
A simulation study on interactions
between defects in diamond

Guangzhao Chen
Wolfson College

University of Oxford

A thesis submitted for the degree of
Doctor of Philosophy

Hilary 2024



2



Acknowledgments

Everything is so sudden and unreal until I realise that I am about to submit my thesis
and finish my DPhil career at Oxford. It’s quite challenging for me, especially being
a unique modeller in an experimental group. Fortunately, I am still survived. Here I
would like to express my sincere gratitude to the Photonic Nanomaterials Group.

I would like to express my deepest gratitude to my supervisor, Jason Smith, for
your invaluable guidance, support, and encouragement throughout the entire duration
of my doctoral studies. I would like to thank my parents for your endless love and
unconditional support. I cannot be here without you. I am truly thankful to Yuxing
Zhou for your amazing advice and insightful discussion on my research project and
also I cannot forget the days we spent playing basketball together. I would like to
thank Dr Joseph Prentice for your patience in tutoring my simulation and giving me
suggestions on my academic career.

There’s a lot I am truly thankful for in Oxford. Thanks to people who would like
to play with me. I do enjoy the time we spent together. Thanks to those lovely cats
living in Oxford. Thanks for the music that helps me pull through my darkest time
at night. I really can’t survive until now without all of these. Thanks for everything.

3



List of Publications

ˆ Articles

1. [1]Ab initio study of defect interactions between negatively-charged nitro-

gen vacancy centre and carbon self-interstitial in diamond.

Andrew R. Kirkpatrick, Guangzhao Chen , Helen Witkowska, James

Brixey, Ben L. Green, Martin J. Booth, Patrick S. Salter, Jason M. Smith.

(https://royalsocietypublishing.org/doi/full/10.1098/rsta.2023.0174)

2. [2] Simulating the dynamics ofNV � formation in diamond in the presence

of carbon self-interstitials.

Guangzhao Chen , Joseph C.A. Prentice, Jason M. Smith.

((https://arxiv.org/abs/2408.05881)

3. [3] Laser Activation of Single Group-IV Colour Centres in Diamond.

Xingrui Cheng, Andreas Thurn,Guangzhao Chen , Gareth Jones, Patrick

Salter, Dorian Ganglo�, Jason M.Smith.

(https://https://arxiv.org/abs/2409.07421v1)

ˆ Conference

1. Oral presentation on the progress report of the Quantum Computing and

Simulation (QCS) Hub � May 2020

2. Quantum Computing and Simulation (QCS) Hub progress report � May

2022

3. Poster presentation at PHOTON2022 � August 2022

4. Participation in the CASTEP Community Conference � July 2023

5. Poster presentation at the GAP and (M)ACE Developers and Users Con-

ference � September 2023

4

https://royalsocietypublishing.org/doi/full/10.1098/rsta.2023.0174
https://royalsocietypublishing.org/doi/full/10.1098/rsta.2023.0174
https://arxiv.org/abs/2408.05881


Abstract

The negatively charged nitrogen-vacancy(NV� ) defect in diamond has many appli-

cations such as sensing and nanoscale imaging. It is recently becoming a promising

candidate in quantum technologies such as quantum computing and quantum com-

munication. Ultrafast laser fabrication of NV� in diamond has proven its ability to

generate NV� with demanding position accuracy with minimal lattice damage. How-

ever, there is a possibility that the formed NV� would be destroyed and is assumed to

be the consequence of the presence of the nearby interstitial carbon. The GR1 centre

in diamond is a common optical centre attributed to the neutral monovacancy of the

carbon atom (V 0). In this thesis, ab initio simulations are conducted to investigate

the ground state electronic interaction between interstitial carbon and neutral mono-

vacancy, interstitial carbon and negatively charged nitrogen-vacancy in diamond. The

results suggest that their optical properties might change due to hybridized orbitals

within them. Additionally, a carbon-nitrogen machine-learning potential is developed

for investigating the di�usion mechanism of interstitial carbon with the presence of

NV � centre. According to the molecular dynamics simulations, it could either dif-

fuse away or recombine with the position of vacancy, depending on its initial position

and di�usion time. Furthermore, linear-scaling time-dependent density functional

theory(TDDFT) is performed, trying to interpret the changes in the optical spec-

trum during laser annealing where various levels of hybridized orbitals are observed,

potentially mapping the di�erence of photoluminescence signals.
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Chapter 1

Introduction

1.1 NV centre in diamond

Diamond is known not only as the hardest naturally occurring substance but also as

a promising candidate for quantum sensing, quantum networks, etc. when desirable

defects are built inside. Those defects are usually known as colour centres since

it had the capability of generating single photons under large band gap materials

like diamonds. There are several diamond defects have been studied for quantum

applications, such as the most famous negatively charged nitrogen-vacancy(NV� )

centre[17][18] and other defects like SiV� , SiV0 and NV0[19][20][21]. Further reasons

for colour centres in diamond that can be applied in the quantum technology area

is that diamond is not only a large bandgap material but also optically transparent.

This provides a platform for colour centres to initialize and read out the single-photon

source with recorded spin coherence properties. Also, its high Debye temperature and

magnetically quiet nature provide an ideal environment for quantum technology
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There are many applications for NV centres in diamond. For example, an NV

centre can be applied in quantum sensing by coupling to its surrounding environ-

ment [22]. This can be achieved by coupling its electronic spin state to the electric

�eld[23], magnetic �eld[24][25], temperature[26] and strain[27]. This results in energy

shifts among spin sub-levels and alterations in transition rates, detectable through

optical spin polarization, coherent microwave manipulation, and optical readout. The

colour centre in diamond, also known for its long spin coherence time and e�cient op-

tical transitions, represents an excellent candidate for quantum networks. In classical

optical communication, ampli�ers play a crucial role in compensating for signal losses

during transmission. However, rather than relying on direct transmission, 'quantum

repeater' schemes expand the scope of communication by leveraging remote entangle-

ment distribution as a valuable resource for teleportation[28]. Such strategies need

a long-lived quantum memory, identical photons through all nodes and an e�ective

spin-photon interface. NV colour centres have been utilized to successfully demon-

strate several essential components of quantum repeaters [29][30].
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1.2 Fabrication of NV in diamond

As demonstrated in the preceding section, the NV centre boasts numerous applica-

tions. It is challenging to fabricate NV colour centres in diamond. This part will

mainly focus on the techniques for engineering NV centres in diamond. In order to

generate NV centres in diamond, three steps are typically required: nitrogen doping,

vacancy generation, and annealing to create NV centres.

The N(nitrogen)-doped diamond can be made by ion implantation or CVD(Chemical

Vapor Deposition) growth. Ion implantation is a widely recognized technique exten-

sively employed in the semiconductor industry and has proven highly valuable for

creating colour centres[31]. It has been applied in creating di�erent kinds of colour

centres in diamond such as NV, SiV, GeV SnV and PbV which can potentially be

used in quantum technology[32]. In the process of ion implantation, the ion is given

kinetic energy to collide with electrons and nuclei and eventually be `pumped' into the

diamond lattice. Due to the collision between atoms through the implanted path, ad-

ditional defects would always be created during the procedure which could potentially

produce damage in the lattice. Another method of creating nitrogen-doped diamond

is PE-CVD(plasma-enhanced chemical vapour deposition)[33]. This is a bottom-up

technique which can dope nitrogen gently and equip it with well-controlled depth

localisation. This procedure will produce less damage compared to ion implantation

and it is also successfully applied in creating NV centres in diamond[34][35].

Vacancy creation is the next step after obtaining a nitrogen-doped diamond. The

main techniques for generating vacancies in a diamond lattice are electron irradiation,
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ion implantation and laser writing. The electron irradiation method involves the

application of high-energy electrons, which are signi�cant enough to displace carbon

atoms from their original lattice positions, as discussed in the work by Delgado et

al.[36]. In the context of ion implantation, as previously explained in the section on

nitrogen doping, it's worth noting that the doping process can lead to the generation

of vacancies as well. The laser writing part will be discussed below together with the

generation of NV colour centres.

This paragraph will mainly illustrate two techniques for the creation of NV centres

in diamond which are thermal treatment and laser writing. From the previous para-

graph, vacancies are generated within the diamond lattice and to create an NV colour

centre, we need to di�use vacancies and combine one nitrogen and one vacancy. Dur-

ing the procedure of thermal treatment, ideally annealing the diamond lattice with

the temperature of 1100-1200� C would enable su�cient migration of vacancies and

remove most of the undesired defects at the same time[32][37]. In terms of ultrafast

laser processing, one signi�cant advantage compared to other treatments is that the

nonlinearity of interaction between laser and atoms in diamond could provide high

accuracy of localization on the positions of defects in three dimensions. As shown in

Figure 1.1, the laser treatment can be generally divided into two parts[38]. In the

�rst part, which is presented on the left side of the �gure, one relatively strong laser

pulse, called `seed pulse', is applied to create Frenkel defects, typically like interstitial

carbons and vacancies. This procedure is followed by a di�usion pulse train with

lower energy where the created vacancies can move and generate NV centre in the

diamond.
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Figure 1.1: A graph illustrating the deterministic creation of NV� colour centres
in diamond through laser writing. The left part of the �gure depicts the formation
of Frenkel defects using a strong pulsed laser, while the right side illustrates the
annealing process, which is accompanied by a series of constant di�usion laser pulses.

