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Abstract

The NV-center in diamond is one of the most well researched defects to date. Since its
discovery in the 1960’s, a large body of experimental as well as theoretical work have been
produced, investigating its properties and applications. The reason for the attention on
this defect are its properties that are well suited for a number of applications. Some of
those properties are: 1) photostable at room temperature; 2) long spin coherence time;
3) spin-flipping during the process of optical excitation and decay; 4) Optical readout of
spin state. Some of the applications include qubits in quantum computers and sensors
for single molecule properties. In order for the NV-center to function well, it is important
to decouple its interaction with other defects in the diamond lattice or with the surface
of the diamond, that could have a detrimental effect on the NV-center properties. In this
work, we theoretically investigate how the NV-center properties are affected by some
nearby defects. Those defects include: a nitrogen point defect in the diamond lattice,
diamond surfaces, and an extended intrinsic stacking fault defect in the diamond lattice.
It is the negative charge state of the NV-center that has the properties mentioned above,
and therefore it is this charge state that is interesting for the applications. Here, we
investigate our new theoretical method of charging the NV-center through an electron
donor nitrogen in the diamond lattice. By instead charging with an explicit electron
donor/acceptor, we avoid the complicated correction schemes associated with the tra-
ditional theoretical method of introducing an artificial background charge density in a
supercell for simulating charged defects. It can also be argued that our new method is a
more physically correct method, as negatively charged NV-centers in diamond get their
charge by accepting electrons from nearby nitrogens in the diamond lattice. In addition
to the NV-center, we further test the method for other point defects in diamond.
In this thesis, an introduction to the field is given and the current research questions are
stated in chapter 1. Followed by chapters reviewing the current experimental and theoret-
ical work regarding the NV-center, computational physics and density functional theory,
and an overview of the software used in this work. The results presented in this thesis are
obtained using density functional theory computations.
Our results show that the method of charging the NV-center with a donor-nitrogen is
viable for an NV-N distance of 7.5 Å or greater.
When placing the NV-center in the vicinity to a terminated surface (F- H/O/OH- and
N-terminated), its properties converge to bulk values already at 5 Å depth. This is great
news when compared with the recent experimentally achieved distance of 1 nm, meaning
that NV-centers could possibly be placed even closer to the surface without being affected.
When placing the NV-center in the vicinity of an intrinsic stacking fault (ISF), our results
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show that the NV-center is not greatly affected down to a distance of 4.2 Å. However,
when the NV-center is placed 3.8 Å or closer to the ISF, the ZPL is perturbed between
2.0 and 11.3 %. It is perturbed the most when placed inside the ISF glide plane. This is
great news for the technical applications; some diamonds contain high densities of ISFs,
and our results show that a NV-center can be placed really close to such an ISF without
losing its sensitivity as a sensor of magnetic fields.
We have also found that the excitation from the NV− ground state into donor-N+ (one-
photon process) requires 2.31 eV and lead to a meta-stable NV0 and donor-N0 charge
state, both of which are electron spin resonance (ESR) active and, thus, this transition
could be investigated experimentally. The excitation to the neutral state can also be
achieved through a two-photon process with the first step at 2.19 eV and the second step
at 0.81 eV.
When placing the NV-center in the vicinity to two nitrogens (one neutrally charged,
and one positively charged acting as electron donor), we find that it is almost unaffected,
with changes in the ZPL of 1-8 meV when the distance to the nitrogens is 9.40-12.52 Å.
This means that a nearby nitrogen, whether it is neutral or positively charged does not
affect the NV-center in a detrimental way.
Our tests on charging defects through electron donors/acceptors reveals that our method
also works for the following defect-donor/acceptor pairs: NV−-P+, NV−-B+, N+-B−,
SiV−-N+, Be−-O+, Be2−-N+-N+.
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Chapter 1

Thesis Introduction

1.1 Background

The NV-center in diamond is a promising candidate for many technological applications,
such as qubits in quantum computers [1–5], high resolution sensors of magnetic [6–8]
and electric fields [9, 10], sensors of strain [11, 12] and temperature [13, 14], use as single
photon source [15–17], biomarking and tracking [18,19], or for carrying out experiments
in fundamental physics, such as testing the Bell inequality. [20] It is the negative charge
state of the NV-center that holds the electronic and optical properties that is interesting
for the applications. Those properties include: 1) photostable at room temperature, 2)
long spin coherence time, 3) spin-flipping from Sz = 1 to Sz = 0 during optical excitation
and decay, and 4) Optical readout of spin state. The last property makes it possible to
manipulate the spin-state of the NV− using excitation by optical absorption.

When doing theoretical electronic structure computations for simulating defects (such as
NV-centers) in crystalline materials, a common quantum mechanical method is to solve
a Schrödinger-like equation, called the Kohn-Sham equation. This is done through the
density functional theory (DFT) framework. The computations are often performed in a
supercell, which is a number of repeats of the unit cell of the material. Periodic boundary
conditions are applied, meaning that the supercell can feel the effects of the neighbouring
supercells. The defect is manually placed in the supercell, and by varying the size of the
supercell, one can study appropriate concentrations of defects. On the other hand, by
adding a vacuum region, one can create a slab, which is a good model to study surfaces,
and interactions between surfaces and defects.
DFT computations provide a way to study a defect in a clean environment, separated
from any other defects that might otherwise interfere with its functioning. This is not
possible in experimental studies, and is therefore a valuable complement. Through such
computations, fundamental issues, and even unknown and unexplored details can come
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4 Thesis Introduction

into light.

Traditionally, DFT computations on charged defects in materials such as semiconduc-
tors and insulators are carried out by adding/subtracting electrons to the supercell.
However, a charged system is problematic when periodic boundary conditions are used,
since it results in an infinite charge. In addition, the majority of simulations include
only the valence electrons while the effect of the core electrons are replaced with so
called pseudopotentials, which are derived in a charge-neutrality condition. [21] For a
charged supercell, this means that the electrostatic energy would be divergent. This
is conventionally solved by imposing an artificial background jellium charge of opposite
charge that exactly compensates for the net charge in the supercell. [22] However, the
imposed background jellium charge will introduce another problem due to the finite-size
effect and periodic boundary conditions: the charged defect in the supercell will suffer
a spurious long-range Coulomb interaction between the periodic charge images and the
artificial background charges. To overcome this additional problem, many correction
schemes have been proposed. [23–26] These correction schemes have successfully worked
for materials in bulk phase. They might, however, be insufficient for charged defects in
two-dimensional systems such as thin-films and surfaces, which are computed in slabs.
The compensating background charge leads to a dipole, which diverges as the vacuum be-
tween the slab images increases. [27,28] Several different methods were proposed to solve
this spurious electrostatic interaction for calculating charged defects in low-dimensional
structures. [27,29,30]

1.2 Scope

In this thesis, the aim is to, through DFT simulations, better understand the NV-center,
its properties at atomic/nano-level, and its limitations as a color center with regard to
other defects and impurities. This is to aid the realization of technological applications
such as single-molecule sensors, single-photon sources, qubits in quantum computers, and
fluorescent resonance energy transfer (FRET). A theoretical method based on density
functional theory (DFT) is developed to circumvent tedious correction schemes when
doing computations involving charged defects. The idea is to charge the defect with
electron donors/acceptors that are also introduced in the supercell, thereby achieving a
charged defect in a neutral supercell/slab. We use this method to simulate the negatively
charged NV-center in diamond and how its properties are affected by its surroundings.
As an electron donor, we use a substitutional nitrogen placed in the diamond lattice a
distance away from the NV-center. After: a) testing and verifying its validity in a bulk
supercell, we use the method for investigating a number of situations. Those include: b)
NV-center in the vicinity of a surface with different terminations, c) NV-center in vicinity
of an intrinsic stacking fault, d) Spurious excitations (photoblinking) of electrons from
the NV-center electronic levels to the donor-nitrogen electronic level through either a
one- or a two-photon process, e) NV-center in vicinity to two nitrogens: one neutrally
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charged N, and one positively charged N (acting as electron donor), f) charging of other
defects through our method of electron donors/acceptors.

From this, the following research questions were formulated and answered:

Q1: How does a charged defect attain its charge?

Q2: Is the theoretical method of charging with electron donors/acceptors viable and
comparable to the traditional method of charging by means of artifical negative/positive
background charges to the supercell?

Q3: How is the NV-center affected by varying the distance as well as the angle to the
donor-nitrogen?

Q4: How is the NV-center affected by varying the distance to a F-, H/O/OH- or N-
terminated surface?

Q5: How is the NV-center affected by varying the distance to an intrinsic stacking fault?

Q6: What are the theoretical energies involved in excitations between the electronic
levels of the NV-center and the electronic level of the donor-nitrogen, in a one- and
two-photon process?

Q7: How is the NV-center affected when in vicinity to an additional (thereby being in
vicinity to two nitrogens), neutral N?

Q8: How is the method of charging with electron donors/acceptors working for some
other defects in diamond besides the NV-center?

Q9: What can the results from our simulations teach us about the technological use of
the NV-center?
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Chapter 2

Diamond: a short overview

Diamond is one of several allotropes of carbon. Some other well known allotropes includes
graphite, graphene, buckminsterfullerene and carbon nanotubes. Diamond is the hardest
known natural mineral. It can be classified in several different ways. [31]

2.1 Different types of diamond

One way to classify diamond is to divide it into different types according to their op-
tical absorption. The optical absorption gives information regarding what impurities
are present in the diamond, and at what concentration the said impurities are present.
Dividing in this way, four main types of diamond have been observed: Ia, Ib, IIa and
IIb. [32] Type I diamonds are the most common type, and their main impurity are ni-
trogen atoms at a concentration of about 100-1000 ppm. Type II diamonds on the other
hand, contains almost no nitrogen impurities, and were formed under extreme pressure
for longer time periods.

2.1.1 Type Ia

This is by far the most common type of natural diamond (making up 98 % of all natural
diamonds). It contains nitrogen also in aggregated form with a concentration of about
3000 ppm, and the absorption spectrum of those nitrogen atoms can cause the diamond
to absorb blue light, making it appear yellow.

2.1.2 Type Ib

Far less common than Ia is the Ib type diamonds, which make up about 0.1 % of all
natural diamonds. They have a much lower nitrogen impurity concentration than Ia;
about 300 ppm. And they contain nitrogen in isolated form, where a carbon atom has
been substituted by a nitrogen. This type absorbs both green and blue light, which makes
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8 Diamond: a short overview

them appear as a darker yellow or brown colour. Almost all synthetic high-pressure high-
temperature (HPHT) diamonds are of this type.

