a ten-qubit quantum register 

(Bradley et al., 2019). Even though several techniques were proposed to access the 

control of nuclear spin in NV center system, they are inconvenient to deal with and 

require the use of RF signals for direct nuclear spin manipulation. 

  Several studies have attempted to control hybrid systems by leveraging 

interactions and using microwave control of electrons and nuclear spins together (Dutt 

et al., 2007; Kegami et al., 2011; Zhang et al., 2019). In this study, we demonstrated 

indirect control of nuclear spin without applying RF signals, following the protocol 

outlined in Dutt et al. shows the observation of free precession of the nuclear spin 

and hyperfine effects. Additionally, we investigated the effects of poor polarization at 

this point to find techniques in the future to mitigate these effects and improve our 

system.   
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1.2 Research objectives 

1.2.1 To study and observe the dynamics of electron and 13C nuclear spin in the 

nitrogen-vacancy center. 

1.2.2 To coherently control an electron-nuclear spin system as a quantum register. 

1.2.3 To perform the 13C nuclear spin phase gate by using the hyperfine interaction. 

 

1.3 Scope of thesis 

1.3.1 We focus on only the coupling between electron spin from the NV center and  

a nuclear spin from 13C. 

1.3.2 We perform all the experiments at room temperature.  
 

1.4 Outline of thesis 

  This thesis is divided into five main chapters. Chapter I is the introduction 

consisting of the background and motivation, research objectives, and scope of this 

thesis. In chapter II, we describe the basic theories and properties of the qubit and the 

process to control it. Moreover, we introduce the NV center, which is the system that 

was used in this thesis, including the energy diagram and the Hamiltonian for describe 

the dynamics of the system. In chapter III, we show the setup and procedures used in 

this work. The diagram of a single-photon confocal microscope and a microwave setup 

for observing and controlling the NV center are shown in this part. In addition, the 

description for the microwave pulsed experiment also shown in this chapter. Chapter 

IV presents the experimental results of the thesis consisting of the NV center picture 

taken from the confocal microscope; the optically detected magnetic resonance 

(ODMR), showing the zero field and Zeeman splitting of the NV center. Furthermore, 

we performed the pulsed-ODMR to characterize the electronic spin of the NV center 

coupled with nuclear spin. After that, we show the results from controlling the electron 

spin and the 13C nuclear spin such as the Rabi oscillation, the free precession and 

Ramsey experiment of the 13C nuclear spin.  Additionally, we investigated the effects 
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of poor polarization to find techniques in the future to mitigate these effects and 

improve our system. Finally, the conclusion of this thesis is given in Chapter V. 

 

 

 

 

 

 

 

 

 



 

CHAPTER II 

LITERATURE REVIEWS 

In this section, we describe the details of a qubit in a quantum computer, 

including the Bloch sphere representation and the gate set required for qubit 

operation. In addition, we explain the concept and fundamental mathematics of 

quantum processes such as the Rabi process, the Ramsey process, and the spin echo 

process. Furthermore, the final section will provide background information for our 

candidate quantum system, the nitrogen-vacancy center. 

2.1 Qubit 

A qubit, or quantum bit, is a fundamental unit in quantum computing. In a 

classical computer, the information is represented by a "classical bit," which has only 

two logic values, 0 and 1. On the other hand, the qubit can store information in terms 

of superposition between bits 0 and 1 at the same time. Moreover, it has phase 

information on each state, which the classical bit cannot provide. We can visualize a 

qubit state using a Bloch sphere (Nielsen et al., 2004). As shown in figure 2.1, a pure 

qubit state can exist anywhere on the Bloch sphere surface. This property provides a 

qubit with a more powerful computation resource compared with the classical bit. In 

general, the qubit can be written in formal notation, as shown below. 

																	|𝜓⟩ 	= 	 𝑐𝑜𝑠 !
"
|0⟩ +	𝑒#$ 𝑠𝑖𝑛 !

"
|1⟩                                          (1)

  

Where state, |0⟩ = %10' and |1⟩ = %01'  are the matrix that satisfies the orthonormal 

properties. 𝜃 and 𝜑 are defined according to the spherical coordinates on the Bloch 

sphere.
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 On the Bloch sphere, state |0⟩ and |1⟩ are located at the north and south poles, 

respectively. In addition, there are two orthogonal pair of pure states on the equator 

of the Bloch sphere, namely state |±⟩ = !
√#
(|0⟩ ± |1⟩) and state |±𝑖⟩ = !

√#
(|0⟩ ± 𝑖|1⟩) 

that are on opposite sides of the Bloch sphere. 
 

 

 

 

 

 

 

 

 

 

 

 

2.2 Quantum logic gates 

2.2.1 Single-qubit gate 

  The purpose of the qubit control is to project the qubit state to any location 

on the Bloch sphere. Quantum gates are unitary operations required to transfer the 

state of a qubit. Here, we describe a list of some necessary gates for a single qubit. 

2.2.1.1 The X gate, Y gate and Z gate 

The X-gate or NOT gate is represented by the Pauli-X 𝜎$ = %0 1
1 0' matrix. The 

operation of this gate is to switch the coefficient between state |0⟩ and |1⟩, so we can 

|+⟩ 

|−⟩ 

|+𝑖⟩ |−𝑖⟩ 

Figure 2.1 The Bloch sphere representation for visualizing the qubit state, the state 

|0⟩ and |1⟩ are on the top and the bottom of the z axis. Two set of orthogonal bases 

|±⟩	 and  |±𝑖⟩  are located on the xy-plane of the Bloch sphere. 
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call the X-gate as bit flip gate. The Y-gate is represented by the Pauli-Y 𝜎% = %0 −𝑖
𝑖 0 ' 

matrix, which is used to rotates a quantum state 180o around the Y-axis of the Bloch 

sphere. The Z-gates is represented by the Pauli-Z 𝜎& = %1 0
0 −1' matrix. This gate 

causes the qubit to rotate 180o around the Z-axis, in this operation, it switches the 

phase of the qubit, so this gate is often called the phase-flip gate. 

2.2.1.2 The Hadamard gate 

The Hadamard is used to generate the superposition between state |0⟩ and 

|1⟩. The operation of this gate is rotating the qubit 90o around the Y-axis, followed by 

a 180o rotation around the X-axis. 

 

 

 

 

 

 

 

 

 

2.2.2 Two-qubit Controlled NOT (CNOT) gate  

  In general, for many qubits, some gates can be constructed by using the tensor 

product of multiple single-qubit gates. However, some of gate cannot be constructed 

such as controlled-NOT (CNOT) gate. 

 

 

Figure 2.2 This figure shows the evolution of the qubit state after operated by each 

gate. The X-gate is used to map the state |0⟩ to |1⟩	and state |1⟩ to |0⟩. Similarly, the 

Y-gate map state |0⟩ to 𝑖|1⟩	and state |1⟩ to −𝑖|0⟩. The Z-gate does nothing to state 

|0⟩  but creates the phase 𝜋 to state |1⟩	 as −|1⟩. And the Hadamard gate create the 

superposition state from the Z basis.  



 8 

 The CNOT gate operates on a two-qubit quantum register. When the first qubit 

(control qubit) is in state |1⟩, it is used to switch the state of the second qubit (or target 

qubit). The CNOT gate's operations are detailed in the table 2.1. 

Table 2.1 The CNOT gate operation on a two-qubit quantum register. 