1.3 Problems and motivations

As discussed in the previous section, NV colour centres can be generated through

either thermal annealing or laser treatment. The photoluminescence(PL) technique

can be applied in supervising the formation of NV colour centre in real-time[38] which

is illustrated in Figure 1.2. This is shown in the signal of photoluminescence that a

stable photon count rate occurs with a duration of around 10 seconds(from 28s to

38s) at the top of Figure 1.2. This style of PL signal corresponds to a determined

transition energy between the ground state and the excited state of an NV defect

which means an NV centre has been created. At the time of 40 seconds later, the

strength of the signal doubles which implies two NV colour centre are generated.

Apart from the ideal situations in which NV colour centres are successfully formed,

the PL signal also reveals conditions under which NV centres are unstable or may

be destroyed after their formation. To be more speci�c, in the top graph of Figure
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Figure 1.2: Real-time �uorescence signal in controlling NV centre generation. The
top graph trace presents two NV centres created after 40 seconds while the bottom
one shows the creation and destruction of an NV centre.
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1.2, there are some unknown blinking PL signals before the steady platform presents

between 0 seconds and around 25 seconds where an NV colour centre is formed and

destroyed. This phenomenon occurs more frequently in the bottom graph of Figure

1.2, where blinking signs appear prominently, potentially indicating a signi�cant in-

�uence on the manipulation of NV colour centres in diamond. This unusual behaviour

raises the main interest of this thesis.

The source of those blinking phenomenon is unknown so far. It is signi�cant

to understand the dynamics behind this to engineer NV colour centres in a more

scienti�c method. As mentioned in the previous part, during the procedure of `seed

pulse', Frenkel defects including vacancies and interstitial carbons will be constructed.

While vacancies will combine with nitrogen and form an NV centre, interstitial car-

bons can accommodate themselves nearby, hypothetically causing the blinking signal

and turning on and o� the PL results. Also, the dynamics of interstitial carbons

would potentially a�ect the formation of NV centres. This thesis will apply density

functional theory (DFT) to calculate the electronic structure of various stable en-

sembles' defective structures and use machine learning (ML) potentials to study the

movement of these defects under thermal or laser treatment.
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1.4 Thesis outline

This section will describe the main structure and thesis outline of this project.

Chapter2: Literature review This chapter will review some research

related to this topic, including the electronic structure of a typical NV colour centre,

defect interaction simulations, and the application of machine learning potentials in

molecular dynamics simulations.

Chapter3: Theoretical background

The theoretical background will demonstrate some basic concepts of theorems in-

volved in this study. Speci�cally, two main parts will be presented. Firstly, Density

functional theory(DFT) and Time-dependent density functional theory(TDDFT) will

be introduced. DFT will be applied in calculating the electronic structure in the

ground state in both Chapter 4 and Chapter 5 while TDDFT will be employed in

Chapter 7 for predicting the transition energy between ground states and excited

states under the various ensemble situations. The second part will primarily focus

on the use of a machine learning (ML) potential, which will be utilized in Chapter 6,

where large-scale molecular dynamics simulations will be performed.

Chapter4: Perturbation of a neutral vacancy with a nearby

interstitial cabron

This chapter will demonstrate the interaction between one neutral vacancy and one

interstitial carbon. To be more detailed, di�erent ensembles of a neutral vacancy and

split-h100i interstitial carbon pair will be investigated.
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Chapter5: Perturbation of a negatively-charged NV with a

nearby interstitial carbon

In Chapter 5, anab initio method will be applied to study the strain and electronic

interaction between negatively charged NV� and split-h100i self-interstitial carbon.

Chapter6: CN(Carbon-nitrogen)-GAP potential and its ap-

plications

This chapter will illustrate a training algorithm that enables machine learning

for a potential (CN-GAP). This potential is further applied in learning the di�usion

mechanism of interstitial carbon with an NV nearby under various thermal environ-

ments.

Chapter7: Absorption properties of negatively-charged NV

and interstitial carbon

The method of linear-scaling DFT will be applied in calculating the absorption

properties of di�erent combinations of an NV� and an interstitial carbon.
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Chapter 2

Literature review

2.1 Introduction

This chapter will mainly review some literature related to this project and present

the knowledge gap between the literature and this project. The review will initial-

ize with some experimental research on nitrogen-vacancy colour centre generation

through the methodology of laser writing. According to the previous introduction,

the blinking signal coming across through the photon luminescence monitor might be

the consequence of the interaction between defects. Therefore, a further review will

illustrate potential defects in terms of their electronic structure on their ground state.

After this, attention will move to review some up-to-date research on the interaction

between point defects in diamond and their in�uence on the creation of NV� colour

centres in diamond. The above review provides fundamental knowledge in Chapters

4 and 5 where the electronic structure of defects interaction in the ground state will

be demonstrated.
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As mentioned in the thesis outline, further simulations will be conducted using

molecular dynamics enabled by a machine learning potential, due to the high cost of

traditional ab initio molecular dynamics (AIMD). Therefore, some recent potential

will be reviewed. Particularly, the recently developed GAP(gaussian approximation

potential) will be mainly reviewed where its application for carbon potential will be

demonstrated.
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2.2 Laser writing in diamond

Laser writing was initially applied to diamond to graphitize the bulk sample and con-

struct conductive wires, which are used for optical waveguides [39][40] and particle

detectors [41][42]. However, after testing these samples, it was observed that following

laser writing and thermal annealing, NV� colour centres were found near graphitized

regions. This discovery is regarded as the combination of a mobile vacancy under an-

nealing and a substitutional nitrogen which is doped in the diamond lattice, resulting

in the formation of an NV� colour centre.

This �nding motivated further research endeavours aimed at utilizing laser writing

to create NV� colour centres in diamond with greater precision and control. In 2017,

Chen et al. successfully demonstrated that NV� colour centres can be e�ectively

generated through laser writing and processing, followed by thermal annealing [43].

In their experiment, a single laser with a wavelength of 790 nm was �rst focused on a

speci�c region of the diamond for 300 fs to generate Frenkel defects. After 3 hours of

thermal annealing at 1000� C, several NV� colour centres were found and identi�ed by

their �uorescence properties. Further analysis showed that these NV� colour centres

were produced at the desired locations with an accuracy of around 200 nm in-plane

and 700 nm in depth. The limitation in positional accuracy was attributed to the

uncontrollable di�usion of vacancies during the annealing process. A later study by

Chen et al. in 2019 [38] addressed this limitation by incorporating a �uorescence

monitor during localized laser annealing, which provided real-time information on

the generation of NV� colour centres within the lattice.
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Although this experiment was successful in creating NV� colour centres at desired

locations, further theoretical explanations are needed to better understand the de-

tails of what occurs during both the laser writing and annealing processes. In terms

of laser writing, further research is needed to focus on the nonlinear interaction be-

tween the laser and the lattice, which would improve control over the laser energy to

generate defects. Research conducted by Kurita et al. [44] shows that the pulse du-

ration of the laser signi�cantly in�uences the balance between the generation of NV�

colour centres and graphitisation. Speci�cally, they found that more NV� defects

were generated with a 40 fs pulse, whereas a 1 ps pulse was more likely to graphitize

the diamond lattice. This research suggests that the absorption of free carriers may

increase the number of biexcitons, leading to damage within the lattice. Another

aspect motivating this project is understanding the dynamics of NV� centre creation

during the annealing process. As mentioned earlier, in the work of Chen et al. [38], a

�uorescence monitor was used to detect the formation of NV� centres. Observations

from the �uorescence monitor clearly show that during the annealing process, NV�

centres were both created and destroyed, as illustrated in Figure 1.2. Although the

truth has yet to be revealed, one possible explanation for the laser-driven dynamics

is that the signal from the �uorescence monitor might be a�ected by the splitting of

split-interstitial carbon defects [4], as demonstrated in Figure 2.2. Speci�cally, both

split-interstitial defects and vacancies are generated during the creation of Frenkel

defects in the presence of a seed pulse, as clearly illustrated in Figure 2.2. During

the annealing process, both vacancies and split-interstitial carbon defects can move

under a di�usion pulse with an energy of 19 nJ. According to reported studies [45]
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[46] [47], the di�usion energies for vacancies and split-interstitial defects are 2.3 eV

and 1.6 eV, respectively, making them mobile during annealing. In contrast, the acti-

vation energy for the di�usion of substitutional nitrogen atoms is 5 eV [48], which is

considered to be highly immobile, allowing them to be treated as stationary. As illus-

trated in Figure 2.2, the laser treatment is divided into two parts. In the �rst part,

a relatively strong pulse laser is used for the generation of Frenkel defects. During

this process, vacancies and split-interstitial carbon atoms are produced, as shown in

(i) in Figure 2.2. Following this, a di�usion pulse laser is employed to move the split-

interstitial carbon atoms and vacancies. According to a simpli�ed theory of strain

�elds, vacancies create tensile �elds that can attract atoms, while split-interstitial

carbon atoms and substitutional nitrogen atoms exert compressive strain, generating

a repulsive force on surrounding atoms. In the presence of a di�usion pulse, both

split-interstitial defects and nitrogen atoms tend to attract vacancies. As a result,

when a vacancy is captured by a nitrogen atom, an NV� centre is successfully gener-

ated, which can produce stable �uorescence that is presented in real-time monitoring.