2.1.3 Type IIa

Type IIa are more common than the previously mentioned type Ib, but still rare; making
up about 1-2 % of all natural diamonds. They have no optical absorption and almost
no impurities (less than 5 ppb nitrogen), which makes them colourless. They can con-
tain structural deformations because of the pressure and tension during formation and
extraction from the earth, that can be repaired via the HPHT process. [33]

2.1.4 Type IIb

Type IIb is very rare, making up 0.1 % of all natural diamonds. Compared to Type
IIa, they contain very few nitrogen impurities, but instead contain significant amounts
of boron impurities. Because of the boron impurities, it has p-type character. The
absorption spectrum of the boron impurities causes this type of diamond to absorb red,
orange and yellow light, making them light blue or grey in colour.

2.2 Defects in diamond

Diamond is known to contain several hundred types of defects, the most common being
nitrogen in different configurations.

2.2.1 Nitrogen defects

Focusing on nitrogen, there are the four well known A-, B-, C-, and N3 centers. The A-
center consists of two substitutional neighbouring nitrogen atoms in the diamond lattice,
and causes no coloration. The B-center consists of a carbon vacancy surrounded by four
substitutional nitrogen atoms. The C-centre consists of single and electrically neutral
substitutional nitrogen atom. The N3-centre consists of three nitrogen atoms surrounding
a single vacancy.

2.2.2 Other defects

Besides nitrogen, diamond contains many other defects. Some other examples of defects
found in natural diamond, or in artifically grown/ion bombarded diamond are boron,
hydrogen, silicon, phosphorus, cobalt and nickel. Diamond also contains intrinsic defects
such as isolated vacancies, clusters of vacancies, dislocations or platelets.
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2.3 Synthetic diamond growth methods

Except being found in nature, diamond can also be synthetically created. There are three
common types of synthetic diamonds: 1. HPHT diamond; 2. CVD diamond; 3. shock
wave synthesis (detonation) diamond.

2.3.1 high-pressure high-temperature (HPHT) diamond

Diamond synthesis through the HPHT process aims to create conditions similar to those
inside the earths mantle, where natural diamond is created. The source material is
usually graphite or diamond powder. A HPHT diamond typically contains a nitrogen
concentration of around 100 ppm or more. However, a high-purity single crystal diamond,
with a nitrogen concentration less than 0.1 ppm has also been obtained using this method.
[34]

2.3.2 chemical vapour deposition (CVD) diamond

In the CVD process, the synthetization of diamond is made under non-equilibrium con-
ditions, most commonly using a mixture of methane (CH4) and hydrogen (H2) gases in a
plasma. To create the plasma environment, a vacuum chamber forming a microwave cav-
ity is used. [35] CVD diamond can be made isotopically pure by using a 12CH4 methane
source. [36,37]

2.3.3 Shock wave synthesis

This method creates nanodiamonds with diameters of a few nanometers by detonation.
The source material in this case is the carbon contained in the explosives.

2.4 Crystallinity of diamond

Diamonds are also classified according to their crystallite size. Three common types are:
1. single crystal (SCD); 2. polycrystalline; 3. nanocrystalline. Single crystal diamonds
can have grain sizes of over 500 µm. Polycrystalline diamonds have grain sizes between
50 nm and 500 µm. Nanocrystalline diamonds have grain sizes below 50 nm.
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Chapter 3

The Nitrogen-Vacancy center in
diamond

The NV-center is one of the most well studied defects in diamond. This defect consists
of a nitrogen and a vacancy in neighbouring positions in the diamond lattice (as depicted
in Figure 3.1). It has gained much attention in the last decades, due to its unique spin
and magnetic properties that makes it a good candidate for many technical applications,
such as room temperature qubits in quantum computers [1–5], sensors for magnetic [6–8]
and electric fields [9, 10], strain [11, 12], temperature [13, 14] and pressure [38, 39], and
for use in fluorescence resonance energy transfer (FRET) based scanning probe tech-
niques [40, 41]. The properties that make those applications possible include: long spin
coherence time T∗2, photostability at room temperature and spin-flipping during optical
excitation and decay.

3.1 Charge states

The NV-center is known to exist in three charge states: negative, neutral and positive.
It is the negative charge state that is magneto-optically active and thus interesting for
the applications. However, a major challenge toward production of high concentrations
of very shallow (< 10 nm) NV− centers is the conversion of NV− to NV0. The positively
charged NV-center has been characterized to be an electron-spin-less and optically inac-
tive state. [42,43] From here on, when refering to the NV-center, the negatively charged
state is presumed, if not otherwise stated.

3.2 Electronic structure

The NV-center is a paramagnetic defect, with a spin-1 groundstate, and an associated
six electrons. Three of the electrons are provided from the three dangling bonds from

11



12 The Nitrogen-Vacancy center in diamond

Figure 3.1: Schematic pictures showing the atomic and electronic structure of the NV-
center. a) Atomic structure of the NV-center. The NV-center is viewed in perspective,
with the <111> direction pointing upwards in the image. The <111> direction is the
C3 symmetry axis of the defect (C3v symmetry group). The brown spheres represent
carbon atoms, while the blue and red spheres represent the nitrogen and the vacancy,
respectively. b) Electronic structure of the negatively charged NV-center in the 3A2

ground state (left) and the 3E excited state (right). The major transition associated with
the zero-phonon-line (ZPL) at 637 nm is marked by a red arrow. VBM and CBM denote
the valence band maximum and conduction band minimum in diamond, respectively.

the carbon atoms surrounding the vacancy, and another two from the nitrogen atom.
For the negatively charged NV-center, the sixth electron is captured from the lattice
(through nitrogen donors). There are four one particle orbitals associated with the NV-
center: u, v, e1 and e2 (degenerate levels), of which three are in the diamond bandgap
(as depicted in Figure 3.1) and one slightly below the valence band maximum (VBM).
In the groundstate, the u and v orbitals are fully occupied with spin up and spin down
electrons, while the e-levels only have their spin up channel filled. To get to the excited
state, the NV-center can absorb a photon, thereby promoting an electron from the v-level
to one of the e-levels.

3.3 Optical properties

An energy level diagram of the NV-center is shown in Figure 3.2. The NV-center has
a triplet 3A2 groundstate, a triplet 3E excited state, and two singlet states 1A1 and 1E.
Further, the two triplet states are split into three spin sublevels (ms=0 and ms=±1).
The main transition between the triplet groundstate and the triplet excited state has
a resonant wavelength of 637 nm (zero phonon line, ZPL) and can be excited at most
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wavelengths below 640 nm (often excited by a 532 nm laser in experiments [44–51]).
For the NV-center, the ZPL is accompanied by a broad phonon sideband between 630
and 800 nm, where most of the luminescence appears. Only 3-4% of the phonons are
emitted into the zero phonon line (Debye-Waller factor). [52] The radiative lifetime of
the excited state is around 25 ns for NV centers in nanodiamond [53, 54] and around
13 ns for NV-centers in bulk diamond. [53, 55] The difference stems from the different
indexes of refraction. The lifetime of the metastable singlet states is around 300 ns for
the 1E states, and around 1 ns for the 1A1 state. [53, 56] Approximately 70-80% [53] of
the excited electrons decay via the radiative triplet-triplet transition, and is dependent
on the spin state. This number is named the quantum yield.

3.4 Spin properties

As mentioned, the two triplet states are split into three spin sublevels. The two ms=±1
states are degenerate, and the ms=0 state is energetically lower, because of the axial
symmetry. The energy difference between the spin sublevels, the zero-field splitting, is
D=2.87 GHz for the groundstate and D=1.42 GHz for the excited state. [53] The spin-
lattice relaxation time T1 gives the transition rate between ms=0 and ms=±1 and is a
few milliseconds at room temperature. [57] By applying a magnetic field, the ms=±1
levels shift in opposite directions (see Figure 3.2). This dependence on magnetic fields,
named the Zeeman effect, forms the basis of all magnetic sensing applications.
The singlet states plays an important role in the magneto-optical properties of the NV-
center. The singlets are mainly populated from the ms=±1 sublevels of the excited triplet
state, having a larger crossover rate than the ms=0 state (see Figure 3.2). So, an electron
in the ms=0 state mostly decay via the fast radiative transition, while an electron in the
ms=±1 state decay with significant probability via the long-lived singlet states. Because
of this, the luminescence from the ms=±1 states is 30% dimmer than from the ms=0.
But this 30% contrast is only temporary and will disappear when one illuminates the
NV-center with a laser for a long time (typically, around 2 µs), because decay via the
singlet states repumps the electron to the groundstate ms=0 level (ending up in a steady
state at about 90% polarization in the ms=0 state).

3.5 Single-photon source

A single-photon source is a system that emits one photon at a time. The NV-center
has been characterized as a good single-photon source. [15–17] However, it has some
drawbacks in this regard also: a broad emission spectrum and a metastable shelving
state (singlet states). [15, 17] The NV-center as a single-photon source has turned out
useful for applications in quantum cryptography, [58] bio-marking, [18, 59, 60] and tests
of fundamental physics. [61, 62]
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Figure 3.2: Energy-level diagram of the NV-center

3.6 Magnetic field sensing

3.6.1 The Optically Detected Magnetic Resonance (ODMR) ef-
fect

The ODMR effect is characteristic of NV-centers and utilizes the spin-dependent lumi-
nescence described previously. This effect was first demonstrated in the hallmark EPR
(electron paramagnetic resonance) experiment by Wrachtrup et al. [63] in 1997. To see
this effect, one can record the EPR spectrum of an NV-center by slowly sweeping an
auxiliary microwave field over the EPR resonance. An excitation from ms=0 to ms=±1
occurs when the microwave frequency becomes resonant with the EPR transition (2.87
GHz for the NV-center). This excitation will result in a reduction of fluorescence intensity,
because of the reasons explained earlier (see Figure 3.3 for a sketch of this phenomena).
This experiment can be carried out either under both continuous laser illumination and
microwave excitation, or in pump-probe setups. The pump-probe setup allows for more
sophisticated pulsed magnetic resonance techniques that offer more sensitivity, while the
continuous illumination setup offer higher photon counts and is technically simpler.