Before After 

Control qubit Target qubit Control qubit Target qubit 

0 0 0 0 

0 1 0 1 

1 0 1 1 

1 1 1 0 

 

Example). Generating two-qubits entanglement 

  Figure 2.3 shows the quantum circuit that was used to generate the two-qubit 

entanglement. First, the two qubits are prepared in state |0⟩, so the total state is in the 

tensor product form |0⟩⨂|0⟩. By only operating the first qubit with the Hadamard gate, 

making it is in superposition between state |0⟩ and state |1⟩. The total state will be 
!
√#
(|0⟩ 	+	 |1⟩)⨂|0⟩.After that, apply a CNOT gate to change the state of the second 

qubit from state |0⟩ to state |1⟩, the final state will be in form 
!
√#
(|00⟩ + |11⟩). 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 The quantum circuit for generating the two-qubits entanglement in form 
!
√#
(|00⟩ + |11⟩).  
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2.2.3 Universal set of Quantum gates  

A universal set of quantum gates is a set of gates that enables the 

implementation of any quantum operation and is an essential component of quantum 

computing to enable a wide variety of quantum algorithms and computations (Grover, 

1997; Zhang, S., and Li, L., 2022). 

The controlled-NOT (CNOT) gate and the single-qubit gates are examples of a 

complete set of universal quantum gates. Any desired unitary transformation can be 

approximated by combining single-qubit operations with CNOT gates. For example, we 

can use the Hadamard gate to produce a superposition state, followed by a CNOT gate 

to generate an entanglement between two qubits. 

2.3 Decoherence 

 The decoherence is the mechanism or process that makes the quantum state 

lose the phase information from the state and revert to the classical state, which is a 

result of multiple factors, including coupling from the spin bath, temperature noise, 

magnetic flux noise and sensitive parameters from outside the system. This is the 

important factor we need to characterize in order to create a qubit. The set of 

decoherences in the qubit is shown below. 

2.3.1 The relaxation time (𝑻𝟏) 

The relaxation time or decoherence resulting from a perturbation orthogonal 

to the quantization axis or rotation about the x and y axes on the Bloch sphere. The 

simplest explanation for this parameter is the time required for the electron in excited 

state decay to the ground state (i.e., Transmon/Atom) as shown in figure 2.4(a).  

2.3.2 The dephasing time (𝑻𝟐) 

The dephasing time is a result from a perturbation along the quantization axis 

or the rotation around the z axis on the Bloch sphere, for example, magnetic flux noise 

that causes phase randomization in the superconducting qubits (Ithier, Collin et al. 
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2005). In figure 2.4(b), the states on the equator of the Bloch sphere of the qubit can 

store the information of the phase difference between state |0⟩ and state |1⟩ of the 

qubit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4 Quantum control process 

 To control qubits in the quantum computer, we need to perform quantum 

processes to characterize and manipulate our system. 

2.4.1 Rabi Oscillation 

The Rabi oscillation is the oscillation of the basis state in a quantum two-level 

system when an external AC field is applied as shown in figure 2.5(a). In quantum 

computing, we use the Rabi process to flip the qubit from state |0⟩ to |1⟩. This part is 

necessary for controlling the qubits. 

(a) (b)

Figure 2.4 (a) This figure illustrates the behavior of relaxation time as the qubit travels 

from the north pole to the south pole of the Bloch sphere. (b) To describe about the 

dephasing process, the qubit stores phase information, and the dephasing behavior 

gives us an estimate of the time required for the qubit to lose the phase information. 
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Suppose we have a two-level system with transition energy 𝜔) that is under  

an oscillating magnetic field of angular frequency 𝜔. The dynamics of the system can 

be described by the Hamiltonian (Nakahara Mikio, 2008) (Here we use ℎ = 1	for 

simplicity)  

															𝐻	 = 	−%*
"
𝜎& +	

%+
"
(cos(𝜔𝑡) 𝜎' − 	sin(𝜔𝑡)𝜎()																										(2)   

 

																	= 	− 𝜔0
2
"1 0
0 −1

# + 𝜔1
2
" 0 𝑒𝑖𝜔𝑡

𝑒−𝑖𝜔𝑡 0
# 	,																																			 (3)

  

where 𝜔! > 0	is a parameter proportional to the amplitude of the oscillating field. By 

setting the initial state in the ground state of the unperturbed Hamiltonian as 

																														|𝜓(0)⟩ =	|0⟩	.                                                       (4) 

By tuning 𝜔 =	𝜔) (Resonance frequency) and performing a unitary 

transformation, the time evolution of the state can be expressed as  

 

												|𝜓(𝑡)⟩ = 	@
𝑒#%*./" ∙ cos B%+.

"
C

−𝑖𝑒0#%*./" ∙ sin B%+.
"
C
D	                                            (5)  

 

																									= 	 𝑒#%*./" Bcos B%+.
"
C |0⟩ −	𝑖𝑒0#%*.sin B%+.

"
C |1⟩C	.         (6) 

 

From this result, the quantum state will repeatedly oscillate from |0⟩ to |1⟩. 

The term  e./!0/# is called the “global phase” term which is the phase in common 

between two states and does not affect the measurement of a single qubit. The term 

𝑖𝑒2./!3 is the relative phase between state |0⟩ and |1⟩, which shows the evolution of 

the state with respect to time. 
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This oscillatory behavior is called the Rabi oscillation, and the frequency 𝜔! is 

called the Rabi frequency. We can find the probability of finding the final state in terms 

of the sine and cosine function as shown below. 

																																	𝑃1 =	1 − s𝑖𝑛 B
%+.
"
C	"	                                                        (7) 

 

																																	𝑃2 =	1 −	cos B
%+.
"
C	"	                                                      (8) 

Where 𝑃) and 𝑃! are probability to get the qubit in state |0⟩ and |1⟩ respectively. From 

equation (7) and (8), the population of the qubit in state |0⟩ and state |1⟩ are shown 

in figure 2.5(b). 

From the graph in figure 2.5(b), we can prepare the qubit in any state by 

applying specific time of signal control. For example, we can prepare the qubit in state 

|1⟩ by applying the control signal with time 𝑡 = 	 4
/"

 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

1

Time 

Probability
P! P"

" = $
%!

(b)(a)

Figure 2.5 (a). The Bloch sphere visualization for the Rabi oscillation behavior.  

(b). The graph shows the ideal behavior of the Rabi oscillation signal. The probability 

to get state |0⟩ and	|1⟩ from the qubit will oscillate with sine and cosine function with 

respect to time.  
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2.4.2 Ramsey experiment  

  As mentioned in section 2.1, the qubit can store information in phase term 

represented by the azimuthal location 𝜑 on the Bloch sphere. Ramsey measurement 

is the process that is used to observe the phase accumulation and the decoherence 

of the qubits. 

 

 

 

 

 

 

 

 

 

 

   

 

  The Ramsey process shown in figure 2.6(a) start by initializing state at the north 

pole of the Bloch sphere (state |0⟩) and then apply 4
#
 pulse whose function is to rotate 

the state around the x or y axis with angle 𝜃 = 
4
#
. The state after this step will be 

moved to the equator (superposition state between state |0⟩ and state |1⟩). According 

to Section 2.4.1, if we apply the off-resonance frequency (𝜔 ≠ 𝜔)) to the system, this 

affects the qubit state slightly, with phase 𝜑 changing with detuning frequency 56
53
=

𝛿	 = (𝜔 − 𝜔)). After allowing the qubit to evolve with time 𝜏, this process provides the 

Figure 2.6 (a). Pulse sequence for the Ramsey experiment. (b). This picture shows the 

process and the state evolution of the qubit in the Ramsey experiment. (i) Prepare 

initial state in the north pole of Bloch sphere. (ii) Apply 4
#
 pulse to rotate the state 

into the equator. (iii) The qubit freely rotates on x-y plane. (iv)  apply  4
#
  pulse again. 

to rotate the state into the south pole.  
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phase different 𝜑 = 	𝛿 ∙ 𝜏 between state |0⟩ and state |1⟩. After that, apply 4
#

  pulse again 

to rotate the state into the south pole (state |1⟩). After that, we measure the intensity 

of the light that is emitted from the NV-center to find the population of the qubit final 

state. The result from this experiment shows the dephasing behavior that including 

noise from the spin bath and gives us the ensemble dephasing time 𝑇#∗. The evolution 

of a qubit state throuthout this process is shown in figure 2.6(b). 