However, before a stable signal is generated, an unstable �uorescence signal occurs,

which is interpreted as the in�uence of split-interstitial defects on the properties of

�uorescence. To provide further detail, both interstitial and nitrogen atoms attract

vacancies. When a vacancy is about to bind to nitrogen, but a split-interstitial de-

fect also exists nearby, the �uorescence signal may become unstable. After the NV�

centre is created, this structure may be stable enough for split-interstitial carbon

atoms to migrate far away, resulting in the production of a stable �uorescence signal.

Additionally, as mentioned in Figure 1.2, after the generation of NV� , the stable
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Figure 2.1: A demonstration of position accuracy of formed NV� colour centre under
laser annealing(A) in the image plane and(B) in depth[4]

�uorescence signal may be switched o�. In this case, the explanation could be that

di�using interstitial carbon atoms happen to wander around the NV� colour centre,

which turns o� the stable �uorescence signal.

This interpretation of the dynamics of the di�usion process is plausible and clearly

explains the situations that can be inferred from the �uorescence signal. However,

the speci�c relationship between the �uorescence signal and the underlying structure

remains unknown. Further research is required to support this hypothesis. For exam-

ple, the presence of interstitial carbon strongly in�uences the stability of NV� centres

in the diamond lattice, which, in turn, signi�cantly impacts the electronic structure of

NV � . Additionally, the complexity of NV � formation near an interstitial needs to be

veri�ed. These two issues are the primary focus of this project. The following review

will concentrate on the electronic structure of the NV� colour centre, the potential

defects created in the lattice, and research examining the interactions between defects
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Figure 2.2: Hypothetical dynamic in the process of creation of NV� centres under
laser writing.[4]

from both experimental and simulation perspectives.
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2.3 Electronic structure of NV � colour centre

Before conducting in-depth research on the factors that might in�uence the stability of

NV � colour centres during the annealing process, it is useful to review the structural

properties of NV centres. To be more precise, since the �uorescence signal primarily

results from the electronic structure of the NV� colour centre, the electronic structure

of an NV� colour centre will be reviewed in the following section from both experi-

mental and theoretical perspectives. To begin with, the NV� colour centre is formed

by one substitutional nitrogen atom and a nearby vacancy, which was previously a

carbon site in the diamond lattice, as shown in Figure 2.3. The NV� colour centre

contains six localized electrons, as demonstrated in the research by Loubser and Van

Wyk[49][50]. Their interpretation of the signal observed from EPR is that the elec-

tronic structure of the NV� colour centre is formed by two molecular orbitals: A1(a1 ,

a
0

1) and the degenerate E(ex , ey). This molecular orbital comprises six electrons, two

of which come from the dangling bond of nitrogen, while the other four are derived

from the carbon atoms surrounding the vacancy. Since it is a six-electron structure,

one extra electron is donated by the lattice. This interpretation was later con�rmed

by a study using both EPR andab initio calculations[51][52][53]. For each molecu-

lar centre, two electrons can be accommodated, as demonstrated in Figure 2.4. For

the ground state of NV� colour centre, the a1,a
0

1 molecular orbitals are fully occupied

while the degenerate E orbitals are not fully occupied. The electron occupation of the

ground state is referred to as3A2, while the �rst excited state, where one spin-down

electron is promoted from a2 to either ex or ey, is regarded as the3E state. Cur-
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Figure 2.3: A graphic illustrating the NV centre from a review[5] shows the speci�ed
positions of carbon atoms, nitrogen, and vacancies. As shown in the graphic, the
three green particles represent three carbon atoms adjacent to the vacancy, while the
brown particle represents the nitrogen atom next to the vacancy.

rently, the well-known graphic for the electronic structure of the NV� colour centre

is shown in Figure 2.5. The graphic illustrates that the zero phonon line (ZPL) of

the NV� colour centre in diamond is 1.945 eV, which corresponds to the energy gap

between the triplet states3E and 3A2. Additionally, a meta-stable state,1A1 and 1E,

is shown with an energy gap of 1.190 eV. The following sections will mainly focus on

the detailed review of electronic structure in experiments and simulation studies.

2.3.1 Experimental study on electronic structure of NV � colour

centre in diamond

In this project, since the main objective is to better understand how the presence

of defects may potentially a�ect the electronic structure of NV� , the �rst step is to

provide a comprehensive review of the original electronic structure of the NV� colour
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Figure 2.4: Graphic of the electron occupation of the NV� colour centre at the ground
state in diamond. In the 6-electron system of the NV� colour centre, four electrons
fully occupy the spin-up orbitals, as shown above, while two spin-down electrons
occupy the a1 and a2 orbitals.

Figure 2.5: Graphic of the electronic structure of the NV� colour centre in diamond
[6]
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centre. The following section will mainly focus on the research on the electronic

structure of NV� colour centre in diamond. First to mention is the triplet3A2 energy

level. The ground state of this energy level was initially studied using EPR [54][50],

revealing an energy splitting of 2.88 GHz. In the theoretical study of NV� [55], this

zero-�eld splitting is attributed to electron spin-spin interaction, while the hyper�ne

splitting arises from nuclear spin-electron spin interaction. Although the full details

of the hyper�ne structure are important, the in�uence of defects may not signi�cantly

a�ect this small energy level splitting. Therefore, the hyper�ne structure will not be

discussed in detail. When discussing the electronic structure of the triplet3E excited

state, its energy level can be considered under two conditions: low temperature and

room temperature. At low temperatures, the �ne structure of the3E excited state

was directly observed through photoexcitation spectroscopy, due to the exhibition of

narrow optical linewidths[56][57]. However, the di�culty lies in the assignment of the

split energy level which might be caused by the mixing e�ects of spectral di�usion,

optical spin-polarization and spin mixing in the strain-split �ne structure. According

to recent studies, the zero-�eld splitting (ZFS) values in NV� centres di�er signi�-

cantly between the ground and excited states due to changes in electronic structure

and environmental conditions. The ground state3A2 has a ZFS of approximately

2.88 GHz, while the excited state3E exhibits a reduced ZFS near 1.4 GHz at room

temperature. These variations re�ect the impact of symmetry changes and electron

distribution shifts in the defect con�guration under di�erent conditions, as discussed

in the work of Gali et al.[58] and Rubinas et al[59].
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2.3.2 Ab initio study on electronic structure of NV � colour

centre in diamond

When calculating the electronic structure of the NV� colour centre in diamond, most

research utilises density functional theory (DFT). The advantage of DFT is that it

avoids solving the many-body electronic wave function and accurately determines

the ground state of the system using the variational principle[60]. The idea of DFT

is to apply a non-interacting system to estimate the real interacting system which

is what we desire. To provide further detail, the expression of the ground state of

the electronic energy in a system can be described as a component of four parts

which are the kinetic energy of a non-interacting system, energy of electron-nuclei

interaction, potential of electron-electron interaction and the exchange-correlation

term. The last term which is called the exchange-correlation term, is unknown and

varies from di�erent systems. This term responds to collecting all the missing energy

compared to a non-interacting system. As a result, the accuracy of the calculation is

highly dependent on the approximation determined by the exchange-correlation term.

Several approximations on exchange-correlation terms are widely applied in ground

state simulation such as local density approximation(LDA)[61], generalised gradient

approximation(GGA)[62] and some hybrid exchange-correlation approximation like

B3LYP, HSE, B88, PBE0. Particularly, LDA and GGA perform well in calculating

elastic and vibrational properties but are relatively limited in their ability to calculate

the bandgap of solid materials. In contrast, hybrid functionals are better at addressing

these issues, although they are computationally expensive.
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Besides the ground state calculation, time-dependent density functional theory

(TDDFT) is the method in excited state calculation. The di�erence between time-

dependent DFT and DFT is that potentials should be set as the function of time.

Also, currently, the exchange-correlation term in time-dependent density functional

theory is still complex and not fully developed. Although TDDFT is well suited for

certain excited states, studies have shown that DFT can extend beyond the global

ground state to local minima corresponding to speci�c spin and spatial con�gurations.