By using the ODMR effect, one can measure magnetic fields and other physical quantites
with a high degree of sensitivity and at nanoscale spatial resolution. [6–8] When a mag-
netic field is applied, the degeneracy between the ms=±1 levels is lifted (see Figure 3.2),
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Figure 3.3: Hypothetical electron paramagnetic resonance (EPR) spectrum of a single
NV-center with (bottom view) and without (top view) an applied magnetic field, using
the optically detected magnetic resonance technique. The figure does not show a spectrum
from a real EPR experiment, but is just a sketch to illustrate the principle of the ODMR
effect.
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and two resonances appear in the ODMR spectrum (see Figure 3.3, for an illustration of
a hypothetical EPR spectrum of a single NV-center). The frequency separation between
the resonances is given by 2γBz, where γ is the electron gyromagnetic ratio and Bz is
the magnetic field parallel to the NV axis. Experimental methods to measure the EPR
frequency shift caused by magnetic or other kinds of external perturbations have been
developed. They are commonly divided in the two categories: continuous-wave (less
sensitive) methods or pulsed methods (more sensitive). [6, 7]

3.6.2 Continuous-wave methods

A direct, but insensitive method to measure the frequency is to record the EPR spectrum
and do a line fit for the center position of the resonance line. In this method one has
continuous laser illumination in combination with continuous microwaves throughout
the experiment. If the EPR frequency is well known, and one wants to determine the
magnitude of two slightly different magnetic fields (corresponding to a very small shift),
one can maximize the sensitivity by tuning ones microwave frequency to the point of
highest slope and record changes in the intensity. In this way the fluorescence intensity
will change the most as one lowers or raises the microwave frequency. The sensitivity can
also be drastically improved by using many NV-centers, thereby collecting more photons
(ensemble magnetometry), but at the expense of losing the nanoscale resolution provided
by single NV-centers.

3.6.3 Pulsed methods

A more sensitive set of methods are the pulsed experiments (see Figure 3.4). Here one
utilizes a pump-probe scheme, with the laser turned off during the sensing period. By
this setup one will not have any optical repumping during the sensing. Also, long coher-
ent spin evolution times of several milliseconds can be achieved. [6, 7]

Pulsed DC measurements: the Ramsey experiment

One type of pulsed experiment is the Ramsey experiment, which in its basic sequence is
sensitive to static magnetic fields. To carry out such an experiment, one first pump the
spin into the ms=0 state with a laser pulse (of duration 1-2 µs). Second, one initiates
coherent precession by a resonant π/2 microwave pulse that rotates the electron spin
from the |0〉 state to a coherent superposition |ψ〉 = 1√

2
(|0〉 + |1〉). Here |0〉 and |1〉

denote the electron spin states ms=0 and ms=1. During the precession time, the electron
spin interacts with the external magnetic field, making the |1〉 state acquiring a phase
ϕ = τgµBB/~ with respect to the |0〉 state. This correspond to a precession of the spin
in the plane perpendicular to the spin quantization axis, yielding |ψ〉 = 1√

2
(|0〉+ eiϕ |1〉).

Third, one halts the precession after an evolution time τ by a second π/2 microwave
pulse, which projects the electronic spin back onto the quantization axis. The phase
is converted into populations. Fourth, one reads out the spin state by a second laser
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Figure 3.4: Illustration of common pulsed methods for DC- and AC-magnetic sensing.
The spin manipulation (in the Hahn echo AC-measurement in this case) is described
as a transformation of a vector in the Bloch sphere. The initial vector represents the
initialization by a green laser into the |0〉 state. The second vector represents the state
after one initiates coherent precession by a resonant π/2 microwave pulse. The third
vector represents the state after a time τ of free precession. The fourth vector represents
the intercepting of the precession by a π microwave pulse (to achieve dynamical decoupling
from the environment). The fifth vector represents the state after dynamical decoupling
have occurred, while the sixth vector represents the state at laser readout after a π/2
microwave pulse have been employed.
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pulse. Those steps are repeated millions of times to collect sufficiently many photons.
By plotting the signal for a series of τ one reproduces oscillations with a frequency equal
to the EPR transition frequency. In this way one gets access to the absolute value of
the magnetic field one is sensing. The sensitivity is directly proportional to τ (which is
proportional to the inverse linewidth of the EPR transition). The maximum possible τ is
set by the spin coherence time. The spin coherence time is limited by interactions with
surrounding electronic [64] and nuclear spins. [4] The magnetic moment of an electron
spin is also three orders of magnitude larger than that of a nuclear spin. For ultra pure
diamond, spin coherence is only limited by the nuclear spins from 13C atoms. [4, 65] In
type Ib diamonds, the magnetic environment is dominated by N impurities [66] with
electronic spin 1/2, and can be detected through magnetic dipolar coupling with the spin
of the NV-center. [67, 68] For a Ramsey sequence, the spin coherence time is the spin
dephasing time T ∗2.

Pulsed AC measurements: the spin echo technique

One can get a several orders of magnitude increased sensitivity by doing AC mea-
surements, with signal frequencies in the kilohertz to megahertz range. The improve-
ment in sensitivity is the result of a prolongation of the spin coherence that can be
achieved through dynamical decoupling of the central spin from its environment. [69–71]
The simplest of those decoupling protocols is the Hahn echo sequence. In this tech-
nique, the free evolution time during the sensing period is intercepted by a π microwave
pulse, thereby flipping the spin (or swap the phase). This corresponds to the operation
|ψ〉 = 1√

2
(|0〉+ eiϕ |1〉)→ |ψ〉 = 1√

2
(eiϕ |0〉+ |1〉). During the free evolution the spins will

evolve a little bit different from each other because of low-frequency noise in the environ-
ment from the previously mentioned electronic and nuclear spins, leading to decoherence.
But when one inserts a π microwave pulse, they refocus again, rejecting (decouples from)
the low-frequency noise. In this way one can get much longer spin coherence times.
If one applies a more complex decoupling scheme, such as the Carr-Purcell-Meiboom-
Gill (CPMG) pulse sequences, one can improve the spin coherence time even more. In
CPMG one inserts several π microwave pulses with a frequency equal to the AC magnetic
field, thereby periodically flipping the spin. And in this way one can improve the spin
coherence time even more. [72, 73] The spin echo decay time can with this dynamical
decoupling technique extend up to several hundreds of microseconds or even milliseconds
in a pure environment (crystal), and is governed by T 2. With the dynamical decou-
pling technique one can get magnetic field sensitivities of a few nanoteslas. [74,75] There
are also more advanced multi-pulse sensing protocols that are applicable to incoherent,
fluctuating magnetic fields. [76]

3.6.4 Experimental setup

The experimental setup when doing magnetic field sensing with NV-centers is different,
depending on if one uses a single NV-center as a scanning probe, or an ensemble of
NV-centers for magnetic field sensing or imaging.
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Magnetometry with single NV-center as scanning probe

In this method, a single NV defect is integrated onto the tip of an atomic force microscope
(AFM). To record spin-dependent photo luminescence of the NV defect, a microwave
antenna and a confocal microscope are combined with the AFM. The electron spin of the
NV defect can then be used as an atomic sized scanning probe magnetometer. When the
probe is in the vicinity of a magnetic sample, it causes a shift of the associated electron
spin resonance, providing a quantitative measurement of the magnetic field projection
along the NV defect quantization axis (see Figure 3.5 for an example of such a setup).
To engineer the scanning magnetic sensor, two approaches have been applied. The most
straightforward approach is to graft a diamond nanocrystal, that hosts a single NV defect,
at the apex of the AFM tip. [8,77] The first experimental demonstration of scanning-NV
magnetometry in 2008 has been implemented with a diamond nanocrystal. [8] To graft
a diamond nanocrystal at the apex of an AFM tip is simple and robust experimentally.
But it’s hard to obtain precise control of the nanodiamond position at the apex of the
AFM tip when using this method. Another drawback is the short coherence time of NV
defects hosted in nanodiamonds (T2=1 µs), since the host material is a HPHT diamond
crystal with a high content of paramagnetic impurities. A more recent approach has been
demonstrated, where a CVD-grown high purity diamond scanning probe tip containing
a single NV-center is used. [78] This type of sensor employs a diamond nanopillar as the
scanning probe. The NV-center is created within ten nanometers of the pillar tip through
ion implantation. [79] By using high-purity diamond, long spin coherence times can be
achieved. Also, diamond nanopillars are efficient waveguides for the NV fluorescence,
providing a significant improvement of collection efficiency. [80] These improvements
combined lead to a record shot-noise-limited AC-field sensitivy of 10 nT/

√
Hz for a

scanning NV magnetometer. [74]

Magnetometry with ensembles of NV-centers

When performing ensemble magnetometry, the magnetic sample under investigation is
placed on top of a diamond slab that contains a thin layer of NV centres near the
diamond surface. The photoluminescence signal from the NV centres is imaged onto a
CCD array in a wide-field detection scheme (see Figure 3.6 for an example of such a
setup). This enables the acquiring of ESR spectra of all pixels in parallel. In first proof-
of-principle experiments, current carrying metal wires were patterned onto the diamond
surface, and the magnetic field distribution generated were imaged through NV-ensemble
magnetometry. [81, 82] Recently, the magnetic field generated by electrical currents in
graphene were mapped, using both a magnetometer consisting of a single NV-center (to
get detailed view with spatial resolution around 50 nm), and a magnetometer consisting
of an ensemble of NV-centers (to get a wide 2D-view at lower spatial resolution around
400 nm). [83]
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Figure 3.5: Experimental setup for magnetic field sensing with single NV-center.

3.7 Nanoscale nuclear magnetic resonance (NMR)

By using the magnetometer capabilities of the NV-center, nuclear-magnetic-resonance
on nanometer sized volumes have been achieved. Several nuclear species have success-
fully been identified with NV-center nanoscale NMR spectroscopy, including 1H, [84–87]
29Si, [88] 19F and 31P. [87]
When doing NMR, a common method is to use a NV-center a few nanometers (2-10 nm)
below a diamond surface. Various solid or liquid samples of interest can then be placed
on the diamond surface for NMR investigation. The samples contain randomly oriented
spins (spin noise), and one needs a method to select the spins of interest. One often
make use of the fact that the standard deviation of randomly oriented spins is nonzero.
Therefore one has a statistical polarization of spin along a random direction, which in
turn will lead to a random magnetization. This undergoes Larmor precession under an
applied magnetic field and leads to an oscillating field component along the axis of the
NV-center, which can be detected.
Common samples to place on the diamond surface for detecting 1H spins are proton con-
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Figure 3.6: Experimental setup for magnetic field sensing with ensemble of NV-centers.

taining poly-methyl-methacrylate (PMMA) masks [84, 86] or immersion oils. [85, 86, 89]
For detection of 29Si spins, amorphous silica (SiO2) samples can be used. For detection
of 19F, samples consisting of sodium perfluorooctanesulphonate (PFOS) and perfluorooc-
tanesulphonyl fluoride (POSF) can be used. For 31P detection, samples of dried disodium
phosphate and powdered adenosine triphosphate disodium (ATP) salt can be used. [87]

3.8 Sensing electric fields, temperature, pressure and

strain

Besides sensing magnetic fields, the NV-center can be utilized to measure other quantities
such as electric fields, temperature or strain, by monitoring the shifts of the energy levels,
the zero-phonon-line, or the splitting between the ms = ±1 and the ms = 0 levels when no
magnetic field is applied (axial zero-field splitting parameter D). This can be illustrated
mathematically by inspecting the Hamiltonian of the NV-center. The expression for the
ground state spin-Hamiltonian with magnetic, electric and strain fields included of the



22 The Nitrogen-Vacancy center in diamond

NV-center can be found in [53,90].