2.4.3 Spin echo 

  The spin echo is a technique proposed in 1950 by Erwin Hanh to reduce the 

decoherence of quantum systems (Hahn, 1950). By employing a pulse sequence 

protocol to cancel out the effect of unwanted spin bath signals as shown in figure 

2.7(a). The spin echo process begins with the initialization of the qubit  to state |0⟩. 

Then, applying  4
#

  pulse to project the qubit onto the equator of the Bloch sphere or 

project the system into the superposition state !
√#
(|0⟩ + 𝑖|1⟩). Due to the effect of the 

external magnetic field, if the system contains a large number of spins, each spin will 

precess at its own detuning 𝛿. After waiting for time 𝜏 it will make a phase different 

between state |0⟩ and state |1⟩. Then, we apply a 𝜋 pulse to flip all the spins in the 

opposite direction of the Bloch sphere. If we wait the exact time 𝜏8 = 	𝜏, all spins will 

refocus at the same point and all of unwanted signals are removed from the system. 

Finally, we will apply a 4
#

  pulse again and measure the spin population. This process 

provides us the dephasing time that subtract noise from the environment 𝑇#. The 

visualization of this process on the bloch sphere is shown in figure 2.7(b). 
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(a)

(b)

Figure 2.7 (a) Pulse diagram for spin echo experiment. (b) The process and the state 

evolution of the qubit in the spin echo process. (i) The qubit was prepared in the 

state |0⟩. (ii) Then, apply 4
#

  pulse to project the qubit onto the equator of the Bloch 

sphere. (iii) Due to the effect of the external magnetic field. After waiting for time 𝜏, 

the spin will precess and causing the phase different between state |0⟩ and |1⟩ with 

related to factor 𝛿 ∙ 𝜏. (iv) we apply a 𝜋 pulse to flip all the spins in the opposite 

direction of the Bloch sphere. (v) Waiting for time 𝜏8, all the spin will refocus at the 

same point. (vi) After waiting for time 𝜏8 = 	 𝜏 all of the unwanted effects will be 

removed, and the final state will recombine at the same point. 
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2.5 Nitrogen-vacancy center 

The nitrogen-vacancy (NV) center in diamonds is a defect in structure that is 

caused by replacing two of the carbon atoms in the diamond structure with a nitrogen 

atom and an adjacent vacancy. The interested type of the NV center is the negatively 

charge NV center or NV- which is formed by six electrons, three from carbon atom, 

two from nitrogen atom and one from environment as shown in figure 2.8. The NV- 

ground state is a spin triplet state which can be manipulated by using optical and 

microwave techniques to obtain the zero-phonon line at wavelength 637 nm (Gruber, 

Drabenstedt et al., 1997).   

 Due to optical and spin properties of the NV center, it can be used in several 

quantum technology such as qubits in quantum computing (Childress et al., 2013), 

nanoscale magnetometers (Hong, Grinolds et al. 2013), and probing several parameters 

such as electric field (Jamonneau et al., 2016), material strain (Grazioso et al., 2013) 

and temperature (Toyli et al., 2013) with high sensitivity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 This picture shows NV- system that is caused by the substitution of one 

carbon atom with a nitrogen atom. The three unpair electrons are occupied in the 
3A2  ground state while they are localized on these carbon atoms and the nitrogen 

atom in the 3E excited state. 

 

This performs as a spin triplet system. 
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2.5.1 Energy Diagram of the NV center 

Figure 2.9 shows the energy diagram for the NV center which has a triplet state 

at the ground state and an excited state with	𝑚𝑠 = 0 and degenerate state 𝑚: = ±	1. 

We can excite the electron in the ground state by using an off-resonant green laser 

which has wavelength of 532 nm. and then the NV will emit the fluorescence via the 

red light which has the zero-phonon line at 637 nm as shown in figure 2.10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b)(a)

Figure 2.9 The energy level diagram for the NV center. (a). Electron start in spin 𝑚: =

0, after it was excited by using green laser, it will emit the red fluorescence. (b). For 

electron starts in spin 𝑚: = ±	1, the electrons in this case have two channels to go 

through, one with the same part as (a) and emitting the same fluorescence and one 

will go to the metastable state with the non-radiative decay. 
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By probing the NV in the excitation process with microwave signal at 2.87 GHz 

that corresponds with a zero-field splitting, some population of the electron in the 

ground state with 𝑚: = 0 will go to the degeneracy state 𝑚: = ±	1. For this part, after 

exciting the electron, the electron can go to state 𝑚: = ±	1 of the excited state. The 

electrons in this case have two channels to go through, one with the same path as 

mentioned before and emitting the same fluorescence and one will go to the 

metastable state with max probability around 60 – 80% (Childress et al., 2006, Manson 

et al., 2006, Robledo et al., 2011) with the non-radiative decay with a long lifetime ~ 

300 ns compared to lifetime in the general path (~ 20 ns) (Storteboom et al., 2015). 

From this property, the intensity of the light that is emitted from the NV-center in 

state	𝑚: = 0 and 𝑚: = ±	1 are different as shown in figure 2.11. We can distinguish the 

spin state of the electron in the NV center by considering the photon counts rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 This graph shows the fluorescence emission from the NV center. The NV 

center release a light spectrum in the 600 – 800 nm range with a zero-phonon line at 

637 nm (Gruber et al., 1997). 

 



 19 

 

 

 

 

 

 

 

 

 

 

 

 

2.5.2 NV center Hamiltonian  

To study the properties of the NV center, we can consider the Hamiltonian as 

shown below. 

												𝐻 = 𝐷𝑆&" + 𝛾3𝐵O⃗ ∙ 𝑆 + ∑ R𝑆 ∙ 𝐴4 ∙ 𝐼4 + 𝛾4𝐵O⃗ ∙ 𝐼4U4                         	(9)  

 The first term of the Hamiltonian describes zero field splitting, where 𝐷 =

2.87	GHz is the parameter for zero-field splitting and 𝑆& is the spin operation along the 

z axis (NV axis). The second term describes the Zeeman-splitting between the 

degeneracy states	𝑚𝑠 = −1 and 𝑚: = +1. By applying an external magnetic field, the 

energy of these two states will separate, based on the electronic gyromagnetic ratio 

𝛾; = 2.802	MHz/Gauss. And the last two terms describe the effect of the nuclear spin 

in the system, the first term is the hyperfine interaction term, and the second term is 

the Zeeman splitting term, where the hyperfine tensor associated with each coupling 

is given by 𝐴< , and the gyromagnetic ratio of each nuclear spin is given by 𝛾< . 