For example, the energy levels of the1E, 1A1, and 3E states can be estimated using

DFT, rather than solely the 3A2 ground state[63]. However, since the exchange-

correlation term should be symmetry dependent, code in DFT calculation usually

sets symmetry-independent exchange-correlation term as implemented which might

lead to unsatisfactory results[64]. This problem was explained by von Barth[64] that

the symmetry independent exchange-correlation term also provides reasonable results

for energy states which decrease in the non-interacting system to Kohn-Sham orbitals

with single Slater determinants. Currently, in the simulation of NV centres, the triplet

3A2(ms = � 1) and 3E energy level can be approximately described as single Slater

determinants which provides a thought in the calculation of vertical energy of3A2 to

3E with the value of 1.77 eV in Goss's calculation[65][66]. Based on recent studies on

NV centres, the1E state in the NV� colour centre can indeed be described by a single

Slater determinant if complex orbitals are used, such ase+ and e� , rather than real

orbitals (ex , ey). This approach simpli�es the description of the wavefunction for the

1E state. This concept aligns with �ndings in the literature, where complex orbitals

are often applied to accurately capture the electronic properties of NV centres in their
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excited states. In contrast, real orbitals require a two-determinant description for

more accurate results due to limitations in representing electron correlation and spin

distribution. Papers, such as those by Lenef and Rand, discuss the role of complex

orbitals and their e�ects on state symmetry and splitting under strain and magnetic

perturbations, which further in�uence the NV centre's optical and spin properties [67]

[55]. This approach is particularly useful in density functional theory (DFT) studies

where e�ciency and accuracy are balanced by orbital selection, and it supports the

modelling of NV centres' electronic structures in both theoretical and experimental

contexts.

A more rigorous method in excited states calculation than density functional the-

ory(DFT) is the Con�guration Interaction(CI). In con�guration interaction calcu-

lations, the many-body wavefunction for each electronic state is approximated by

expanding the state using multiple Slater determinants, which are constructed from

a basis of single-electron orbitals. This method would be able to avoid the elec-

tron restriction problem in DFT. Also, this method can theoretically compute any

excited state if computational resources permit. Because of the restriction of high

computational demand, at this stage, con�guration interaction is currently applied

in a small cluster model. With the application of con�guration interaction, error and

disagreement in DFT simulation can be corrected, leading various di�erent methods

for calculation such as post-DFT method[68] and quantum chemical methods[69].

The above discussion focuses on the electronic structure of the NV� colour centre,

covering both experimental observations andab initio computational studies. It is

shown that the simulation results are in agreement with experimental data. For in-

23



stance, in A. Gali's calculation[70], the zero-phonon line (ZPL) value was determined

to be 1.95 eV, which deviates by 0.01 eV from experimental data. Since experiments

can be costly and challenging, combining experimental work with simulations can be

a more e�ective approach for exploring and explaining new phenomena.

2.3.3 Spectroscopy of NV Centers: Simulation and Experi-

mental Perspectives

The content of this thesis includes a comparison of optical spectra and an attempt

to correlate the results with experimental data. This section will provide a brief

overview of how simulation results are interpreted in terms of spectral data, as well

as a review of research that compares experimental spectra with simulation outcomes.

In a recent review by Ádám Gali, a comparison between simulated and experimental

emission spectra for the NV centre is presented, as shown in Figure 2.6.[8] Although

there may be some mislabeling on the x-axis of this graph, the ZPL is expected to

be located at 1.945 eV. The emission spectrum of NV� at 300 K consists of a ZPL

along with a broad phonon sideband. In contrast, at low temperatures (around 4.2

K), due to reduced mobility of the diamond lattice, the phonon sideband observed at

300 K decouples into several distinct vibronic modes with reduced intensity. At low

temperatures, the emission spectrum is less in�uenced by thermal e�ects, allowing

for a more accurate comparison with simulation results. The simulation work by

Gerg® Thiering et al. combines ab initio wavefunctions with the adiabatic potential

energy surface (APES) to construct the emission spectrum, which is depicted in red
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Figure 2.6: The experimental photoluminescence (PL) spectra of the singlet states
at 4.2 K (solid black line) and at room temperature (dotted black line) are shown
in comparison with the simulated spectrum obtained from the ab initio solution (red
curve, from Ref. [7]).[8]

in Figure 2.6. The comparison shows that the ZPL aligns well with the experimental

data, while there is a slight shift of approximately 4.5 meV observed in the �rst

vibronic emissions.
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2.4 Potential defects in diamond

In this section, we will review the potential defects that could be present in diamond.

Speci�cally, defects will be divided into two categories: intrinsic defects and extrinsic

defects. In this project, potential defects generated in diamond may a�ect the �uo-

rescence signal and interfere with the stability of the desired NV� colour centre. As a

result, the review must focus on various defects that might form during laser anneal-

ing. The �rst category includes intrinsic defects, such as carbon interstitials, which

have been studied for decades. Since it is challenging to directly observe these con�g-

urations (intrinsic defects can be explored using EPR based on their symmetry), most

research on defects has been conducted through theory and simulation. More specif-

ically, discussions on carbon interstitials were conducted using the expanded Hückel

theory model, while extrinsic defects were investigated through Density Functional

Theory (DFT), as will be fully elaborated in the following sections.

2.4.1 Carbon interstitial

In 1973, C. Weigel et al. explained that an interstitial carbon atom is likely to be

in the con�guration of either a split-h100i interstitial or a bond-centred interstitial,

rather than being positioned in a tetrahedral or hexagonal site[9]. This conclusion

is supported by the expanded Hückel method, which uses the linear combination of

atomic orbitals (LCAO) basis set [71][72]. In the computations of C. Weigel et al.,

six types of interstitial con�gurations were considered for energy estimation. First,

we introduce the tetrahedral and hexagonal sites, as depicted in Figure 2.7. As illus-
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trated, this is the (00�1) plane in the diamond lattice, where T represents tetrahedral

sites for interstitials, and H denotes hexagonal sites for interstitials. Moreover, the

crystal indices are speci�ed as [100], [111], and [011] in Figure 2.7. When discussing

split interstitials, a simple explanatory graph is depicted in Figure 2.8, which demon-

strates theh110i plane. Split-h100i interstitial means one original carbon is split into

two carbons alongh100i direction. So split-h110i interstitial has the same meaning

with di�erent splitting directions. One special case to mention is that in the situation

of split-h111i , the h111i direction is also the direction of bonds in diamond lattice,

which can be relaxed to bond-centreed con�guration. Among these all con�gurations,

it was proved that split-h100i interstitial occupied the lowest energy while the second

lowest energy situation was the relaxed bond-centred con�guration with a value of

1.2 eV. In conclusion, the split-related situations are much lower energy compared to

the tetrahedral and hexagonal sites while the split-h100i interstitial was regarded as

the stablest situation[9]. As two potential defects with the lowest energy in diamond,

later research[9] found out that the energy di�erence changed with the charge state

of the defects. In a singly positive situation, the bond-centred con�guration was only

0.32 eV higher in energy compared to the split-h110i con�guration, whereas in the

case of a doubly positive charge, the bond-centred con�guration becomes the most

stable con�guration. This means that in NV� colour centre in diamond, since NV� is

negatively charged, the defects of interstitial might be positively charged. As a result,

both split-h100i interstitial and bond-centreed would be taken into consideration in

future of this project.
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Figure 2.7: A graph on the explanation of tetrahedral and hexagonal site for intersti-
tial carbon in diamond lattice[9].To be more in detail, this is the (00�1) plane in the
lattice of diamond where T stands for tetrahedral sites for interstitial and H repre-
sents hexagonal sites for interstitial.
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Figure 2.8: A graphic explaining the split-interstitial con�gurations is presented[9].
The top illustration depicts the split-<110>con�guration, while the middle one shows
the split-<100> con�guration. The bottom illustration includes both the split-<111>
con�guration and the bond-centred con�guration.
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2.4.2 Extrinsic defects in diamond

In this section, non-carbon defects will be discussed in detail. To be more speci�c,

the review will focus on nitrogen and vacancy-related defects through DFT calcula-

tion. The defects which will be studied in the following section are the substitutional

nitrogen(Ns), the vacancy(V) and some related point defects(NV, N2, N2V and V2).