3.8.1 Electric fields

The NV-centers sensitivity to electric fields through Stark shifts (splits apart the ms=±1
like the Zeeman shift from magnetic fields) have been investigated by several groups.
[10,12,91–93] NV-centers are sensitive to electric fields in both the triplet ground state [10]
and excited triplet state. [92]

3.8.2 Temperature

The NV-center can be used as a nanoscale termometer by utilizing the temperature de-
pendent shifts in its transitions. Unlike magnetometry, where the proximity to the source
(size of nanodiamond) is critical to the maximum sensitivity, NV-based thermometry is
not subject to such a constraint. Because diamond has excellent thermal conductivity,
all NV-centers in a nanodiamond are in thermal equilibrium with the local heat envi-
ronment. Several parameters are affected by the temperature, including the ZPL energy,
the ZPL linewidth, the axial zero-field (ZFS) splitting parameter D and the transverse
ZFS parameter E. Temperatures ranging from a few Kelvin up to 700 Kelvin have been
investigated. [94–97]

3.8.3 Pressure and strain

The ZPL and the D parameter are also sensitive to pressure/strain. [38, 98] M.W. Do-
herty et al. investigated the effect of pressure on the NV-center ZPL (in NaCl pressure
media) and D parameter (in NaCl and Ne pressure media) in a diamond anvil cell with
type IIa single-crystal CVD diamond samples, with pressures up to 60 GPa. They found
linear dependencies of 14.58 Mhz/Gpa and 5.75 meV/Gpa for the D parameter and the
ZPL, respectively. Their ZPL dependency compare reasonably to an earlier measurement
with N2 pressure medium of 5.5 meV/GPa performed in type Ib diamond containing high
density ensembles of NV−. [99] T.B. Biktagirov et al. investigated the strain broadening
of the 1042 nm ZPL between the singlet levels by comparing two samples with high (type
Ib diamond) and low (type IIa diamond) densitites of substitutional nitrogens and NV-
centers. [98] They found that the IR ZPL (1042 nm) of the high density sample had split
up and broadened compared to the low density sample. The visible ZPL (637 nm) on the
other hand had shifted and broadened. This can be qualitatively explained by noting that
the ZPLs have different susceptibilities [100, 101] to inhomogeneous strain and electric
fields induced by other defects in the diamond lattice. [102–104] The most common defect
in the high density type Ib diamond sample were expected to be substitutional nitrogen
(N) atoms. In equilibrium (not acting as electron donor to any nearby NV-center), the
substitutional nitrogen have a neutral charge state, and is therefore paramagnetic. It
is largely distorted, with an elongation of one of the N-C bonds. [105] This induces a
strain. The stress susceptibility parameters of the visible and IR ZPLs [100] imply that
this strain will primarily shift the visible ZPL of a nearby NV-center, while primarily
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splitting its IR ZPL. By photoionizing the neutral N (photon energy > 1.7 eV [106,107])
to its positive charge state, it becomes nonparamagnetic and returns to an undistorted
configuration, thereby removing the strain. On the other hand, N+ generates an electric
field. By taking this into account and noting that first-principles theory predicts that the
IR ZPL is not susceptible to electric fields [98], the photoionization of N0 to N+ should
lead to a narrowing of the IR ZPL. This is not true for the visible ZPL, as it is susceptible
to electric fields. [53] However, T.B. Biktagirov found through quantitative analysis that
only 50% of the strain broadening could be attributed to N0 defects. [98] This indicates
that there exist other unidentified sources of strain broadening. They also found that
the strain broadening of the IR ZPL could be reduced by increasing excitation intensity
or reducing excitation wavelength.

In Paper A, we investigate how a NV-center is affected by a nearby, positively charged
N. In Paper E we also investigate how the NV-center interacts with an additional neutral
N.

3.9 Qubits in quantum computers

When doing magnetic sensing, the surrounding spins is a problem causing decoherence,
as discussed above. However, they can also be a resource in other applications. By
using the NV-center, one can get access to nuclear spins from nearby nuclei, such as
surrounding 13C or the host nitrogen. This is done through the magnetic interactions
(hyperfine splits) between the electronic spin of the NV-center and the nuclear spin of
the nearby nuclei. The hyperfine interaction from a 14N can be modelled mathematically
by adding a term to the Hamiltonian [90].
Only 14N host nitrogens contribute to both electric and magnetic hyperfine interactions
as they possess both electric quadrupole moments and spin I=1. The 13C impurities only
contribute to the magnetic hyperfine interaction since they have spin I=1

2
.

The nuclear spins have very long coherence times, seconds in room temperature, [1]
which offers additional states for logical operations (quantum logical NOT, conditional
two-qubit gate CROT) or long-lived quantum memories. [3, 108–111] Jelezko et al. real-
ized a two-qubit CROT gate, by using the electron spin of the NV-center and a nearby
13C nuclear spin as qubits. [108] The NV-center electron spin and the 13C nuclear spin was
hyperfine coupled, and the 13C was located in a neighbouring position (first coordination
shell) to the NV-center. The electron spin can be manipulated by resonant microwaves,
while the nuclear spin can be manipulated with radio waves. The electron spin can be
detected optically, and hence all changes in the nuclear spin states need to be detected
via the electron spin. Therefore, one chooses the electron spin as the control bit and the
nuclear spin as the target bit in a CROT gate. All 13C nuclei in the first coordination
shell are of potential use for quantum computing, provided that their nuclear magnetic
resonance transitions can be separated in frequency. Nuclei are good for using as quan-
tum memories as their coherence times are long, because they only weakly interact with
the environment. [1, 112, 113] For larger number of qubits (for larger quantum networks
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and quantum registers), different NV-centers located some distance away from each other
need to be entangled. [20, 114–116] In 1998, B. E. Kane presented a scheme for a quan-
tum computer with many qubits, using phosphorous in silicon as qubits. [114] T. Gaebel
et al. demonstrated room-temperature optical initialization and readout of a coupled
two-electron-spin system in diamond, consisting of a NV-N pair. [65] To get a strong
coupling between the electron spins, they need to be in close proximity to each other,
but at large distance to other spins (to avoid decoherence). This can be achieved by im-
planting with molecular N2. By implanting with N2 instead of atomic N, two problems
are solved: Scattering of nitrogen ions in diamond during implantation (straggling) and
the accuracy to which the ion beam can be focused. The spatial implantation accuracy
is limited to 20 nm, [117] but the relative accuracy (spacing between 2 defects) is only
affected by straggling. T. Gaebel et al. found that about 10% of the N2 implants were
converted to NV-N pairs, while the rest as N-N pairs. The NV-N coupling can be seen
in ESR, as the substitutional N is an electron-1

2
spin system.

In paper E we look at the change in properties in the NV-center, charged with a nitrogen
donor, and an additional substitutional N.

3.10 Fabrication, production

There are mainly three methods to fabricate NV-centers (close to surface): 1. Ion im-
plantation; 2. Incorporation of a thin layer of NV-centers at the end of chemical vapor
deposition growth (CVD) process (delta-doping); 3. Utilization of small nanodiamonds.

3.10.1 Ion implantation

To create NV-centers with the ion implantation technique, one bombards a nitrogen con-
taining diamond sample with particles such as electrons, ions, protons or neutrons, and
subsequently anneal the sample at temperatures around 800-1000 ◦C. [118] The bom-
bardment creates vacancies and the annealing makes them diffuse towards the nitrogens.
Depending on what results one wants to achieve, there are several factors to take into
consideration during this process.

The diamond sample

If one wants large ensembles of NV-centers, to use in ensemble magnetometry for example,
[119, 120] one could start with a type Ib HPHT diamond sample that contains a high
natural density (100 ppm) of nitrogen atoms. Then one performs ion implantation to
create vacancies in this sample. Many types of ions have been employed for this purpose,
such as carbon, helium, gallium or even electrons and molecules. However, using high-
density nitrogen diamonds does not allow control over single NV-centers. And this type
of diamond also contains other defects which affects the properties of NV-centers, such
as lifetime, linewidth and decoherence of spin. Another approach would be to use a
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type IIa diamond or an artificially created ultra-high purity CVD diamond sample that
contains almost no nitrogen atoms or other defects (1 ppb). [121] With such high purity
diamonds the properties of NV-centers are much improved; the linewidth in type IIa
diamond have been observed in experiment to be as small as 13 MHz, [92] compared to
over 100 MHz for type Ib. [92,122] One can then implant this pure sample with nitrogen
atoms, followed by annealing to diffuse the created vacancies toward the nitrogen atoms,
thereby creating NV-centers, in addition to other defects such as interstitial nitrogens
(Ni), divacancies (V2), N2V, N2 and NVH. [123] In this way one can create a diamond
with sparsely distributed NV-centers, which can be used in applications such as qubits in
quantum computers. However, diamond have a 1.1 % natural abundance of spin-1

2
13C,

which provides a mechanism for nuclear spin interactions, which in turn leads to spin
decoherence for the NV-centers. A way to minimize this unwanted effect is to carefully
control the source gases during CVD growth of diamond, reducing the amount of 13C to
0.01 %. [124]

The beam: energy and fluence

Further, low energy ion implantation (<10 keV) is desirable for improving the accuracy of
positioning of the NV-centers, but at the same time the yield (ratio between active NV-
centers and the number of implanted N atoms) is significantly decreasing with decreasing
energy. S. Pezzagna et al. reported a yield of 45 % at 18 MeV ion energy, and under 1
% for energies lower than 5 keV. [118] In addition to the ion energy, the fluence can also
affect the yield. S. Pezzagna et al. reported a maximum fluorescence intensity at a fluence
around 1.2×1014 cm−2. [118] For higher fluences, the fluorescence intensity decreases as
a result of ion-induced damage of the crystal lattice, finally leading to amorphization of
the diamond, [125–127] which they estimated to occur at about 5×1021 vacancies/cm−3.