Figure 2.11 This graph shows that photoluminescence is dependent on the number 

of spin states, with spin state 𝑚: = 0 providing a higher initial fluorescence rate than 

spin state 𝑚: = 1. Therefore, we can use this phenomenon to determine the 

electron's spin state of the NV center (Gupta et al., 2016). 
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 Figure 2.12 shows the energy splitting of the state  𝑚! = −1 and 𝑚! = +1 

from state 𝑚! = 0. For absence of the external magnetic field, the state 𝑚! = ±	1 

have equal energy different from 𝑚! = 0 at 2.87 GHz. And for increasing the 

magnetude of the magnetic field along the NV axis, they will split from each other with 

factor 2𝛾"𝐵#. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5.3 The hyperfine coupling between 13C and the NV center  

  In the NV center system, it is surrounded with the carbon atom, around 98.9% 

of the spinless 12C and 1.1% of the 13C. The 13C have spin ½, which can cause the 

strong hyperfine interaction with the nearby electron from the NV center. So, we can 

use the coupling between them to control a quantum register. 

Figure 2.12 This graph shows the Zeeman-splitting effect on the electron in the NV 

center. The energy (in terms of frequency) of each spin state will split from each other 

depending on the magnitude of an external magnetic field. 

2"!#
2.87
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For the quantum register that is manipulated from nuclear spins of the carbon 

atom it have a longer coherence time than electron spin due to the ratio between the 

gyromagnetic ratio of the electron spin and nuclear spin. We can use two control 

pulses to operate electron and nuclear spin as a quantum register. The energy diagram 

of the electron spin and nuclear spin are shown in figure 2.13. 

 

 

 

 

 

 

 

 

 

 

 

 

The electron in the states 𝑚: = 0 and 𝑚: = 1 is used as the first qubit, while 

the nuclear spin with spin up and spin down is used as the second qubit. In the 𝑚: =

0, the hyperfine interaction between electron spin and nuclear spin cannot be seen. 

If we apply a magnetic field perpendicular to the nuclear spin axis, the nuclear spin 

will flip between spin up and spin down with the larmor frequency 𝜔= . In the 𝑚: = 1 

manifold, the hyperfine interaction causes the energy shift between spin up and spin 

down of the nuclear spin with a frequency	𝜔1 = Azz	in range up to 20 MHz in both 

Figure 2.13 (a) The energy diagram for the coupling between the electron spin and 

nuclear spin from 13C. (b) This is the ODMR result that show the transition of the 13C. 

The green box show the splitting between the spin |↓⟩	and |↑⟩ of 13C the nuclear spin 

(Dutt et al., 2007). 

 

(a) (b)(a) (b)
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low and high magnetic field (<50 G and 510 G) (Smeltzer et al., 2011). This energy 

diagram can be used to control the quantum register system. 

 The energy diagram for the coupling between the electron spin of the NV 

center and the nuclear spin of 13C is useful as a quantum register. The set of the 

hyperfine strength between NV electron spin and the different locations of 13C nuclear 

spin are shown in table 2.2 with the visualization in figure 2.14. From the table, all 

frequencies are given in MHz, numbers in parentheses give error in the last digit. 

Table 2.2 The observed and theoretical hyperfine splitting (𝐴?@:) of 13C nuclear spin 

in different lattice sites at low magnetic field (<50 G). 

Lattice site Distance to site 

(Angstrom) 

Sites 𝐴$%! 

theory 
𝐴$%! 

experiment 

A 3.89 6 14.8(1) 13.72(3) 

B 3.90 3 13.9(1) 12.78(1) 

C 2.52 3 -7.5(1) -8.92(3) 

D 2.50 5 -5.7(2) -6.52(4) 

E, F 2.93, 2.96 6, 3 4.6(1), 4.67(4) 4.2(1) 

G, H 5.05, 5.05 6, 3 2.63(7), 2.27(4) 2.4(3) 

 

 

 

 

 

 

 

 

 

Figure 2.14 Visual representation showcasing the geometry of the NV defect from two 

perspectives. Lattice sites hosting proximal 13C nuclear spins, denoted as outlined on 

Table 2.2. The nitrogen sites are marked as “N”, while sites labeled “O” represent 

the nearest neighbors to the vacancy (𝐴?@: = 130 MHz) (Smeltzer et al., 2011). 

 



 

 

CHAPTER III 

RESEARCH METHODOLOGY 

  
First, we introduce the properties of the NV center sample that used in our 

work. We show our setup, includes the AOM setup, confocal setup and the microwave 

instrument setup.  We started our worked by using a confocal microscope to observe 

the fluorescence from the NV center. After addressing the location of the NV center, 

microwave sequences are applied to NV sample to perform quantum process to 

manipulate our system. 

3.1 NV center Sample 

We used single-crystal electronic (ELSC) grade diamond with a low NV 

concentration (less than 0.03 ppb) purchased from Element Six Ltd. The diamond plate 

size is 2 x 2 mm with a thickness of 0.5 mm. The sample was implanted with 15N with 

an energy of 30 keV and annealed to form NV centers (Sangtawesin et al., 2019). The 

sample is attached to the PCB board fabricated with a coplanar waveguide, which has 

a characteristic impedance close to 50 ohms. A 25 μm aluminum wire was stretched 

above the sample for carrying the microwave signal to the sample. Magnetic field 𝑩 

was applied to the sample with a permanent magnet that can be adjusted to tune the 

magnetic field orientation along one of the NV center axes. 

3.2 Acousto-Optic Modulator (AOM) setup 

AOM is a device used for controlling intensity of laser beam. It consists of a 

piezoelectric transducer attached to a crystal material. When RF signal (electric current) 

is applied to the transducer, it will vibrate because of piezoelectricity, and generate 

acoustic wave travelling in the crystal. Due to photo-elastic effect, the moving plane 

of transducer produces periodic change in refractive index in the crystal which is similar 
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to a diffraction grating. When light is coming to this grating in AOM, the light is diffracted 

into several orders and interference pattern occurs at the output. From this property, 

we choose the first-order beam from the AOM to use in our optical setup. 

The setup diagram of the AOM is shown in figure 3.1(a). We use a convex lens 

with a focal length of 150 mm to focus a beam from the 532-nm laser into the AOM 

(G&H AOMO 3080-120). The time trigger of the AOM is control by using a pulse blaster 

(Spincore Technologies PulseBlaster ESR-PRO500). Moreover, two mirrors are used for 

easily align the path of the green laser. Finally, we use another convex lens with a 

focal length of 150 mm to collimate the beam after passthrough the AOM focus on a 

single-mode fiber coupler (Thorlabs PAF2P-A7A), which connects to a confocal 

microscope setup as shown in the next section. The results from turn on and turn off 

the AOM system are shown in figure 3.1(b). 

 

 

 

 

 

 

 

 

 

 

3.3 Single-Photon Confocal microscope 

  The confocal microscope obtains a high imaging resolution by using the focal 

point of the light to create an image and by filtering out noise from other sources. The 

Figure 3.1 (a) Diagram of the AOM setup. (b) The outputs of the green laser when 

turn off (left) and turn on (right) the AOM. 
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confocal can scan images in three dimensions, which is useful for studying materials 

that emit fluorescence, such as biological (Hepler and Gunning, 1998) and chemical 

(Nie, Chiu et al., 1994), and the NV center in particular. The schematic for the confocal 

setup is shown in figure 3.2. 