The �rst defect to discuss is substitutional nitrogen (Ns), which is the most promi-

nent defect found in Type Ib natural diamond and in N-doped diamonds produced

by the chemical vapour deposition (CVD) method. Experimental studies have been

performed in substitutional nitrogen for a long time. It is experimentally proved that

Ns can be stable in high temperatures, whose di�usion activation energy is around

5.0 eV[48]. This measurement was performed between the temperature degree of 1700

and 2100‰ and at the pressure of 7 GPa. Compared to theoretical calculation, at 0 K

temperature, activation energy of 6.3 eV was found for Ns to exchange with position

to a neighbour carbon atom which means relatively high energy should be applied

in migrating Ns. Also, in DFT simulation, the vertical transition and ZPL are also

illustrated in Table 2.1. As demonstrated in Table 2.1, both vertical transition and its

corresponding ZPL in DFT simulation are in good agreement with the experimental

data. In terms of single vacancy(V), it was reported that the neutral vacancy in a

diamond lattice is mobile between the temperature of 600 and 800‰ with a di�usion

activation energy of 2.3 eV. However, the negatively charged vacancy is immobile[45]

which is shown in Table 2.2. When it comes to the NV centre, its vertical transition

and corresponding ZPL can be produced well through HSE06 DFT calculation. How-

30



ever, its metastable state is still not able to be reproduced through DFT calculation

because its excited state cannot be written as one particle con�guration[73] which

had been mentioned in the previous section. Also, its results of vertical transition

and ZPL value are highly in agreement with experimental data which is illustrated

in Table 2.1. When it comes to its di�usion property, according to the mechanism of

generation of NV centre, it is reported that N! V is also an important step in its

di�usion[74]. However, apart from this, a barrier of 4.5 eV di�usion energy indicated

that NV can be treated as immobile. In terms of the defect of N2, it was identi�ed

as the A aggregate in Type IaA diamonds[75][76][77] and its vertical transitions and

its corresponding ZPL are also in good agreement in Table 2.1. The next defect for

discussion is the N2V centre. As it is well known that the creation of NV centre is

the combination of mobile V(0) and Ns, this means the N2 defect which is mentioned

above will also have the ability to trap the vacancy. This trapping will produce an

Ns-V-Ns structure with C2v symmetry. In this situation, the vacancy neighbours

two carbon atoms and two substitutional nitrogen atoms[75][78]. This kind of defect

will be identi�ed as an H3 optical centre which can be characterized by a value of

ZPL at 2.463 eV because a singlet1A1 to 1B1 state transition[79]. The �nal defect

for review is the divacancy(V2). As discussed before, the neutral vacancy is mobile

at temperatures between 600 and 800‰, which means two mobile vacancies would

have a possibility of binding together, forming a divacancy defect. In the research of

Coomer et al.[80], the ground state of neutral divacancy was concluded as a triplet in

C2h symmetry rather than D3d which was expected in D. J. Twitchen et al's research

[81]. This �nding was also con�rmed by a later DFT calculation study with hybrid
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Vertical ZPL
Defect Transition HSE06f Experimental HSE06f Experimental
Ns

1A1 ! 1A1 4.6 4.6a 4.1 4.1a

V(-) 4A2 ! 4T1 3.3 3.3b

NV(-) 3A2 ! 3E 2.3 2.2 2.0 2.0c

N2
1A1g ! 1Au 4.0 3.6 3.8d

1N2V(0) 2.8 2.7 2.5e
3N2V(0) 2.7 2.6 2.5e

aReference[82][83]bReference[45]cReference[84]dReference[77]eReference[85]
f Reference[10]

Table 2.1: Comparison on DFT using functional of HSE06 and experimental results
on the data of vertical transition and ZPL(unit: eV)

Defect HSE06(LDA)a HSE06+DFTBa Experimental
V(0) 2.8(2.8) 2.6 2.3b

V(-1) 3.5(2.5) Immobile
NV(0) 4.7(4.8) 4.5

aReference[10]bReference[45]

Table 2.2: Comparison of energies of di�usion activation(unit:eV) in HSE06,
HSE06+DFTB and experimental situation

functional which proved that the C2h structure is 0.07 in energy lower than the D3d

symmetry structure.

After a review of the formation of each NV-related defect about their migration

activation energy and energy-related transition, another important factor should also

be taken into account which is their charge state. A comparison of all possible charge

states in diamond lattice is illustrated in Figure 2.9. The conduction band and

valance band were de�ned by diamond lattice using the DFT computational method.

Then for each related defect, being located in a supercell of diamond lattice, di�erent

charges are attributed as an input for simulation using HSE06 hybrid functional DFT

simulation. As illustrated in Figure 2.9, each defect theoretically has the possibility

to be either neutral, single positive or single negative in a diamond lattice. Also, in
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Figure 2.9: Comparison on the adiabatic charge energy level on di�erent nitrogen-
vacancy related defects[10].

the case of vacancies, NV centres, and divacancies, there might be a double negative

defect, while in the case of vacancies, a double positive charge may also exist. Since

the vacancy is mobile and substitutional nitrogen atoms exist in a diamond lattice in

the experiment, all NV-related defects should be considered in the defect interaction

study. The following section will focus on recent research on the interaction of defects

in diamond.
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2.5 Interactions between defects in diamond

In the previous section, a full picture was drawn of the list of potential defects in

diamond in the process of laser annealing. Currently, few publications provide a com-

prehensive discussion on the mechanisms detailing how each related defect in�uences

the stability of the NV � colour centre in diamond during the process of laser anneal-

ing. However, some theoretical research has been conducted on how these NV-related

defects in�uence the formation of NV centre. Also, some experimental studies on

tracking NV colour centre through annealing will be discussed.

In the research by Peter Deák et al.[10], their simulation, which is based on neu-

trality equations, defect equations, and relevant DFT simulations, shows that NV

colour centres are more likely to be created than vacancies through the process of ir-

radiation. Also, in the process of postirradiation annealing, divacancies are preferred

to be created rather than NV centres. Also, in this process, only a short range of

di�usion for vacancies to substitutional nitrogen will increase the possibility of NV

colour generation. Finally, this research also suggested that the presence of divacan-

cies helps maintain the NV colour centres in a neutral charge state and in�uences the

�uorescence properties of the NV� centre in the diamond lattice. In recent research of

tracking NV centre by repeating annealing[86], it is found that through the process of

repeated annealing, formation, quenching and orientation changing of NV centre was

discovered. In conclusion on this research, �rstly, the density of NV� colour centre

was increased in the process of irradiation at the temperature between 950 and 980‰

which is in agreement with the research of Peter Deák et al[10]. Another impor-
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tant �nding was that at 1050‰, observation showed that the orientation of NV had

changed. The reason for orientation was believed to be the result of recombination

with other nitrogen atoms.
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2.6 Machine-Learning potential on large scale dy-

namics

2.6.1 Overview

Within the project's scope, the utilization of machine learning force �eld potentials

will be pivotal in simulating the di�usion behaviour of defects within sizable super-

cell systems. However, achieving a balance between accuracy and computational

e�ciency presents a challenge. Traditionalab initio molecular simulations (AIMD)

are computationally expensive, while classical force �eld (FF) simulations often ex-

hibit limitations in e�ciency. As a solution, Chapter 6 will focus on the development

of a machine-learning potential to conduct molecular simulations withab initio-like

precision at a reduced computational cost. This section provides a concise overview of

machine-learning methods, with particular emphasis on the Gaussian Approximation

Potential (GAP) framework, which will be employed in this research.

Electronic structure calculations are computationally expensive due to their scal-

ing behaviour with the number of atoms, N. For example, in density functional theory

(DFT) calculations, the scaling is typically on the order ofN 3 in the most com-

mon cases. As the system size and simulation duration increase in molecular simu-

lations, computational resources become constrained, particularly for �rst-principle

simulations. In recent decades, machine learning (ML) techniques have emerged as a

compelling alternative, o�ering comparable accuracy to �rst-principle methods while

demanding only a fraction of the computational resources. This method o�ers a
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brand-new perspective on various complex systems, including disordered and amor-

phous phases. There are several methods available for generating machine learning

potentials, including Gradient-domain machine learning (GDML) [87], Neural net-

work potentials (NNPs) [88], and Gaussian Approximation Potentials (GAPs) [89].

Each of these approaches employs a unique mathematical regression technique to de-

velop potentials tailored to describe and learn from speci�c systems. The following

part will mainly review on the GAPs since they will be applied in the project.

2.6.2 Gaussian process regression

In this section, we will provide a brief introduction to Gaussian process regression.

Following that, we will review some carbon-related potentials. A general overview

of Gaussian process regression is depicted in Figure 2.10. The fundamental concept

of the regression can be divided into three parts. Firstly, atomic descriptors (� ) are

constructed to represent complex environments, utilizing kernel functions to charac-

terize the similarity between two distinct atomic environments, as shown in the �rst

graph. Subsequently, Gaussian process regression is employed on the input dataset to

generate a �t that closely resembles the true function. In cases where the number of

observation data is limited, a relatively large uncertainty may arise. These generated

functions can be further utilized in investigating various properties such as forces or

tensors. For detailed procedures on each aspect, refer to Volker's publication [11].

In 2017, a machine learning-based interatomic potential for amorphous carbon, re-

ferred to as GAP-17 [90], was formulated to explore the amorphous and liquid phases
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of carbon. This potential was developed using density functional theory (DFT) with

local-density approximation (LDA) reference data. With its ability to encompass

various phases of carbon, GAP-17 possesses the capability to address numerous sci-

enti�c challenges involving diverse structural environments. For example, it can po-

tentially be applied in studying the growth mechanism ofsp3 hybridized amorphous

carbon by ion deposition[91], crystal structure prediction[92], the characterization of

'porous' carbonaceous materials applicable in batteries and supercapacitors[93][94],

and more. In 2020, an extended version of GAP-17 was introduced, named GAP-20.