Surface effects

In addition to the issues discussed above, one must also take into consideration the
surface, as NV-centers in many cases need to be placed near a surface to couple to target
spins on the surface. [84–86] The magnetic field created by a target magnetic source scales
as 1/r3, where r is the NV-target distance. [120] Therefore it is important to be able to
place the NV-center close to a surface with a minimum disturbance on its properties.
When using ion implantation, proximity to the surface is determined by the energy of
the ion beam, and vertical diffusion of vacancies that occur during the annealing. Also,
results have shown that the vertical distribution of NVs depends strongly on the nitrogen
concentration in the diamond sample. [128] There are several challenges with near-surface
(<5 nm) NVs: lowered NV−/NV0 ratios (charge state instability), significantly broadened
ESR linewidths, and shortened T2 decoherence lifetimes. [129] Also, NV-centers less than
5 nm from the surface has been found to exhibit photoblinking; the photoluminescence
disappear and reappear suddenly. [130] In Paper D, we theoretically study photoblinking.
Below, we discuss the challenges with charge state instability and decoherence; their
reasons and what have been done to minimize them.
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Charge state instability Negatively charged NV-centers can lose their electrons to
the surface and get converted to neutral NV-centers. Because the negatively charged state
is what is needed in most applications, this conversion is unwanted. One reason for the
conversion are electron traps on the surface, leading to upward band bending beneath the
surface. [131, 132] Other reasons include various kinds of laser illumination, [45, 49, 133]
or high implantation densities. [134] To overcome this, the Fermi level in diamond must
be higher than the NV0/− charge transition level. This can be achieved by controlling the
Fermi level by nitrogen or phosphorus doping. [89,135,136] However, these dopants have
electron spins, which creates magnetic fields that make the spin coherence time of the
NV-center short, thereby limiting T 2. [137,138] An alternative way is to raise the Fermi
level above the NV0/− charge transition level by surface termination control, because the
electronegativity of atoms that terminate a surface has a strong effect on the surface
band bending. [131, 132] Therefore, oxygen-terminated (high electronegativity, negative
electron affinity at surface) surfaces are preferred over hydrogen-terminated (low elec-
tronegativity, positive electron affinity at surface) surfaces for the charge stabilization of
shallow NV− centers because of the large upward band bending of H-terminated surfaces
caused by negatively charged surface adsorbates. [131,139] Recently, Yamano et al. sta-
bilized the charge state of very shallow NV-centers (2.6±1.1 nm from surface) created by
1.2 keV N ion implantation by diamond surface modification, UV/ozone exposure, and
oxygen annealing. [140] a more detailed discussion about the control of the NV-centre
charge state can be found below.

Coherence properties Longer spin lifetime T2 means higher sensibility to external
spins. Shallow NV-centers generally have a much shorter T2 than NV-centers in bulk
diamond. For example, NV-centers at a depth of <10 nm was found to have a T2 of
less than 100 µs, [141, 142] while bulk NV-centers (in 12C enriched diamond) have a
reported T2 up to 2 ms, [124, 143] because of the surface induced noise. [141, 142, 144]
With a T2 of almost 2 ms, the NV-center can reach an ac magnetic field sensitivity
of 10 nT Hz−1/2, [120] which has enabled detection of the magnetic field from a single
electron [74] as well as ensemble nuclear spin from protons at room temperature using a
single-NV magnetometer. [84] Bad coherence properties are the result of separate reasons:
1. The presence of 13C nuclear spins (I=1/2) and electronic spins from nitrogen impurities
(S=1/2) as mentioned above. Although it has been reported that 13C limits the T2 of
NV-centers, [145] another observation for nanoscale NMR experiments is that 13C makes
it difficult to analyze the results because its signals can overlap the target signals. [146]
12C-enriched CVD diamond samples are preferred to minimize this effect. 2. Undesirable
near-surface spins. To decrease the density of such spins, surface oxidation methods, such
as annealing in a dry oxygen environment [147, 148] and oxygen plasma treatment [149]
have been reported.

3.10.2 Delta-doping

The previously discussed method of creating NV-centers through ion-implantation suf-
fers from some weaknesses. It suffers from a large depth dispersion even at quite low
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acceleration energies due to ion straggling and channeling effects, roughly scaling as the
square root of the implantation depth. [129,150] For very low energy implantations, the
channeling effects diminish, [129] but the resulting implanted spin coherence times are
generally short and widely dispersed [151] even in isotopically purified substrates, [152]
due to crystal damage intrinsic to the impact of accelerated ions. An alternative ap-
proach is the nitrogen delta doping technique, in which N2 precursor gas is injected into
the chemical vapor deposition (CVD) reactor, during the epitaxial growth of diamond
for a short time period. [153,154] This method provides a very good control over the de-
fect layer thickness and depth. In this way, NV-centers with T2 times in the millisecond
range have been located within the top 100 nm of isotopically purified 12C diamond. [155]
K. Ohno et al. demonstrated nanometer-precision depth control of NV-center creation,
using delta-doping, with a T2 > 100 µs at a depth of 5 nm. [153]
The drawback of delta-doping is that it only provides control over the NV-center position
in one dimension (depth). If one wants to create two-dimensional arrays, implantation
using a focused spot [156] or mask [157] can be employed. Also, the concentration of
nitrogen in the delta doped layer was found to be less due to inefficient activation of N2

as well as its low sticking probability. [153,154] To increase the concentration of nitrogen
in the delta doped layer, one can prolong the duration of the N2 ingress. This will lead to
a larger depth dispersion of NV-centers, though. The main challenge with this technique
is to achieve a large concentration of nitrogen in an ultra-thin delta layer. M. Chandran
et al. produced an ultra-thin nitrogen delta doping layer with a large concentration of ni-
trogen atoms, [158] by instead creating a stable nitrogen terminated diamond surface and
subsequently depositing a thin layer of diamond on the N-terminated surface. In this way
one gets more control over the concentration as well as the thickness of the delta doped
layers than the previously mentioned ion implantation and delta doping techniques.

3.10.3 Nanodiamonds

Another way to obtain NV-centres close to surface is to use small diamond nanocrystals
with diameters of a few nanometers. However, they are currently based on HPHT or
shock wave diamond, and have coherence time T2 of about 1 µs, which is a limit to
sensing weak magnetic fields. NV-centers in nanodiamond have applications in biology,
because diamond is biocompatible, [159] and NV-centers work well in room temperature.
The nanocrystals can be inserted into single cells [160] or whole organisms. [161] The
nanodiamonds can be engineered to selectively attach to specific sites in cells by use of
proper functionalisation. They can then monitor the biological activity of those sites.
Some of the applications include fluorescence tracking, [18, 162] noninvasive ion-channel
detection, [163,164] and neuronal network imaging. [163,165]

Production of photostable NV-centers in nanodiamonds

In nanodiamonds, a good method for producing vacancies is to irradiate with electrons.
If one irradiate with ions, the narrow stopping range of the ions limits the thickness
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of the layer where maximum damage is produced. Electrons on the other hand have a
wide stopping range (because of the mass ratio between electron and carbon), with a
low probability of knocking out carbon atoms. Instead, they lose most of their energy
due to dissipative ionization processes. In this way, uniform damage can be created in a
nanodiamond.
It was found that creating NV-centers in nanodiamonds by He+ irradiation is advanta-
geous over electron irradiation for mass production [162] because of the following three
reasons: Firstly, the helium atoms are chemically inert and does not change the photo-
physical properties of a fluorescent nanodiamond noticeably. Secondly, a 40 keV He+ ion
is capable of creating 40 vacancies during diamond penetration, in contrast to 0.1 and
13 vacancies created by 2 MeV e− and 3 MeV H+, respectively. [166,167] Thirdly, high-
fluence 40 keV He+ beams can be generated by radio frequency (RF) sources. Y. Chang
et al. created NV-centers in 25 to 35 nm nanodiamonds with He+ irradiation. [162] They
found that nanodiamonds of sizes that small had excellent photostability (no blinking).
Luminescence from single NV-centers in 5 nm crystals have been observed in both shock
wave nanodiamond agglomerates [168] and in isolated nanodiamonds. [130] However, in
the isolated nanodiamonds, blinking (intermittency) of the luminescence was observed.
This may be an effect of the local crystal disorder of such small nanodiamonds: For a crys-
talline diamond core with size 2-3 nm, a mixed sp2-sp3 hybridization shell with a quasi-
spherical shape [169], distorted by a large proportion of surface dangling bonds [170],
in addition to other impurities. Adsorbed species and functional groups on the surface
might also act as electron traps, which might be another cause of the observed blinking.
By passivating the surface with oxygen-containing moieties, the outer shell was found to
regain some sp3 hybridization. [170, 171] However, it is worth noting that some oxygen
moieties such as hydroxyl groups can result in either positive or negative electron affini-
ties depending on crystallographic orientation and reconstruction of the specific surface
on the nanodiamond. J. Tisler et al. produced a nanodiamond with a size of 7 nm,
containing a photostable NV-center. [172]
By using an electrochemical cell, S. Karaveli et al. were able to control the charge state
of NV-centers in nanodiamonds with mean sizes of 12-18 nm. [173] The fluorescence was
found to depend strongly on the surface termination; For a hydroxylated nanodiamond,
a shifting between NV0 and NV− was observed. This was attributed to changes in elec-
tric field induced band-bending in response to an applied potential difference. For a
hydrogenated nanodiamond, a shifting between the NV0 and a nonfluorescent state was
observed. This was attributed to charge transfer between the indium-tin-oxide electrode
and the nanodiamond.

We study the nonfluorescent NV+ theoretically in Paper F.

3.11 Charge state control

To be able to control the charge state of NV-centers close to surfaces is of paramount
importance for realizing many applications. As mentioned before, it is the negative charge
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state that have shown the desired properties, and therefore it is this charge state that
is desired. In a crystal containing NV-centres, a single charge state often dominates,
but both the negative and the neutral state can co-exist. [174] The occupations of the
energy levels for the different charge states are shown in Figure 3.7. There are two
types of charge state control: active and passive. Among the passive methods to control
the charge state is chemical control through oxidation and surface termination and also
implantation dose. The active methods to control the charge state are by optical means
(lasers) and by electrical means. Below are descriptions of each of the methods.

Figure 3.7: Energy-level diagrams of the NV-center in the negative, neutral and positive
charge state

3.11.1 Passive (chemical) charge state control

Oxidation

In irradiated and annealed diamond, graphitic defects formed in vicinity of the diamond
surface are possible electron traps. These traps are formed during the ion implanta-
tion. [175] They can ionize electron donors that would otherwise convert the NV-centers
into their negative charge state. [128] For nanodiamonds, those graphitic defects can be re-
moved by surface oxidation. One method to do this is to heat nanodiamonds in an oxygen
atmosphere (thermal oxidation), which removes sp2-hybridized carbon (graphite and dis-
ordered carbon), and instead resulting in a pure sp3-bonded carbon (diamond). [176–178]
The thermal oxidation also results in an oxygen surface termination. [170] In this way,
hydrogen terminated surface is avoided which would, as already stated, result in a p-type
surface conductive layer (induced by band bending), [179] that can be a source of an
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electron depletion layer.