 

 

 

 

 

 

 

 

 

 

  We placed the NV sample on the sample mount in the setup. The excitation 

source is a green laser with a wavelength of 532 nm (Coherent OBIS 532) which is 

aligned to the sample by following the green path shown in the image. The mirrors in 

the diagram (Thorlabs BB1-E02) are used to align the laser beam. We use the galvo 

mirror (Thorlabs GVS 212/M) which can adjust the green laser to scan the sample in 

two directions (x-y plane). After passing the galvo, the beam will be focused on the 

sample by using lenses L1 and L2 with a focal length of 150 mm (Edmund Optics 49-

390), at the position in front of the sample, the beam was focused on the sample by 

installing the 100x objective lens (Olympus MPLFLN100X). We install the sample on 

the piezo stage to make this system capable of scanning in the z-direction and fine-

focusing a confocal image. When the NV is excited by the green laser, it will emit  

photons (release fluorescence) with a spectrum from 600 - 800 nm. The photon will 

mirror

mirror

600 nm 
Longpass Filter

detector

Dichroic mirror

mirror

mirror mirror

Galvo mirror

Lens

Lens

ObjectivePiezo Stageexcitation 
source

Figure 3.2 Diagram of the confocal microscope setup. The NV sample is attached to 

the PCB board based on the coplanar waveguide design, and a 25 μm aluminum wire 

above the sample is used to carry the microwave signal to the sample. 
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follow the same path as the green laser to the dichroic mirror (Thorlabs DMLP567) that 

can transmit 637 nm light and reflect 532 nm laser. The photon will pass through the 

dichroic to fiber launch lens (Olympus MPLFLN10X) that connected with a fiber optics 

(Thorlabs - P1-630A-FC-2) then, go to an avalanche photodiode detector (APD). A Long-

pass filter (Thorlabs FELH600) was installed in front of the APD to prevent the excitation 

beam from entering the detector. The detector will show the signals in terms of 

photon counts. The confocal microscope setup in our laboratory is shown in figure 3.3. 

 

 

 

 

 

 

 

 

 

 

 

 

3.4 Microwave-control system 

  In the metrology and computation fields of quantum physics that using NV as 

a key material, we use a microwave signal to manipulate the state of electron spin of 

the NV center. The schematic of the microwave control system is shown in figure 3.4. 

Figure 3.3 Picture of the confocal microscope setup. The green line shows path for 

the excitation source and the red line shows path for the light emission from the 

sample. 
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We use two sources of the microwave generator (RIGOL DSG836A and 

Rohde&Schwarz SMBV100B). The phase of SMBV100B is controlled by using an external 

I-Q modulator (Keysight 33622A). The generated signal enters through a microwave 

switch circuit (ZASWA-2-50DRA+), powered by a ± 5 V power supply, to manipulate 

the signals. We use a pulse pattern generator (Spincore Technologies PulseBlaster ESR-

PRO500), which outputs transistor-transistor logic (TTL) signals to control the timing 

trigger of the microwave signals. We block one of the RF OUT (1) channels by using a 

terminator (MCL ANNE-50+) and release the microwave signals to pass through another 

RF OUT (2) channel. Before the signals go to the amplifier (ZHL-15W-422-5+), we use 

two filters, a high-pass filter (VHF-1600+) and a low-pass filter (LF-3000+) after the two 

sources of the microwave to eliminate higher and lower frequency harmonics from 

switching. we used two sets of -3dB attenuator (VAT-3+) and -10 dB attenuator (VAT-

10+) to reduce the signal to not exceed the limitation of the amplifier (not exceed +7 

dB), then combine the signals from each source by using an RF combiner (ZFRSC-42-

S+). Afterward, the attenuated signal will go to the circulator (DITOM D3C2040) to 

protect the reflected signal from the sample from going back to the amplifier. The 

reflected signal from the last port of the circulator is blocked by the terminator (MCL 

BW-530W20+). Finally, before passing the signals to the sample, we used a high-pass 

Figure 3.4 Diagram for the microwave control system. 

Pulse Blaster
ESR-PRO500
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filter (VHF-1600+) to filter the amplifier noise and monitor the signal via the 

oscilloscope. 

  Figure 3.5 shows the microwave signal monitor from the oscilloscope (Keysight 

MSOX6004A). The power and frequency of the signal are set at 0 dBm and 2.0 GHz 

from the original source. From the result, the amplitude of the microwave signal is 

reduced around 50% after passing the NV center sample. 

 

 

 

 

 

 

 

3.5 Pulse experiment for NV center experiment. 

  As mentioned in section 2.5.1, we can polarize and read out the electronic spin 

of an NV center by using the optical excitation. By adjusting a microwave field with 

frequency matching with the transitions of the spin, we can easily control its 

manipulation as well. The whole picture for access the controlling of the NV center is 

shown in the figure 3.6(b). We apply the external magnetic field to obtain the spin 

state that we focused, then manipulate the spin state with the microwave signal. 

During this process, one excites the ground state population of the NV to the excited 

state, then read out the signal of the system through fluorescence photon counting.  

Excitation of the NV center with these ingredients provide a straightforward means to 

prepare, manipulate, and measure a single electron spin in the solid state at room 

temperature (Jelezko et al., 2002).  

Figure 3.5 The microwave signal before and after passing the NV sample. 
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  The scheme for the NV center pulsed experiment consists of three important 

parts, as shown in figure 3.6(b). All experiment start with the polarization of electron 

spin and end with the measurement of electron spin state, both facilitated by 532nm 

excitation. Throughout the process, various microwave pulse sequences can be 

employed to manipulate the electron spin, the data is collected in term of the photon 

counts. We measure the PL immediately after any operation of the microwave pulse 

sequence as a signal data, and after waiting until the electron state was polarized we 

measure the PL again as a reference signal. The PL data is shown in term of the 

normalized data, which is calculated from the equation as shown below.  

																												𝑃𝐿	 = 	1 −	
|signal − reference|

reference
																																				(10) 

 

 

 

 

 

 

 

 

 

(a) (b)

Figure 3.6 (a) The whole picture for the NV center experiment. (b) The diagram for 

the NV center pulsed experiment. 



 

CHAPTER IV  

RESULTS AND DISCUSSION 

 

  This chapter presents the results and the discussion. The contents consist of a 

single NV center picture taken from the confocal microscope. The characterization of 

the coupled electron in NV center and the 13C nuclear spin data are shown in this 

chapter, including a pulsed-ODMR experiment and the Rabi oscillations for weak and 

strong transitions of that system. Moreover, we achieve to observe and control the 13C 

nuclear spin, which shows the free precession data with the dephasing and the Ramsey 

experiment of those in spin 𝑚! = −1 manifold. Furthermore, we perform the 𝜋 pulse 

on the 13C nuclear spin during the free precession by using the hyperfine effect, which 

can flip the nuclear spin state faster than the bare free precession.  Finally, we show 

the non-perfect polarization of the nuclear spin projection in the nuclear Ramsey 

experiment. 

4.1 The single NV picture from the confocal microscope 

  The NV center picture that is scanned from the confocal microscope is shown 

in figure 4.1. the left picture shows a scanned NV center over an 80 x 80 μm2 area. the 

dash line is the aluminum wire observed under the confocal microscope.	The right 

picture shows a scanned NV center in 10 x 10 μm2 area. Each bright spot in the picture 

is a single NV center. We choose the NV in the white circle, which is close to aluminum 

wire to obtain large field amplitudes of the AC magnetic field signal from the 

microwave source.
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4.2 Optically detected magnetic resonance (ODMR) 

We used optically detected magnetic resonance (ODMR) to accomplish ground 

state spectroscopy on a single NV center includes zero field, Zeeman splitting, and the 

hyperfine splitting transitions.  