This updated version incorporated a larger ensemble of manually generated simulation

structures, encompassing defects in graphene, nanotubes, and other intricate systems,

which were added to augment the foundation of GAP-17's dataset.[12] A comparison

of formation energies for various defects across di�erent carbon structures is illus-

trated in Figure 2.11, with a particular focus on defects in diamond, which are of

interest in this project. As shown in the graph, there is a di�erence of approximately

2-3 eV in the formation energy of the Diamond Monovacancy and a variance of 4-5 eV

for the split-interstitial carbon in diamond between the results obtained from DFT

calculation and those from GAP-20. This energy di�erence will be further investi-

gated in Chapter 3, where the CN-GAP potential will be evaluated. Speci�cally, we

will compare the formation energy of Frenkel defects and various nitrogen-involved

defects in diamond with results obtained from DFT calculations.
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Figure 2.10: Overview of Key Concepts in Gaussian Process Regression (GPR)
Machine-Learning Models for Atomistic Properties. The �rst graph illustrates the
generation of atomic descriptors(� ) to represent local atomic environments with ker-
nel functions to describe the similarity of two di�erent atomic environments. The
second graph depicts the procedure in Gaussian process regression. The third part
demonstrates how the generated descriptors can be applied in various investigations
of properties, such as tensors or atomic energies.[11]

Figure 2.11: Comparison of formation energies for various defects with DFT (optB88-
vdW) reference (black circles), GAP-20 (red crosses), and other models (blue
crosses).[12]
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Chapter 3

Theoretical background

3.1 Introduction

This chapter will introduce the relevant theoretical background of this research. As

density functional theory (DFT) will be widely applied in this research project, the

basic concepts of DFT will be presented, including the self-consistent �eld (SCF)

calculation algorithms in solving the Schrödinger equation. Then some important

elements from practical DFT calculation will be discussed such as plane wave, pseu-

dopotential and exchange correlational functional.

The section is followed by time-dependent density functional theory (TDDFT)

which will be applied in investigating the optical properties of di�erent combinations

of interstitial carbon and NV centre in diamond. Similarly, this section will start

with some fundamental concepts of running TDDFT calculations. After this, a more

recently developed method called linear scaling TDDFT will be introduced and this

method will be involved in most of my excited states calculations.
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The last part of the chapter will mainly focus on machine learning potential for

large-scale molecular dynamics simulation. Speci�cally, it was applied in the molecu-

lar dynamics simulation of thermal annealing under various temperatures which will

be presented in detail in chapter 6. This section will initialize with some basic con-

cepts of machine-learning potential and then an illustration of its framework will be

presented.

41



3.2 Density functional theory

Over the last three decades, density functional theory has stood as the predominant

approach for the quantum mechanical simulation of periodic systems. It was widely

applied in materials properties simulations. In this section, the fundamental principles

underlying it will be introduced.

Density functional theory is an approach for solving the many-body Schrödinger

equation where the various components are expressed as functional of electron density.

The main idea of the theory is to reduce the number of degrees of freedom in the sys-

tem, decreasing the computational cost when solving the many-body Schrödinger

equation. To begin with, the many-body Schrödinger equation's Hamiltonian in

atomic units can be expressed as follows

Ĥ = V̂ + T̂ (3.1)

In the equation of 3.1, V̂ corresponds to the potential energy of the many-body

system. The potential energy contributions are made up of interactions between elec-

trons and nuclei. As a result, this will create three terms of interactions which are

called nucleus-nucleus interaction, nucleus-electron interaction and electron-electron

interaction. T̂ is the kinetic energy term, donated by electrons and nuclei as well.

Based on the fact that ions are much heavier than electrons, according to the Born-

Oppenheimer approximation, their kinetic energies and nuclei-nuclei interaction po-

tential can be considered as a constant and consequently can be neglected. Therefore,
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the many-body Hamiltonian can be rephrased as:

Ĥ = �
1
2

NeX

i

r 2
i �

NeX

i

NnX
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j~ri � ~RI j
+

1
2

NeX

i

NeX

i 6= j

1
j~ri � ~rj j

= T̂e + V̂n� e + V̂e� e

(3.2)

The terms in equation 3.2 are the electron kinetic energy, the electron-nuclei potential

and the electron-electron potential from left to right respectively. Here, ri and RI are

the coordinates of the ith electron the Ith nucleus. ZI is the charge on the Ith nucleus.

Although this Hamiltonian has been simpli�ed, it is still complicated to solve due to

the electron-electron potential term. The details of solving this complex term will be

discussed in the subsection of the self-consistent �eld algorithm. An essential principle

to highlight here is that when dealing with a Hamiltonian of a system, any given trial

wavefunction  would result in higher energy compared to its ground state, which is

called the variational principle[95].

E[ ] � E0 (3.3)

This principle is applied in DFT for ground state calculation.

The density functional theory was presented in the Hohenberg-Kohn theorems

which conclude that there is a universal functionalE[n(r )], which does not depend

on the external potential and only represents the particular system of interest, can

be applied in obtaining the ground state energy and density.[96] (n corresponds to
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the electron density). The energy functional can be written as:

E[n(r )] = T[n(r )] + Vext [n(r )] + Vee[n(r )] (3.4)

In this equation, all the terms have the same meanings as the equation 3.2 while

Vext [n(r )] is called external potential that contains electron-nuclei interaction. How-

ever, this theorem did not clarify the exact form of the density term. Kohn and Sham

proposed a method to approximate those electron density functionals.[97] They ap-

plied a �ctitious N non-interacting electron system to describe the real interacting

system with the 'orbitals' � i and the constructed density was expressed as:

n(r ) =
NeX

i

j� i j2 (3.5)

A more clari�ed energy functional can be expressed as below:

E[n(r )] = Ts[n(r )] + Vext [n(r )] + VH [n(r )] + Vxc[n(r )] (3.6)

As mentioned before, Kohn and Sham opposed a non-interacting system to approx-

imate the real interacting system. In the equation 3.6, the non-interacting system

includes the terms ofTs[n(r )], Vext [n(r )] and VH [n(r )] while Vxc[n(r )] means exchange-

correlation term which contains all the errors produced through the non-interacting

system. The speci�c form of the exchange-correlation term will be demonstrated

later. The following part will have a demonstration of the algorithm for the solution

Schrödinger equation in Kohn-Sham's theorem.
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Figure 3.1: The work�ow of solving Kohn-Shan equation self-consistently.

3.2.1 Solution of the Schrödinger equation

The Schrödinger equation in the Kohn-Sham Scheme can be rewritten as below:

(�
r 2

i

2
+ Vks[n(r )]) i (r ) = E i  i (r ) (3.7)

where Vks[n(r )] = Vext [n(r )] + VH [n(r )] + Vxc[n(r )]. The self-consistent algorithm is

shown in Figure 3.1. The process starts with an initial guess of the electron density

n(r ). The e�ective potential can be obtained with the guess value of the electron
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density. This potential form can be plugged into the Kohn-Sham equation, where the

Kohn-Sham wavefunction for each electron i can be �gured out. According to the

equation 3.5, the charge density can be calculated which can compare to the previous

guess of the electron density. Once the converged electron density is obtained, the

self-consistent calculation is done.

3.2.2 Exchange correlational functionals

The research of exchange-correlational functionals is still a large and rapidly devel-

oping �eld since its real form has not been de�ned yet. Most of the computationally

expensive exchange-correlation functionals are designed for particular systems, while

two widely applied basic exchange-correlation approximations will be introduced be-

low.

The �rst one is the simplest approximation among all called local density approxi-

mation(LDA) where the homogeneous gas model is applied to simulate the exchange-

correlation energies of each in�nitesimal density element:

E LDA
xc =

Z
n(r )" xc(n(r ))dr (3.8)

In the equation of 3.8, the term" xc(n(r )) is the exchange-correlational energy density

of the uniform gas. The LDA approximation is a remarkable step in reducing the

energy variety between the density functional theory and the real system. However,

there still exist signi�cant errors in di�erent structure calculations using LDA. For ex-

ample, the binding energy of most systems would have around 20-30% overestimation
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and the calculated di�usion barrier is known as too small or absent.[98]

Generalised gradient approximation(GGA) is the second one to be introduced

which is an improvement of LDA where both electron density and its gradient are

taken into consideration:

E GGA
xc =

Z
n(r )" xc(n(r ); r n(r ))dr (3.9)

The exchange-correlational functional applied in this thesis is one of GGA called PBE

whose gradient term is constructed from experimental data. The PBE has signi�cant

improvement on the absolute error compared to LDA with the error in the range

from 3% to 7%.[99]. To balance the computational cost and accuracy of results, PBE

exchange-correlational functional is applied in most of this research.