Surface termination

The kind of surface termination used have a large impact on the charge state of the NV-
center, and experimental results indicate that more electronegative terminations (larger
positive electron affinity) lead to a higher concentration of the negative charge state.
Also, the surface dipole strength correlates with the concentration of the negative charge
state. [131,178,180,181]

Hydrogen termination Hydrogen-termination leads to the depletion of electrons at
the surface and hence a high population of NV0 in shallow NV-centres. [131,174,178,182]
Hydrogen is less electronegative than carbon, and so a hydrogen-terminated diamond
surface has a negative electron affinity of -1 eV. The hydrogen-terminated surface can
adsorb water layers on the surface which accept electrons. This electron transfer produce
band bending and a two-dimensional profile of free holes on the surface under ambient
conditions. [183] This results in a drastically lowered Fermi-level (with respect to the
valence band edge) compared to intrinsic diamond. [123] This in turn converts NV-
centers close to the surface from negative to neutral charge state, and subsequently into
an unknown nonfluorecent state. [131] This also means that the H-terminated surface
is conductive. M. V. Hauf et al. changed the charge state from stable NV− centers to
NV0 by changing the surface termination from oxygen to hydrogen. [131] They concluded
that hydrogen terminated diamond provides a chemical way to control the charge state
of NV-centres in diamond, and opens the way to electrostatic control of the charge state
with use of external gate electrode. Electrostatic control of the charge state was later
realised (see below). [43,174,184–189]

Oxygen termination The O-terminated surface is in contrast to the H-terminated
surface insulating, and leads to a higher NV− density, which is attributed to the relative
electronegativity of oxygen and carbon. The C-O surface dipole points in the opposite
direction of the C-H dipole, which results in a positive electron affinity of about 1.7 eV.
This is also the most used termination for the metrology (sensor for magnetic fields for
example) applications. When exposed to air for several days, the NV−/NV0 rate goes
down for an oxygen terminated surface. [180] This lack of stability is not well understood.
Oxygen termination reflects that a mixed chemical state on the surface can exist. This
consists of hydroxyl groups, ethers, ketones or carboxylic acids. And the oxidation state
and the oxygen coverage can change upon reaction with moisture in air. Calculations
have also shown that hydroxyl groups exhibits negative electron affinities. [190] And
adsorbed water states are likely to become electron acceptors, like in the case of hydrogen-
terminated surfaces. This kind of instability is not present in F-terminated surfaces (see
below).

Fluorine termination Photoluminescence of ensemble NVs shows that fluorine-terminated
surfaces gives a higher and more stable NV− population than O-terminated surfaces. [180]
The C-F bond is also more polar than the C-O bond because of the high electronega-
tivity of fluorine. Ab initio calculations of F-terminated diamonds reveal a stable and
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full coverage of fluorine, in addition to a high electron affinity. [191] The fluorinated di-
amond electron affinity have been measured experimentally to 2.56 eV, which is about
0.86 eV higher than the oxygen-terminated diamond. [192] There are various methods
for creating F-terminated diamond surfaces. [192,192–194]

Nitrogen termination Nitrogen-terminated surfaces can be achieved by using ni-
trogen plasma [195, 196] or radical beam exposure. [197] When using nitrogen plasma,
experimental analysis revealed that full nitrogen coverage (full N) as well as partial nitro-
gen coverage (N/H) were formed. [196] In theoretical calculations it was indicated that
they both had positive electron affinities (PEAs) of 3.46 eV (full N) and 0.32 eV (N/H),
respectively. Because of the high PEA of full N termination, it strongly contributes to
stabilize the charge state of shallow NV−. [196] S. Kawai et al. used the nitrogen radical
beam exposure method to stabilize the charge state of shallow NV− centres [181] and ob-
tained a T2 of their nitrogen-termination comparable to that of oxygen termination. [198]
Their experimental analysis revealed that full N and N/H terminations were dominant.
They subsequently used NMR to detect (for the first time with N-terminated diamond)
1H spins in an immersion oil sample on the diamond surface.

In Paper B, we theoretically investigate how the NV-center is affected in vicinity of
H/O/OH-, F-, and N-terminated surfaces.

3.11.2 Active charge state control

With active charge state control is meant the control of the charge state during the
switching process between the charge states during operation, with optical or electrical
means.

Optical control

By shining a laser with the right wavelength and intensity on the NV-center, one causes
it to switch between its negative and neutral charge state in a way that depends on the
laser wavelength and laser intensity, and it is thought that nitrogen donors play a role in
this process. [44–51,133,199–202] The behaviour of the switching is dependent on if one
uses a type Ib (nitrogen rich) [44,45] diamond, or type IIa (nitrogen poor) [47] diamond;
in nitrogen rich diamond, the emission from the NV-center is exclusively from the neu-
tral charge state for laser wavelengths around 450 nm. When increasing the wavelength,
the emission from NV− gradually gets stronger, while the emission from NV0 gradually
gets weaker, until it is only from NV− for wavelengths around 600 nm and higher. [44]
In nitrogen poor diamond on the other hand, [47] the NV-center goes into a dark, non-
luminescent state for wavelengths over 575 nm. This is probably because only the NV−

can be excited at those wavelength, so the charge switching cycle is broken when the
NV-center goes into the neutral charge state. For wavelengths between 450 and 575 nm,
the NV-center cycles between the charge states. And for wavelengths shorter than 450
nm, it goes into a dark state, probably because the negative charge state is not excited
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by those wavelengths.

In Paper D, we theoretically investigate de-charging of the NV-center to a nitrogen in a
one- and two-photon process, as well as de-charging to the conduction band.

Electrical control

It is possible to electrically control the charge state of the NV-center through several dif-
ferent structures. [174,184,185,189] Electrical control of the NV-center has been demon-
strated on H-terminated diamond surfaces. [184, 188] Fast switching between all three
charge states (-,0,+) is possible, with timescales from 10 to 100 ns, which corresponds to
10-100 MHz. [184] This is much faster than the hyperfine interaction frequency between
the NV− electronic spin and a nuclear spin from a 15N or 13C of 2.66 kHz. This fast
switching is an important observation for applications in quantum computing. In those
applications, the NV− electron spin can be used for initializing, manipulating and pro-
cessing quantum information and also entangle with other NV-centres as quantum bits.
The nuclear spin of a 13C atom can be used as a quantum memory for storage of quantum
information (because of the long lifetime of a nuclear spin). To achieve the long lifetime
of the nuclear spin for storage of quantum information, one has to decouple the electron
spin from the nuclear spin after the information transfer from the electron spin to the
nuclear spin. To achieve this decoupling, the NV-centre need to be switched from the op-
tically active (with electron spin) NV−, to the optically inactive (without electron spin)
NV+. The stored quantum information can be read out optically by transferring the spin
state from the nuclear spin back to the electron spin, after having switched back the NV
charge state from the positive to the negative. For this to work well, the switching speed
in both directions should be considerably faster than the rate of hyperfine interaction
between an electron and a nuclear spin. [184]



Chapter 4

Methodology: theory and software

This chapter is intended as an introduction to quantum mechanical simulations on large
systems (meaning several tens up to hundreds or thousands of atoms). The fundamental
equations and approximations are introduced, as well as the software used to carry out
such computations.

4.1 The Schrödinger equation

The most fundamental equation for doing quantum mechanical calculations is the Schrödinger
equation, having the following look:

EΨ = ĤΨ, (4.1)

where Ĥ is the Hamiltonian operator of the system and E is the energy eigenvalue of
the particular wavefunction. This equation can come in many forms depending on the
system, with different Hamiltonians. It is easy to solve for some simple one dimensional
cases involving just one particle and a simple potential. Some examples are the ”particle
in a box” or the ”Harmonic oscillator” that can be found in any standard textbook. [203]
In the most simplest of cases, The Schrödinger equation with the Hamiltonian written
out looks as follows:

EΨ(r) =

Hamiltonian︷ ︸︸ ︷[
− ~

2m
∇2 + V (r)

]
Ψ(r). (4.2)

The first term in the Hamiltonian is the kinetic energy of the particle, the second term
is an external potential that is felt by the particle. As mentioned, this can be solved
analytically for special cases involving just one particle in one dimension. However, it
gets complicated fast if one introduces more particles and three dimensions instead of
one. The hydrogen atom is about as large of a system as one can have, and still be

33



34 Methodology: theory and software

able to solve the Schrödinger equation exactly. For larger systems one has to resort to
approximations.

4.2 Computations on large systems

For systems larger than the hydrogen atom (larger atoms, molecules, solids) one solves
the Schrödinger equation by using some of the approximation methods available.

4.2.1 The Born-Oppenheimer approximation

A common simplification is the Born-Oppenheimer approximation, meaning that one
sees the positions of the nuclei as frozen. This is because a proton or neutron is about
1800 times heavier than an electron meaning that electrons respond much more rapidly
to changes in the system. For a system where multiple electrons interact with multiple
nuclei, using the Born-Oppenheimer approximation, the Schrödinger equation will look
like:

EΨ(r) =

[
− ~

2m

N∑
i=1

∇2
i +

N∑
i=1

V (ri) +
N∑
i

∑
j<i

U(ri, rj)

]
Ψ(r), (4.3)

where the first term inside the bracket is the kinetic energy of each electron, the sec-
ond term is the interaction energy between each electron and the collection of atomic
nuclei, and the third term is the interaction energy between different electrons. For this
Hamiltonian, the wavefunction is a function of each of the coordinates for each of the N
electrons. E is the groundstate energy of the electrons.
From here on, the challenge is to calculate this equation. It is the term containing the
interaction between the electrons that make the problem so difficult.

4.2.2 The Hartree-Fock method

The Hartree-Fock method is a wavefunction based method, meaning that it calculates
everything from the wavefunctions that are specified in the beginning.

Independent electrons

To start with, we simplify the electron-electron interaction, by introducing an indepen-
dent electron model, where each electron moves independently and feels the interaction
with the other electrons in an average way instead. We get a new Hamiltonian:

Ĥ =

[
− ~

2m

N∑
i=1

∇2
i +

N∑
i=1

V (ri) +
N∑
i=1

VH(ri)

]
, (4.4)

where VH is the Hartree potential that replaces the exact electron-electron interaction
with an average instead:
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VH(r) = e2
∫

n(r′)

|r− r′|d
3r′, (4.5)

where n(r′) is the electron density. The solutions to the Schrödinger equation with this
Hamiltonian satisfies:

hχ = Eχ, (4.6)

where the eigenfunctions χ are the spin orbitals, h is the single-electron Hamiltonian,
and E is the energy.

Hartree product

When the total Hamiltonian is a sum of one electron operators, it follows that the eigen-
functions of Ĥ are products of the one-electron spin orbitals:

Ψ(x1, ...,xN) = χj1(x1)χj2(x2) · · ·χjN (xN). (4.7)

This is a Hartree product and the energy of the total wavefunction is the sum of the spin
orbital energies, E = Ej1 + · · ·+EjN . The Hartree-product does not fulfill all the critera
for wavefunctions, so we must introduce another concept.