4.2.1 Zero field signal 

  In the experiment, a microwave field is applied to the sample, then the 

frequency is varied, and the photoluminescence (PL) is observed from the sample as 

shown in figure 4.2(a). The NV center is polarized by a 532-nm excitation laser to the 

𝑚! = 0 state and its PL is highest when microwave frequency is tuned around the 

electron spin transitions, it will generate transitions between the 𝑚! = 0 and 𝑚! =

±1	states, repopulating the spin configuration of the NV, The PL will drop as the 

frequency gets closer to resonance (2.87 GHz) because the 𝑚! = ±1	spin states can 

non-radiatively decay into the shelving state. As a result, we obtained the dip from the 

signal as shown in figure 4.2(b). 

Figure 4.1	 The picture of the diamond surface that was taken by the confocal 

microscope with the scanning area 80 x 80 μm2 (left) and 10 x 10 μm2 (right); the dash 

line is the aluminum wire observed under the confocal microscope. 	
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4.2.2 Zeeman-splitting signal 

  The pulse sequence to observe this phenomenon is the same as figure 4.2(a). 

Applying an external magnetic field to the sample causes Zeeman splitting of the 𝑚! =

±1	 states, breaking the degeneracy. The Zeeman splitting between the 𝑚! = −1	and 

𝑚! = +1	states correspond to the distance between the two transition frequencies. In 

an experiment, this is accomplished by installing a permanent magnet close to the 

sample as shown in figure 4.3(a), then varying its location by using a rotational stage, 

which can adjust the azimuthal and polar angle to fine-tune the magnitude and the 

direction of the magnetic field. The NV axis is located at faces [111], [1,11], [11,1], and 

[111,]. For the matching direction of the magnetic field and the NV axis, the splitting 

between two transitions will be largest. Measuring this signal is very important because 

we can use one of the two transitions as a qubit. 

  From the graph in figure 4.3(b), we apply a magnetic field 𝐵" = 46	G to the NV 

center. There are two dips occur in the graph at frequencies 2.746 GHz and 2.998 GHz. 

The first dip results from the transition of electron from 𝑚! = 0	 to 𝑚! = −1	and the 

second dip results from the transition of electron from 𝑚! = 0	 to 𝑚! = +1. We can 

use one of the transitions as a two level system to create a qubit. 

 

Figure 4.2 (a) A pulse sequence for ODMR experiment. (b) Zero-field splitting signal 

from our NV sample, this shows the dip appears at frequency 2.87 GHz. 
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4.2.3 Hyperfine splitting signal 

  The hyperfine effect from the nuclear spins is much smaller compared to 

Zeeman splitting of the electron spin so, we need to change the pulse sequence of 

the experiment to the pulsed-ODMR experiment, which show in figure 4.4(a). We used 

the microwave with a pulse width of 1120 ns and a power of –14.4 dBm for the pulsed-

ODMR experiment to avoid a power broadening effect in the signal (Dréau et al., 2011). 

The splitting line can be observed in this protocol, but the contrast is lower than the 

pulse sequence in figure 4.1(a). At a magnetic field 𝐵" = 46	G, figure 4.4(b) shows 4 

transitions at frequencies of 2.7399, 2.7429, 2.7464 and 2.7494 GHz, respectively. These 

4 transitions include the effect of 6.5 MHz hyperfine splitting from the 13C nuclear spin 

and 3.0 MHz hyperfine splitting from 15N. 

 

 

 

 

Figure 4.3 (a) Installation of magnet into the setup. (b) Zeeman-splitting signal at 

magnetic field 𝐵" = 46	G. Two dips are at frequencies 2.746 GHz and 2.998 GHz. 
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4.3 Rabi experiment  

The energy diagram of a 13C couple to an electron spin in the NV center is 

shown in figure 4.5(a). Symbols |0⟩ and |1⟩ represent the NV qubit states, where |1⟩ 

state can be spin 𝑚! = +1 or 𝑚! = −1  (We used 𝑚! = −1 for our work) and |0⟩ 

corresponds to 𝑚! = 0. The symbols |↓⟩ and |↑⟩ represent the state of the 13C nuclear 

spin. In electron spin |0⟩ manifold, the nuclear spin can oscillate between the states 

|↓⟩ and |↑⟩ with a Larmor precession frequency 𝜔# . In electron spin |1⟩ manifold, the 

hyperfine interaction introduces an energy shift between state |↓⟩ and |↑⟩ amounting 

to a frequency 𝜔$ (6.5 MHz for our NV). From the diagram, if we weakly drive the 

electronic spin state in the blue transition, with a Rabi frequency less than	𝜔$, only 

population of the |0⟩|↓⟩ will be excited to electron spin |1⟩|↓⟩ manifold. In contrast, if 

we drive the system with a strong microwave pulse, with Rabi frequency greater 

than	𝜔!, the whole population of the electron spin will be excited from electron spin 

|0⟩ to electron spin |1⟩ (red transitions). 

 

 

 

Figure 4.4 (a) pulsed-ODMR diagram. (b) The pulsed-ODMR result at magnetic field 

𝐵" = 46	G, showing the transitions at frequencies of 2.7399, 2.7429, 2.7464 and 2.7494 

GHz, respectively. 
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  To perform the Rabi experiment as the diagram shown in figure 4.5(b), by 

considering from the pulsed-ODMR results in figure 4.4(b). The data shows four splitting 

lines affect from both of hyperfine effect from the 13C nuclear spin and the 15N nuclear 

spin. In our work, we do not want the effect from the 15N so, we average the 4 

frequencies from the fit to obtain the center frequency of 2.7446 GHz that is a 

resonance frequency of the electron Zeeman transition between state |0⟩ and |1⟩ to 

use as a frequency for the strong transition, which the power is set to +13.3 dBm to 

obtain the microwave 𝜋 pulse duration of 30 ns . In addition, we chose the center of 
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Figure 4.5 (a) The energy diagram for the coupled NV center electron spin and nuclear 

spin of the 13C. (b) Rabi experiment pulse sequence (c) The electron Rabi oscillation 

data obtained by driving the resonance frequencies of the weak (blue) and strong 

(red) microwaves, these two have Rabi frequencies of 4.59 MHz and 17.86 MHz 

respectively. 
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the two dips from the left as the weak resonance transition frequency between state 

|0⟩|↓⟩ and |1⟩|↓⟩ with that is 2.7413 GHz, which the power is set to +1.3 dBm to obtain 

the microwave 𝜋 pulse duration of 120 ns). Figure 4.5(c) shows the Rabi experimental 

data from driving the resonance of the weak (blue) and strong (red) transitions, these 

two have Rabi frequencies of 4.59 MHz and 17.86 MHz from the fitting, respectively. 

The contrast between two datasets is about of ½ corresponding with driving full and 

half of the population in the electron spin |0⟩ manifold. 

4.4 Nuclear free precession data  

  To coherently control the coupling between nuclear spin and electron spin, 

we follow the pulse process as shown in figure 4.6(a). Typically, the total state of the 

system can be written in form of the tensor product between the electron spin state 

and the nuclear spin state in form |0⟩(α|↓⟩ + β|↑⟩) where α and β are complex numbers 

with |α|% +	|β|% = 1. To polarize the total state of the system in state |0⟩|↓⟩, we follow 

the steps from the figure 4.6(b). Starting the pulse sequence by using the green laser 

(532 nm) to initialize the state, then apply a weak 𝜋 pulse to selective excite only the 

state |0⟩|↓⟩ to the state |1⟩|↓⟩, so the total state will map into α|1⟩|↓⟩ + β|0⟩|↑⟩. After 

waiting for time &!
%
		(half of the Larmor period), the spin state |0⟩|↑⟩ change to |0⟩|↓⟩	 

leaving the system in α|1⟩|↓⟩ + β|0⟩|↓⟩. We use the green laser with a pulse width of 

130 ns to polarize the state |1⟩|↓⟩ into |0⟩|↓⟩. From this process, we only have the initial 

state in the spin 𝑚! = 0 manifold. In the free precession duration on the diagram, the 

nuclear spin precesses with a Larmor period 𝜏#, then the weak 𝜋 pulse is used again 

to map the nuclear spin population back on to the electron spin state, creating the 

oscillation as shown in figure 4.6(b). 