3.2.3 Parameters on running DFT

After demonstrating some basic principles of DFT, this section will primarily discuss

the convergence parameters when running DFT in practice. In this study, plane

waves are applied as the basis set of wavefunctions in all of the DFT ground state

calculations. In a periodic system, the wavefunction of an electron with plane wave

basis sets can be expressed as:

 k(r ) =
1



X

G

ck;G ei (k+ G)r (3.10)

47



Where 
 corresponds to the volume of the lattice,G and ck;G are the reciprocal

lattice vector and coe�cients.

Here, two parameters need to be tested for convergence. The �rst one is k-point

sampling. In principle, the more possiblek samples, the more accuracy we could

obtain. However, the calculated total energy will converge to a relatively small value

whenk points are su�ciently large which means it is signi�cant to have an estimation

of k points before running the calculation.

Similarly, the cuto� energy is another parameter that needs to be tested for con-

vergence. There are an in�nite number of allowedG in the reciprocal space but as the

increasing ofjG + kj2, the corresponding coe�cient ck;G will be less signi�cant. As a

result, a de�ned E CUT = ~2

2m jG + kj2 is applied to truncate the plane wave expansion

in equation 3.10.

48



3.3 Time dependent density functional theory

Time-dependent density functional theory(TDDFT) is an extension of the basic idea

in ground state DFT. It is a theory to calculate the excited state of systems. This sec-

tion will mainly illustrate the basic ideas of TDDFT including its analogy to ground

state DFT calculation. Then, an advanced technique, which can reduce the compu-

tational cost of running TDDFT simulation, called linear-scaling density functional

theory will be introduced. This technique will be applied in all of the TDDFT calcu-

lations.

In 1984, the Runge-Gross theorem demonstrated that for a many-body system

evolving from a speci�ed initial wavefunction, there exists a direct correspondence

between the potential (or potentials) governing the system's evolution and the re-

sulting density (or densities) of the system.[100] This implies that the many-body

wavefunction, characterized by 3N variables, is equivalent to the electron density,

which depends solely on 3 spatial coordinates. Consequently, all system properties

can be calculated using the density functional. However, it's important to note that

in time-dependent density functional theory (TDDFT), general minimization princi-

ples are absent, and a detailed discussion of the proof of the Runge-Gross theorem is

beyond the scope of this discussion. Interested readers can �nd further evidence of

the theorem's validity in the reference by Casida [101], which provides an illustrative

overview of the progress in TDDFT.
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Figure 3.2: An example of NGWF optimization of an electronic orbital.

3.3.1 Linear-scaling density functional theory(ONETEP)

This section will delve into the theoretical framework behind linear scaling density

functional theory (DFT) as implemented in the ONETEP software, elucidating key

parameters pivotal to these calculations. The basic idea of the ONETEP theory is

applying localized non-orthogonal generalised Wannier functions(NGWF) to repro-

duce the original plane-wave basis orbitals. Speci�cally, in the traditional Kohn-Sham

DFT, the density matrix n(r; r
0
) can be written as :

n(r; r
0
) =

X

i

f i  i (r ) �
i (r

0
) (3.11)

where i (r ) represents the eigenstate andf i denote the occupation state. In terms of

the localized non-orthogonal functions, it can be rewritten as:

n(r; r 0) =
X

��

� � (r )K �� � � (r 0) (3.12)

where the matrix K �� is the density kernel presenting the occupation of the non-

orthogonal basis. Optimizing the form of the basis set allows the elimination of the

scale of the DFT simulation from O(N 3) to O(N ), where N corresponds to the

number of atoms. An example of NGWF optimized orbitals can be found in Figure
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3.2. Further details on the elimination of scaling can be found in the reference [102].

It's noteworthy that achieving 'plane-wave' accuracy necessitates thorough testing to

ensure convergence of the de�ned non-orthogonal function radius. This aspect will

be further explored in Chapter 7, where TDDFT calculations will be conducted to

investigate the absorption spectrum of the NV centre and interstitial carbon ensemble

in diamond.
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Figure 3.3: Three main steps in GAP generation are as follows: (1) Creating a
reference database of quantum-mechanical data for appropriately selected structural
models, (2) Representing atomic environments, often using combinations of 2-body
and SOAP descriptors, and (3) Performing Gaussian process regression.[11]

3.4 Gaussian Approximation Potential(GAP)

As outlined in the literature review, GAP-20 potentials have versatile applications

in investigating the properties of defects across various crystalline carbon structures.

This section will elucidate key concepts and provide a brief overview of the framework

for training GAP potentials.

3.4.1 Framework of Gaussian Approximation Potential

The framework for training a GAP potential can be found in Figure 3.3 where three

main steps are contained. The initial step involves generating a reference database.

Typically, this database is computed usingab initio methods and comprises infor-

mation such as total energy, forces, and stresses. These reference data construct

the precise yet unknown potential energy surface (PES), which awaits further �tting.

Concurrently, the selection of reference data is also signi�cant. After the construc-

tion of the database, suitable structural descriptors should be chosen to represent
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the database structures. The descriptors commonly applied are distances and an-

gles between atoms together with a Gaussian kernel and many-body Smooth Overlap

of Atomic Positions (SOAP) representation with a polynomial kernel. The kernels

and representations in GAP have distance cut o�, usually around 5-6 Å. In this

study, 2-body, 3-body, and many-body SOAP descriptors are utilized to train the

carbon-nitrogen (CN) Gaussian Approximation Potential (GAP). Upon completion

of the �tting process using these descriptors, the atomic energy can be expressed as

a summation of a �xed number and type of kernel basis functions. Subsequently,

the obtained energy and force outcomes can be cross-checked against the reference

database for validation. Further optimized parameters can be found in the reference

of Volker's review[11] which will not be discussed further here.
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Chapter 4

Perturbation of a neutral vacancy

with a nearby interstitial carbon

4.1 Introduction

GR1 is a common signal of indication of the presence of neutral vacancy in diamond.

However, the perturbation of interstitial carbon and neutral vacancy is unknown.

This chapter aims to investigate the interaction between a neutral vacancy and a

nearby interstitial carbon.
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4.2 Computational details

In this section, the simulation details will be demonstrated. The whole calculation is

performed using the method of DFT with PBE as the exchange-correlational func-

tional. This model is progressed in the CASTEP code[103] and the c2x program

is used in extracting the volumetric orbital data. As mentioned in the chapter on

the theoretical background, two main parameters need to be tested converged, which

are the cut-o� energy and the k-points grid. This will be discussed in the following

section.

The supercell model is generated by Crystalmaker software where two types of

con�gurations are created. The simulation is initialized with a size of3 � 3 � 3(216

atoms) but it is optimized to 3� 3� 6(432 atoms) to eliminate the e�ect of boundary

condition from the z direction of a split-h100i interstitial carbon. To begin with,

one monovacancy and one split-h100i interstitial carbon are individually created for

comparison with relative literature to ensure the validation of this simulation. Then,

di�erent ensembles of neutral vacancy and split-h100i interstitial carbon are generated

where the separation of two defects is within a distance of less than 5 Å. Speci�cally,

one combination of these defects is shown as an example in Figure 4.1. In this graph,

a split-h100i interstitial carbon defect is accommodated at the centre of a3 � 3 � 6

supercell whose length is 10.679 Å, 10.679 Å, 21.358 Å. A vacancy is then created

around this interstitial carbon within a distance of less than 5 Å by removing an ex-

isting carbon in the diamond lattice. With the condition of symmetric locations for

the vacancy, there are 6 di�erent symmetric reduced situations in total. These con-
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Figure 4.1: An illustration of a combination of one vacancy and one split-h100i inter-
stitial carbon in (a) x-z view and(b) x-y view.

structed models are applied in geometry optimization and bandstructure calculation.

The algorithm of Broyden�Fletcher�Goldfarb�Shanno(BFGS)[104] is used in �nding

the local minimum when the geometry optimization task is operated, resulting in a

convergence of residual tolerance within5 � 10� 6 eV/Å. In the calculation of band-

structure, the k-point selection goes through the highly symmetric path ofW (0.50,

0.25, 0.00)! G(0.00, 0.00, 0.00)! X (0.50, 0.00, 0.00)! W (0.50, 0.25, 0.00)!

L (0.25, 0.25, 0.25)! G(0.00, 0.00, 0.00). These settings will be the same for the

chapter on the interaction between negatively charged nitrogen-vacancy centre and

interstitial carbon on geometry optimization and bandstructure calculation.

4.2.1 Convergence test

As mentioned before, cuto� energy and k-point sampling, which is described as

Monkhorst-Pack(MP) spacing[105] here, should be tested for convergence. In ad-

dition to examining the convergence of their total energy, the formation energy is
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a more common aspect of the parameter testing. The formula for computing the

formation energy of a defect can be described as follows:

E f = E tot �
X

i

ni E i (4.1)

where ni is the number of atoms of elementi in the system andE i is the chemical

potential of an atom of elementi . In this case, the chemical potential of an individual

carbon atom is computed by the total energy of a pure diamond lattice divided by

the number of carbon atoms.