The antisymmetry principle and the Slater determinant

Because electrons are fermions, the wavefunction must change sign if two electrons change
places with each other. This is the antisymmetry principle. As can be seen, this is not
the case for the Hartree product. To solve this problem, we can write the total wave
function as a Slater determinant of the single-electron wavefunctions. To illustrate this,
here is a Slater determinant for two electrons:

Ψ(x1,x2) =
1√
2

det

[
χj(x1) χj(x2)
χk(x1) χk(x2)

]
=

1√
2

[χj(x1)χk(x2)− χj(x2)χk(x1)] . (4.8)

As can be seen, it is obvious that this form of the total wavefunction fulfills the antisym-
metry principle. It also has some other properties, for example, it does not distinguish
between electrons and it disappears if two electrons have the same coordinates or if two
of the one-electron wave functions are the same. This means that the Slater determinants
also satisfies the conditions for the Pauli exclusion principle.
So a Slater determinant ensures that our solution to the Schrödinger equation will in-
clude exchange interaction. This is not the only electron correlation, though, and more is
needed to arrive at a good accuracy. For example, in reality, the electrons interact with
each other, and do not feel an average potential like in this approximation. The main
task of the many wave function based approaches is to approximate these interactions.
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The Hartree-Fock procedure

In the Hartree-Fock method, the positions of the atomic nuclei is fixed, and the aim is to
determine the wave function of N interacting electrons. The single electron Schrödinger
equation is written as:[

− ~
2m

N∑
i=1

∇2
i +

N∑
i=1

V (ri) +
N∑
i=1

VH(ri)

]
χj(x) = Ejχj(x). (4.9)

The solutions to this equation is then combined in a single Slater determinant to give
the complete wave function. This means that the N lowest energy spin orbitals of the
single-electron equation are found, and the total wave function is formed from the Slater
determinant of these spin orbitals.
To solve the single electron equation, the spin orbitals have to be defined. This is done
by defining a finite set of functions that can be added together to approximate the exact
spin orbitals:

χj(x) =
K∑
i=1

αj,iφi(x). (4.10)

The set of functions φ1(x), φ2(x) · · ·φK(x) is called the basis set, and we say that the spin
orbitals are expanded in this basis set. Now, all information for performing a Hartree-
Fock calculation is known. The procedure is as follows:

1. Make an initial estimate of the spin orbitals χj(x) =
∑K

i=1 αj,iφi(x) by specifying
the expansion coefficients αj,i.

2. From the current estimate of the spin orbitals, define the electron density, n(r′).

3. Using the electron density from step 2, solve the single-electron equations for the
spin orbitals.

4. If the spin orbitals found in step 3 are consistent with orbitals used in step 2, then
these are the solutions to the Hartree-Fock problem we set out to calculate. If not,
then a new estimate for the spin orbitals must be made and we then return to step
2.

4.2.3 Methods beyond Hartree-Fock

The Hartree-Fock method provides an exact description for electron exchange, but it does
not correctly describe how electrons influence other electrons, the electron correlations.
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Hartree-Fock limit

If it was possible to use an infinite basis set in the Hartree-Fock calculations, the energy
of N electrons that would be calculated is known as the Hartree-Fock limit. This is not
the same as the energy for the true wave function, as electron correlation is not correctly
described in Hartree-Fock. The electron correlation energy is actually the difference
between the Hartree-Fock limit and the true (non-relativistic) ground-state energy.
More sophisticated methods capture some part of the electron correlation by improving
upon one of the assumptions that were adopted in the Hartree-Fock approach. Electron
correlation is often described by mixing into the wave function some configurations in
which electrons have been excited from lower energy to higher energy orbitals. There are
groups of methods for doing this.

Single determinant methods

As the name suggests, these methods use a single Slater determinant as a reference
wave function and excitations are made from that wave function. These methods are
formally known as ”post-Hartree-Fock” methods, and include Configuration Interaction
(CI), Møller-Plesset perturbation theory (MP), and the quadratic configuration interac-
tion (QCI) approach. Each of these methods have multiple variants.

Multiple determinant methods

These methods use more than one Slater determinant as the reference wave function.
These methods include multiconfigurational self-consistent field (MSCSCF), multirefer-
ence single and double configuration interaction (MRDCI), and N -electron valence state
perturbation theory (NEVPT) methods.

4.3 Density functional Theory (DFT)

The Hartree-Fock method and the methods improving on it, mentioned in the last section
were wave function based methods, meaning that one starts with some wave functions,
and determines the other parameters from those. DFT on the other hand starts with
an electron density and determine parameters including the wave functions from this
density.
The field of DFT rests on two mathematical theorems proved by Kohn and Hohenberg,
[204] and the derivation of a set of equations by Kohn and Sham in the mid-1960s. [205]
The first theorem is:

Kohn and Hohenberg, first theorem. The ground-state energy from Schrödinger’s
equation is a unique functional of the electron density

This theorem state that the ground-state electron density uniquely determines all prop-
erties, including the energy and wave function of the ground-state. So with this result,
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we can solve the Schrödinger equation for the ground-state with just three spatial coor-
dinates, the electron density, rather than a function of 3N variables, the wave function.
The theorem also proves that a functional of the electron density exists that can be used
to solve the Schrödinger equation, but it says nothing about what the functional is.
The second theorem is:

Kohn and Hohenberg, second theorem. The electron density that minimizes the
energy of the overall functional is the true electron density corresponding to the full
solution to the Schrödinger equation

So if the true functional was known, we could vary the electron density until the functional
is minimized, giving us a prescription for finding the relevant electron density. This
variational principle is used in practice with approximate forms of the functional.
A good way to write down the functional is in terms of the single-electron wave functions:

E[Ψi] = Eknown[Ψi] + EXC [Ψi]. (4.11)

This is split into the known terms that we can write down analytically, and the exchange-
correlation terms. The known terms are just the electron kinetic energies, the Coulomb
interaction between the electrons and the nuclei, the Coulomb interactions between pair
of electrons, and the Coulomb interactions between pairs of nuclei. It looks like:

Eknown[Ψi] = −~2

m

∑
i

∫
Ψ∗i∇2Ψid

3r+

∫
V (r)n(r)d3r+

e2

2

∫ ∫
n(r)n(r′)

|r− r′| d
3rd3r′+Eion.

(4.12)
Here, Eion is the Coulomb interaction between pairs of nuclei. The task is now to express
the exchange-correlation functional in some useful way. This task was solved by Kohn
and Sham, who showed that the task of finding the right electron density can be expressed
in a way that involves solving a set of equations in which each equation just involves a
single electron, the Kohn-Sham equations:[

− ~2

2m
∇2 + V (r) + VH(r) + VXC

]
Ψi(r) = εiΨi(r). (4.13)

This is similar to Eq. 4.9, that is used in the Hartree-Fock procedure. The difference is
that the summations are missing and that there is an extra potential for the exchange-
correlation. The reason that the summations are missing is that in the Kohn-Sham
equations, we are dealing with single-electron wave functions, that depend only on three
spatial coordinates, not Slater determinants of many electrons like in Hartree-Fock.
In the Kohn-Sham equations, the Hartree potential describes the Coulomb repulsion
between the electron being considered and the total electron density defined by all the
electrons in the problem. The Hartree potential also includes a self interaction because
the electron in consideration is also part of the total electron density. This self interaction
is unphysical and is a term that is corrected for in the exchange-correlation potential.
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The exchange-correlation potential is defined as the functional derivative of the exchange-
correlation energy:

VXC =
δEXC(r)

δn(r)
. (4.14)

4.3.1 The DFT procedure

Using the Kohn-Sham equations and the electron density, the standard procedure for a
DFT calcuation is as follows:

1. Define an initial, trial electron density, n(r).

2. Solve the Kohn-Sham equations defined using the trial electron density to find the
single-particle wave functions, Ψi(r).

3. Calculate the electron density defined by the Kohn-Sham single-particle wave func-
tions from step 2, nKS(r) = 2

∑
i Ψ
∗
i (r)Ψi(r).

4. Compare the calculated electron density, nKS(r), with the electron density used in
solving the Kohn-Sham equations, n(r). If the two densities are the same, then
this is the ground-state electron density, and it can be used to compute the total
energy. If the two densities are different, then the trial electron density must be
updated in some way. Once this is done, the process begins again from step 2.

In this procedure, the initial guess for the electron density consists of a superposition of
atomic charge densities (See Figure 4.1)

4.3.2 Exchange-correlation functionals

A large number of functionals have been created for taking care of the exchange-correlation
term. Here is a short overview of some of the most common ones in use.

Local Density Approximation functional (LDA)

The LDA treats the electron density locally and assumes that it is evenly distributed like
in a uniform electron gas, where the exchange-correlation potential is known exactly. It
gives us a way to completely define the Kohn-Sham equations, but it does not exactly
solve the Schrödinger equation because we are not using the exact exchange-correlation
functional [206]. The expression for the exchange-correlation potential in LDA is:

ELDA
xc [ρ] =

∫
ρ(r)εxc(ρ(r)) dr, (4.15)

where ρ is the electron density and εxc is the exchange-correlation energy per particle of
the homogeneous electron gas of charge density ρ.
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Figure 4.1: Flowchart illustrating the DFT procedure, leading to a self-consistent solution
of the Kohn-Sham equation. The initial definition of the electron density usually consists
of a superposition of atomic charge densities. After each iteration, a comparison between
the new and the old electron density is made. If the densities differ less than a specified
criteria, the solution is considered converged, and new ionic positions are calculated. A
new comparison between the energy of the old and new ionic positions is made, and if
they also differs less than a specified criteria, the energy is considered converged, the loop
is terminated and a solution is found.
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Generalized Gradient Approximation functionals (GGA)

Because the LDA assumes that the density is the same at all points in space, it has a
tendency to underestimate the exchange energy and overestimate the correlation energy.
To correct this tendency, it is common to include information about the local electron
density and the local gradient of the density in order to take into account the non-
homogeneity of the true electron density. This is referred to as Generalized Gradient
Approximations (GGA) [207–209] and have the following form:

EGGA
xc [ρ] =

∫
ρ(r)εxc(ρ(r),∇ρ(r)) dr. (4.16)

with GGA functionals, one can achieve accurate results for molecular geometries and
ground-state energies.

PBE functional A widely used functional in this class of calculations involving solids
is the Perdew-Burke-Ernzerhof (PBE) functional. One could think, because this class
includes more physical information it is more accurate than LDA. However, this is not
always the case [206]. We use the PBE functional for calculations in all our papers.