  The graph shows the nuclear spin precession data at external magnetic field 

𝐵" = 46	G with the Larmor period 𝜏" ≈ 4.49		µs. The peaks and dips in the signal 

correspond to the spin	|↑⟩ and spin |↓⟩, respectively. After that, we varied the magnitude 

of the magnetic field and observed the nuclear spin free precession show in figure 
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4.6(c). We fitted the graph with a linear equation 𝜔# = 	𝛾'𝐵 + 𝜔( and obtained the 

gyromagnetic ratio value of the nuclear spin is equal to 6.9 ± 0.1	kHz/G. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5 Nuclear phase accumulation experiment 

  To access the phase rotation of the nuclear spin (the rotation of the qubit 

around the z axis). We use two microwave sources to observe the hyperfine effect of 

Figure 4.6 (a) Diagram representation spin state evolution during the nuclear free 

precession operation, while the red circles represent the state population and green 

arrow show the changing of state and the blue arrow represent driving electron in 

weak transition. (b) Nuclear free precession graph in a magnetic field 𝐵" = 46	G. The 

blue dot represents experimental data, and the red line indicates the curve fitting. 

Nuclear spin flip from state |↓⟩	to |↑⟩  in every 4.49	µs corresponding to the Larmor 

frequency of 220 kHz (c) The Larmor precession frequency of the single nuclear spin 

with a gyromagnetic ratio 6.9 ± 0.1	kHz/G. 
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the 13C nuclear spin. The hyperfine interaction affects nuclear spin of 13C let in electron 

spin |1⟩	manifold, making the spin	|↑⟩ and |↓⟩ energies differ by a frequency 𝜔$, which 

can be stored in term of phase information of the NV.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

We performed the nuclear spin phase accumulation experiment followed from 

the pulse diagram in figure 4(a) to observe this effect. In this process, a second 

Figure 4.7 (a) The pulse experiment diagram for observing the phase accumulation 

of the nuclear spin. (b) Nuclear spin projection shows oscillation with frequency 2𝜋 ∙ 

6.5 MHz. 

! !"
"!
#

"!
#Strong microwave

|0⟩

|1⟩

|↓⟩

|↓⟩

|↑⟩

|↑⟩
'!

|0⟩

|1⟩

|↓⟩

|↓⟩

|↑⟩

|↑⟩
'!

|0⟩

|1⟩

|↓⟩

|↓⟩

|↑⟩

|↑⟩
'!

Initialization Detection

! !

"!
$

Weak microwave

532 nm

|0⟩

|1⟩

|↓⟩

|↓⟩

|↑⟩

|↑⟩
'!

|0⟩

|1⟩

|↓⟩

|↓⟩

|↑⟩

|↑⟩
'!

%"

!!"!#

! !"
"!
#

"!
#Strong microwave

|0⟩

|1⟩

|↓⟩

|↓⟩

|↑⟩

|↑⟩
'!

|0⟩

|1⟩

|↓⟩

|↓⟩

|↑⟩

|↑⟩
'!$"

|0⟩

|1⟩

|↓⟩

|↓⟩

|↑⟩

|↑⟩
'!

$"

Initialization Detection

! !

"!
%

Weak microwave

532 nm

|0⟩

|1⟩

|↓⟩

|↓⟩

|↑⟩

|↑⟩
'!

|0⟩

|1⟩

|↓⟩

|↓⟩

|↑⟩

|↑⟩
'!

(a)

N
uc

le
ar

 sp
in

 p
ro

je
c�

on

0 2 4 6 8 10 12 14

0.2

0.4

0.6

0.8

1.0

0.0

Phase accumula�on �me interval �me (  s)                  µ

0 2 4 6 8 10 12 14

N
uc

le
ar

 sp
in

 p
ro

je
c�

on

0.2

0.4

0.6

0.8

1.0

Phase accumula�on �me interval �me (  s)                  µ

(d)

(b)

N
uc

le
ar

 sp
in

 p
ro

je
c�

on

0.0 0.2 0.4 0.6 0.8 1.0

0.3

0.4

0.5
0.6
0.7

0.8

0.9

1.0

(c)

10

20

60

70

40

30

50

M
ag

ni
tu

de
 (a

.u
.)

0 1 2 3 4 5 6 7
Frequency (MHz)

0.215 MHz 6.5 MHz

Phase accumula�on �me interval �me (  s)                  µ

(a)

(b)

Dark

Bright



 39 

microwave source is used for driving electron in both transitions with strong 𝜋 pulse. 

After the state was initialized in |↓⟩|0⟩, and then wait for the time )!
*
	has elapsed, the 

nuclear spin precesses into the superposition state $
√%
(|↓⟩ + i|↑⟩)|0⟩. Next, we applied 

a strong 𝜋 pulse to drive all population of the nuclear spin into electron spin |1⟩ 

manifold, letting the spin state becomes $
√%
(|↓⟩ + i|↑⟩)|1⟩. In the electron spin |1⟩ 

manifold, the nuclear spin up accumulate phase different	𝜔$𝜏 with respect to the spin 

down leaving the total state in $
√%
F|↓⟩ + i𝑒,-"&|↑⟩H|1⟩. The strong 𝜋 pulse was used again 

to map the state back onto the electron spin |0⟩ manifold and then, after waiting 

another )!
*
,	we can obtain the state in form $

%
F(1 − 𝑒,-"&)|↓⟩ + i(1 + 𝑒,-"&)|↑⟩H|0⟩. The 

experimental data in figure 4.6(c) has a frequency of 2𝜋 ∙ (6.5) MHz that corresponds to 

the 6.5 MHz hyperfine splitting of the 13C nuclear spin. 

 

 

 

 

 

 

 

4.6 Nuclear spin dephasing 

 The free precession signals out to 250 µs in figure 4.8(a) has a dephasing time 

𝑇%∗ = 329 ± 5	µs, yielding from fitting graph with a Gaussian decay model  

													𝑃↑ =	𝑒
"# $%/∗

&
0

	 ∙ &'𝐴'

'

(

∙ cos(2𝜋𝑓'𝜏	 + 𝜙')4.																														(11) 

Figure 4.8 (a) The nuclear free precession data out to 250 µs, the blue line is the 

experimental data, the red line is the fitting, and the dash line shows the fitted 

envelope of the decay signal. (b) Nuclear spin projection shows oscillation with 

frequency 2𝜋 ∙ (6.5) MHz. 
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Where 𝑃↑ is the nuclear spin |↑⟩ population. 

 𝜏	is the free precession time of the nuclear spin. 

 𝑇%∗ is the nuclear spin dephasing time. 

 𝐴 is the amplitude of the cosine function. 

 𝑓 is the free precession frequency of the nuclear spin. 

 𝜙 is the initial phase of the cosine function. 

  In comparison with the electron spin, this dephasing time of the nuclear spin 

is longer than the electron spins due to the low gyromagnetic ratio (Suter and Jelezko, 

2017). However, the signal exhibits a beating behavior including in the oscillation. By 

performing the Fourier transform, the result in figure 4.8(b) shows two frequencies 

component at 0.215 MHz and 0.231 MHz, which are splitted by ~ 16 kHz from each 

other. The beating in the free precession signal can be explained by coupling of the 

nuclear spin to another 13C  nuclear spin in the diamond lattice (Dutt et al., 2007). 