The outcome of formation convergence is shown in Figure 4.2. The graph(a) cor-

responds to the converge test on the formation energy of neutral vacancy in diamond.

Various combinations of energy cuto� and MP spacing are applied in formation en-

ergy computation. It is observed that when MP spacing is less than 0.04, there is an

obvious dropping from 6.95 to around 6.90 eV while the formation energy converges

within 0.01 eV when cuto� energy is above 800 eV. The value of its formation energy

is around 6.9 eV which is acceptable compared to some relative DFT literature where

Slepetzet al. reported the value of 6.07 eV and Bernholcet al.[13] stated the result

of 7.2 eV[106]. Similarly, in terms of the formation energy of split-h100i interstitial

carbon, which is shown in graph(b) , there are few di�erences in the choice of MP

spacing but the cuto� energy should be larger than 800 eV to ensure the convergence

criteria the same as that of neutral vacancy. The converged formation energy of

split-h100i interstitial carbon is around 11.71 eV, which agrees with the experimental

research where 12 eV is reported.[14] To ensure the accuracy of results in the simu-
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Figure 4.2: Converge test on the formation energy of(a) neutral vacancy and(b)
split-h100i interstitial carbon

lation of the interaction between these two defects, 900 eV of cuto� energy and 0.02

MP spacing are chosen for further investigation.
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4.3 Results

This section will start with a discussion of the results of individual defects which are

neutral split-h100i interstitial carbon and vacancy. The interaction between them will

then be illustrated in terms of electronic orbitals and band structure. Finally, the

relationship between their relative positions and electronic structures will be analyzed.

4.3.1 Individual defects analysis

The results of split-h100i interstitial carbon can be found in Figure 4.3. As shown

in Figure 4.3, each of the interstitial carbon issp2 bonded with 2 nearby carbon

atoms. At the same time, one spare electron constructs the� orbital, perpendicular

to [100] direction, which can be observed in graph(a) . The two formed � orbitals

are orthogonal to each other, as shown in both(a) and (b) , with an energetic orbital

occupying the Fermi level, as illustrated in the band structure in(c) . This is in good

agreement with the reported literature.[47]

In terms of the relaxation of a neutral vacancy in diamond, two types of relaxed

structures were identi�ed, and their comparison is shown in Figure 4.4. The �rst found

con�guration is a tetrahedral model where the distance between the four adjacent

carbon atoms to the vacancy is the same, occupying a symmetry ofTd con�guration.

As can be seen from graph(a) , the edge length of this regular tetrahedron, made of

four carbon atoms, is 2.7 Å. A more stable optimized con�guration of neutral vacancy

with observed and shown in graph(b) with a symmetry of D2d. This is a consequence

of Jahn-Teller distortion where a structure of tetragonal con�guration is formed[107].
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Figure 4.3: Electronic orbitals of split-h100i interstitial carbon of (a) x-y view and
(b) x-z view.An isovalue of 0.02 in VMD (Visual Molecular Dynamics) is chosen

. Graph (c) is the corresponding band structure.
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Figure 4.4: Optimized geometry comparison on neutral vacancy in(a) Td symmetry
and (b) D2d symmetry

A further comparison of electronic con�guration and bandstructure can be discovered

in Figure 4.5. The Td type symmetry displays four identical spare electrons, �lling

those similar energetic bands which can be inspected through the bandstructure plot

in graph (b) . Concerning theD2d situation, although it appears to present some

similarities in electronic orbitals, a signi�cant energy splitting can be observed in

the band structure, as shown in the comparison between(a) and (c) in Figure 4.5.

This splitting would potentially allow the transition of electrons between di�erent

bands, producing desirable photoluminescence signals like GR1. The following part

will discuss the interaction between a split-h100i interstitial carbon and a neutral

vacancy in diamond.
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Figure 4.5: Visualization of electronic orbitals for a neutral vacancy in(a) Td sym-
metry and (c) D2d symmetry. Band structure analysis of the neutral vacancy in(b)
Td symmetry and (d) D2d symmetry.For the electronic orbitals, n isovalue of 0.02 in
VMD (Visual Molecular Dynamics) is chosen.
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4.3.2 Interaction between neutral vacancy and interstitial

carbon

The previous section exhibited the atomic positions and electronic properties of indi-

vidual studied defects(neutral vacancy and split-h100i interstitial carbon). This part

will mainly focus on the interaction between these two defects. After proper analysis

of the optimized results among all of the tested simulations, three types of situations

can be concluded, namely recombination, non-hybridization and hybridization which

are demonstrated in Figure 4.6.

In the situation of recombination, the interstitial carbon is not allowed to accom-

modate itself at its original position. As the procedure of geometry optimization

progresses, the interstitial carbon di�uses into the initial site of the vacancy, causing

recombination. This can be discovered in Figure 4.6(a) where no obvious defects are

found. Its interrelated bandstructure, shown in the graph(b) of Figure 4.6, illustrates

that no internal bands are lying between the conduction and valance band.

The situation of hybridization and non-hybridization are classi�ed by whether the

electronic orbitals from di�erent defects are hybridized or not. For instance, in non-

hybridization, which can be found in graphs(c) and (d) , the electronic structure of

the neutral vacancy and split-h100i interstitial carbon can be characterized separately.

Speci�cally, the elements in red describe the corresponding electronic manifolds and

bands of the interstitial carbon while the colour blue labels the defect of neutral va-

cancy. It can be distinguished from either electronic orbitals or bandstructure plots.

Compared to the previous isolated defect results, a distortion occurs on the split-h100i
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interstitial carbon, causing energy splitting on the corresponding� bonds. However,

since it would not a�ect the electronic properties of neutral vacancy, the GR1 lumi-

nescence signal is considered to remain, depending on the electronic con�guration of

the neutral vacancy. When it comes to the neutral vacancy in the situation of non-

hybridization, no signi�cant changes can be found compared to its isolated structure,

con�rming its 'bright' capability on the GR1 signal.

In contrast to non-hybridization, those hybridization types mean the electron

manifolds are hybridized to each other, forming a brand-new defect complex that

can not be analyzed separately. Graphs (e) and (f) in Figure 4.6 demonstrate an

example of a result of hybridization. The remarkable hybridized band is coloured in

yellow. It is demonstrated that the electronic orbitals from interstitial carbon and

neutral vacancy are hybridized, forming an energy band around the Fermi level. This

implies the GR1 signal might quench due to the disappearance of the featured neutral

vacancy in the bandstructure. The following section will have a further investigation

of the relationship between their interactions and relative positions.

4.3.3 Relative Locations analysis

The earlier part mainly focuses on several speci�c situations related to recombination,

non-hybridization, and hybridization. In this subsection, further research will carried

out to explore the relative positions between defects and their interaction toward each

other.

The identical positions of these simulated vacancy sites can be reproduced based
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Figure 4.6: (a) and (b) correspond to optimized geometry and bandstructure of
the recombination situation while (c) and (d) , (e) and (f) present the relaxed
atomic con�guration with electronic manifold and corresponding bandstructure of
non-hybridization and hybridization type. For the electronic orbitals, an isovalue of
0.02 in VMD (Visual Molecular Dynamics) is chosen.
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on the diamond's symmetry, and their projection in 3-dimensional space is presented

in Figure 4.7, graph(a) . These vacancy sites are determined by their initial positions

before optimization for better visualisation. As is shown in this graph, a split-h100i

interstitial carbon pair is marked in the middle. At the same time, three types of

vacancy sites, identi�ed as recombination, non-hybridization and hybridization, are

illustrated in three di�erent colours. It is shown in the graph that when a vacancy

is dropped at the �rst nearest possible site, it will cause recombination where the

interstitial carbon will relax to the vacancy site. As the increase of the distance

between two defects, both non-hybridization and hybridization would occur where

more precise relative parameters should be applied for better understanding. In 4.7

(b) , the distance and angle between two defects are employed to represent their

relative positions. The distance is simply the length between the vacancy site and

the middle of the split-h100i interstitial carbon pair while the angle is computed based

on a vector [100] and a vector pointing from the middle of the interstitial carbon pair

to a vacancy. It can be concluded from the plot that when the angle between the

2 mentioned vectors is in a range of around 65� to 115 � , non-hybridization would

happen. Otherwise, the photoluminescence signal will disappear due to recombination

or hybridization. This phenomenon might be the consequence of a strain produced

by an interstitial carbon which will be discussed in the next chapter. In conclusion,

when the interstitial carbon and neutral vacancy are placed within a distance of less

than 5 Å , based on the results of the graph(a) in Figure 4.7, a possibility of 50%(20

out of 40) on the quench of �uorescence signal from neutral vacancy.
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