4.7 𝜋 phase pulse on a 13C nuclear spin  

 In the free precession period of the nuclear spin, it flips from spin |↑⟩ to spin 

|↓⟩ with time 
&!
%

. To perform a fast 𝜋 pulse on a 13C nuclear spin compared to the Larmor 

precession period, we use the microwave pulse sequence as shown in figure 4.9(a). 

After initializing the nuclear spin in state |↓⟩|0⟩, we let the nuclear spin has a free 

precession with time 𝜏. Next, by applying the strong-pi pulse and waiting for time = 2
%-"

 

(time for nuclear spin flip in spin 1 manifold). After this operation, the phase between 

nuclear spin |↓⟩ and |↑⟩ will swap, then we apply strong-pi pulse again to map the state 

back on the electron spin. From this schematic, we can obtain the nuclear spin 𝜋 phase 

pulse during the free precession experiment. The data in figure 4.9(b) shows the 

comparison between the ordinary nuclear spin free precession data and the nuclear 

spin with 𝜋 phase pulse after free presession 1	µs in the same time scale. The time 

used for flipping the nuclear spin state in this protocol is only around 150 ns, which is 
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faster than the normal Larmor precession rate that used the time around 2.25 µs (at 

magnetic field 𝐵" = 46	G). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  From the result in figure 4.8(b), the blue graph shows the nuclear spin free 

precession during time 1	µs +	𝜏3 , the red graph shows the nuclear spin echo obtained 

by applying the 𝜋 pulse on the nuclear spin after free precession 1	µs and then 

Figure 4.9 (a) The pulse diagram for applying 𝜋 pulse on a 13C nuclear spin. (b) the 

blue graph shows the nuclear spin free precession during time 1	µs +	𝜏3 without 

applying the nuclear spin 𝜋 phase pulse, the red graph shows the nuclear free 

precession obtained by applying the 𝜋 phase pulse on the nuclear spin after free 

precession 𝜏 = 1	µs and then scanning time 𝜏3. 
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scanning time 𝜏3. As you can see from the graph the nuclear spin state is flipped from 

other one. We can use this schematic to perform some operation that require the	𝜋 

pulse on the nuclear spin such as spin echo experiment. 

4.8 Incomplete population transfer of the nuclear spin 

  For the protocols that use the strong 	𝜋 pulse during the operation including 

section 4.4 and 4.6, the observed contrast decreases from the nuclear spin free 

precession population. To investigate the population loss from the system, we consider 

that the final state from the nuclear Ramsey experiment should be read out optically 

and the probability of the nuclear spin up (𝑃↑) and spin down (𝑃↓) are given by 

																																																	𝑃↑ =	
(
)
(1 + cos(𝜔(𝜏))																																	(12)	                                                           

																																																	𝑃↓ =	
(
)
(1 − cos(𝜔(𝜏))																																	(13)	                                                                

  For an ideal system, the data should have an oscillation curve shows in figure 

4.9(a), which obtain from Eq. (12). The experimental data in figure 4.7(b) has a 

frequency of 2𝜋 ∙ (6.5) MHz that corresponds to the 6.5 MHz hyperfine splitting. 

However, For the long phase accumulation duration of the 13C nuclear spin (out to 15 

µs) shown in figure 4.10(b). The data shows a contrast reduction in nuclear projection 

data. We attribute this behavior to the imperfect transfer of the population during the 

use of the strong 𝜋 pulse. The precession exhibits two beating oscillations. Fourier 

transformation in figure 4.10(c) shows two frequencies at 0.215 MHz and 6.5 MHz 

corresponding to the hyperfine splitting frequency of the 13C nuclear spin and the free 

precession frequency of the 13C, respectively. This proves that during the nuclear phase 

accumulation experiment, some nuclear spin population remained unexcited by the 

strong 𝜋 pulse in the electron spin |0⟩	manifold. Childress and her team reported using 

this protocol but chose the spin 𝑚! = +1 manifold for state |1⟩ of the qubit. They 

noted that the reduced contrast probably causes from incomplete population transfer 

to 𝑚! = +1 because the spin population is accidental excited to 𝑚! = −1. Conversely, 
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we drive the electron to 𝑚! = −1 manifold to prevent population loss, as it is difficult 

for the population to transition to the 𝑚! = +1 due to its higher energy. However, we 

still observed the population remaining in the 𝑚! = 0. This phenomenon might be 

occurred due to our strong 𝜋 pulse is still insufficient (low microwave intensity) to drive 

the entire population from electron spin 𝑚! = 0 to 𝑚! = −1. Additionally, the 

resonance frequency for the strong 𝜋 pulse might not perfectly match with the 

transition frequency because our sample contains the 15N spin state in the system. We 

can implement effective protocols to improve spin state contrast during the 

polarization process (Song et al., 2020). 

 

Figure 4.10 (a) The ideal nuclear spin projection out to 15 µs (b) The 13C nuclear spin 

phase accumulation out to 15 µs shows two oscillations in the data. The dash line 

show oscillation effect from hyperfine interaction and the red line shows oscillation 

match with the Larmor precession frequency (c) The Fourier transform of the data in 

(b). The result shows the peaks at 0.215 MHz and 6.5 MHz, respectively. 
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CHAPTER V 

CONCLUSION 
 

  In this thesis, we set up a home-built confocal microscope to observe the 

photoluminescence from the NV center, which the sub-micron resolution. Our sample 

was implanted with 15N with an energy of 30 keV and was installed into the coplanar 

waveguide PCB board to carrier the microwave signal for controlling the NV electron 

spin and 13C nuclear spin. The Setup can manipulate the NV system and read out the 

dynamics of them via optical signal. We search for the single NV center from the 

confocal microscope image then chose the NV near to the aluminum wire to obtain 

high amplitude of the microwave control field. We characterized the NV that we 

required for creating two qubit control by performing the experiment include pulsed-

ODMR. The pulsed-ODMR showed the hyperfine effect from the 13C nuclear spin and 
15N nuclear spin that can be used as a quantum register. We selected a NV center 

coupled with a 6.5 MHz hyperfine splitting of 13C nuclear to perform the indirect control 

of the nuclear spin. We only used a weak 𝜋 pulse to observe the nuclear spin free 

precession, yielding the gyromagnetic ratio equal to 6.9 ± 0.1 kHz/G and the dephasing 

time equal to 514 ±	20 µs. Moreover, we perform the nuclear Ramsey experiment to 

observe the hyperfine effect in the electronic spin |1⟩ manifold.  By using the effect 

from the hyperfine interactions, one can perform the fast phase gate on the 13C nuclear 

compared to the bare free precession by applying the strong	𝜋 pulse, which use the 𝜋 

pulse operation time on the nuclear spin of only 150 ns. Finally, we showed a loss of 

nuclear spin population during the nuclear Ramsey process due to incomplete 

population transfer. We demonstrated this population loss in terms of free precession 

in the spin |0⟩ manifold. Upon observing the long experimental process and conducting 

the Fourier Transform, we detected the Larmor precession included in the data, 

indicating effects from a non-perfectly polarized state. This will enable us to refine our 

experimental procedures and optimize our system to obtain the high contrast after 
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manipulating the nuclear spin by using the phase gate for future studies. We can 

improve the system by fine tuning the resonance frequency for strong and weak 

transitions and implementing the short green laser pulse to polarize the nuclear spin 

population follow from Song protocol (Song et al., 2020). 
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