4.3.3 Post-DFT methods

Hybrid functionals

The hybrid functionals are more advanced GGA potentials, where one incorporates addi-
tional variables (for example higher order density gradient) and combine with some of the
accurate exchange energy from the Hartree-Fock method [210]. They are constructed
as linear combinations of the Hartree-Fock exact exchange functional and any number of
exchange and correlation explicit density functionals. The Hartree-Fock exact exchange
functional has the following form:

EHF
x = −1

2

∑
i,j

∫ ∫
ψ∗i (r1)ψ

∗
j (r2)

1

r12
ψj(r1)ψi(r2) dr1 dr2. (4.17)

The hybrid functionals are often not practical for materials calculations as there can be
a 10-fold increase or more in computation time. The hybrid functionals use spatially
localized basis functions, not extended basis functions like plane waves [206]. This im-
plies that they should be used for isolated molecules. However, in recent years, hybrid
functionals have started being implemented in plane wave codes.

HSE06 functional This is a hybrid functional that is specifically designed for solids
[211, 212], and is used in many of the calculations in this thesis. In diamond, HSE06 is
nearly free of the electron self-interaction error due to the error compensation between
the Hartree-Fock and the generalized-gradient-approximation exchange, and therefore
capable of providing defect levels and defect-related electronic transitions close to experi-
mental values. [213] It incorporates 25% of the Hartree-Fock exact exchange together with
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a screened Coulomb potential with screening length 0.2 Å−1. The exchange correlation
potential for HSE06 is:

EωPBEh
xc = aEHF,SR

x (ω) + (1− a)EPBE,SR
x (ω) + EPBE,LR

x (ω) + EPBE
c , (4.18)

where a is the mixing parameter (= 0.25 for HSE06), and ω is the screening length (=0.2
for HSE06). The equation consists of short range (SR) and long range (LR) terms of the
exact exchange, and also a correlation term from PBE. Setting ω = 0 gives the PBE0
hybrid functional.

G0W0+BSE method

The GW approximation The GW approximation calculates the electron self-energy,
and is suitable to study excited-state properties of extended systems. In this approxi-
mation the electron-self energy is the product of the one-particle Green’s function and
the screened Coulomb interaction. The resulting bandstructures and bandgaps are gen-
erally much closer to the measured ones than the ones obtained from only Kohn-Sham
DFT. [214–216] A G0W0 calculation is the simplest and most computationally efficient
GW calculation, and calculates the quasi-particle energies from a single GW iteration by
neglecting all off-diagonal elements of the self-energy and employing a Taylor expansion
of the self-energy around the DFT energies.

The Bethe-Salpeter equation (BSE) BSE can be described as the last step in a
three step process. The first step is a groundstate DFT calculation, solving the Kohn-
Sham equations. In the second step, the Quasi-Particle band structure energies are
obtained by the GW approximation. In the third step, the BSE equation are used to ob-
tain the optical response function (i.e. frequency dependent dielectric function) including
excitonic effects. [217–219]

We calculate absorption energies with the G0W0+BSE method in papers A and D.

4.4 Software

When doing quantum mechanical calculations on physical systems, a software package
is mostly used. There are many such packages, with different functionalities. In this
project, we made use of the Vienna ab initio Simulation Package (VASP). [220] VASP
makes use of periodic boundary conditions via the supercell method, a basis set consisting
of plane waves to expand the wavefunctions in the Kohn-Sham equations, and projected
augmented wave (PAW) method to approximate the complicated effects of the motion of
the nuclei and core electrons.
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4.4.1 Periodic boundary conditions: the supercell approxima-
tion

When doing calculations with VASP, one makes use of periodic boundary conditions
via the supercell technique. [221] One could also in principle approximate a solid by a
large cluster. For a sufficiently large cluster, the quantum physics of atoms in the center
approximate those in a real solid. But the size of this cluster would have to be very
large. For small and medium sized clusters, there is a dominance of surface over bulk
atoms. The best solution in general is to instead use a number of repeats of a primitive
cell with periodic boundary conditions; a supercell. Because of the boundary conditions,
the supercell is wrapped around on itself, and if a particle moves out on one side of the
supercell, it moves in on the opposite side. The advantage of the supercell method over
the cluster method is that one gets rid of the surface, but at the same time one has the
disadvantage of very significant finite size effects.

Finite size effects

If one does computations on charged cells, molecules or surfaces with a large dipole
moment, the energy will converge very slowly with respect to the size of the supercell.
VASP can correct for the leading errors by using a more general approach of the methods
discussed by Makov et al. [222] and Neugebauer et al. [223]. In those methods, the
charge is compensated by adding a neutralizing background charge to the supercell. The
following correction formula for a defect in a cubic supercell of size L was derived [222]
by Makov et al.:

E(L) = E0 −
q2α

2Lε
− 2πqQ

3L3ε
+O(L−5) (4.19)

Where E(L) is the energy of the supercell with size L, E0 is the energy in the limit
L → ∞. The second term on the right hand side of Eq. 4.19 is the Madelung energy
that corrects for the electrostatic interaction between the defect and its periodic images.
α is the lattice-dependent Madelung constant (which can be calculated with the Ewald
method [224]), and ε is the dielectric constant of the medium in which the defect are
embedded. The third term is a correction for the quadrupole moment Q for isolated
ions. The monopole aperiodic charge is denoted by q. However, for realistic defects in
condensed systems, the corrections mentioned do not always improve the convergence.
[26, 225, 226] To overcome this, several correction schemes have been proposed in recent
years. [23–26] These correction schemes work well for materials in bulk phase. They might
however be insufficient for charged defects in two-dimensional systems such as thin-films
and surfaces. The compensating background charge leads to a dipole, which diverges as
the vacuum between the slab images increases. [27, 28] Several different methods were
proposed to solve this spurious electrostatic interaction for calculating charged defects in
low-dimensional structures. [27,29,30]
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Reciprocal space

To solve the mathematical problems that arise in DFT, it turns out to be much more
convenient to work in reciprocal space (k-space). If we define positions in real space
(r-space) in terms of lattice vectors a1, a2 and a3, then the three corresponding vectors
in reciprocal space is defined so as aibj=2π if i = j and 0 otherwise. This gives the
following relations:

b1 = 2π
a2 × a3

a1 · (a2 × a3)
,b2 = 2π

a3 × a1

a2 · (a3 × a1)
,b3 = 2π

a1 × a2

a3 · (a1 × a2)
(4.20)

So for a simple cubic lattice, this means that the reciprocal lattice vectors satisfy |bi| =
2π/a for all i. That is, if the cubic supercell has a side length of a in real space, it
will have a side length of 2π/a in reciprocal space. This also means that larger lattice
vectors in real space corresponds to shorter lattice vectors in reciprocal space. However,
the three-dimensional shape defined by the reciprocal lattice vectors is not always the
same shape as the shape defined by the corresponding lattice vectors in real space. One
example is a fcc primitive cell. A primitive cell can be seen as the supercell that contains
the minimum number of atoms necessary to fully define a periodic material with infinite
extent. By making this concept even more precise, one can consider the Wigner-Seitz
cell. This cell can be defined equally easy for real space and reciprocal space vectors.
In other words, one can define a primitive cell in reciprocal space, named the Brillouin
zone. The Brillouin zone has many special properties (and plays a central role in the
band theory of materials), thereby its assigned name. Many of the points in this zone
have been given names, because of their special significance. The point in reciprocal
space where k = 0 is called the Γ point. The relationship between the volumes of the
Brillouin zone in reciprocal space and the Wigner-Seitz cell in real space is:

VBZ =
(2π)3

Vcell
, (4.21)

where VBZ and Vcell are the volumes of the Brillouin zone and the Wigner-Seitz cell,
respectively.

The Brillouin zone and k-points

The Brillouin zone plays an important role in plane-wave DFT calculations, because a
large part of the work reduces to compute integrals of the form:

ḡ =
Vcell

(2π)3

∫
BZ

g(k)dk. (4.22)

This integral is defined in reciprocal space and integrates only over the possible values of k
in the Brillouin zone. Before looking at this integral further, a discussion of approximating
integrals is necessary.
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Approximation of integrals A simple one dimensional integral in calculus can be
approximated by breaking the interval into equal size pieces and estimate the area under
the curve by treating the curve as a straight line between the end points of the interval.
This is named the trapezoidal method. The more pieces one use, the better the approx-
imation of the integral. In the trapezoidal method, one uses uniform spacing between
the positions where the function is evaluated. One also gives equal weight to the points.
These two conditions are not always desirable. In Gaussian quadrature methods, the
integration points are related to roots of orthogonal polynomials, and the weights are re-
lated to integrals involving these polynomials. By using such a construction, convergence
can be reached much faster than the trapezoidal method for certain integrals.

To evaluate integrals of the form given in eq. 4.22, VASP offers the option of choosing
k-points by specifying how many k-points are to be used in each direction in reciprocal
space. For a cubic supercell, where the lattice vectors have the same length, one most of-
ten uses the same number of k-points in each direction. From the discussion above (about
approximation of integrals), it is expected that if more k-points are used, a more accurate
result will be produced. And if one has a larger supercell, less k-points are needed. This
is because a larger supercell have a smaller Brillouin zone in reciprocal space, therefore
needing less k-points to span it. VASP also takes advantage of the symmetries that ex-
ist in a supercell. This means that the integrals in reciprocal space do not need to be
evaluated using the entire BZ, but just a reduced portion that can then be extended to
fill the entire BZ using symmetry (using no approximations). This reduced portion is
named the irreducible Brillouin zone (IBZ). By using symmetry, some calculations can
be speeded up considerably.

The smearing and the tetrahedron methods

Integrals in k-space are not always continuous, which makes it harder to develop numerical
methods that converge rapidly to the exact result of the integral. One example is metals.
A definition of a metal is that the Brillouin zone can be divided into regions that are
occupied and unoccupied by electrons. The surface separating the two regions is called
the Fermi surface. At the Fermi surface, the functions that are integrated in k-space
change discontinously from nonzero to zero, which is a significant complication. This
means that a well converged result would only be possible by using a very large number
of k-points, if no other efforts are made to solve these integrals. Algorithms to improve
the slow convergence in the situation mentioned have been developed, though. The two
best-known methods are the tetrahedron method and the smearing method, which are
both available in VASP. The idea behind the tetrahedron method is to use the discrete
k-points to define a set of tetrahedra that fill reciprocal space and to define the function
being integrated at every point in a tetrahedron using interpolation. The idea behind the
smearing methods is to force the function being integrated to be continuous by smearing
out the discontinuity.
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Plane wave basis set

When using periodic boundary conditions and working with supercells (with lattice vec-
tors a1, a2 and a3), the solutions to the Schrödinger equation must satisfy Bloch’s theo-
rem:

φk(r) = eikruk(r), (4.23)

where uk(r) is periodic in space with the same periodicity as the supercell. The functions
eikr are called plane waves, thereby calculations using such functions are often referred
to as plane-wave calculations. The periodicity of uk(r) means that it can be expanded
in terms of a special set of plane waves:

uk(r) =
∑
G

cGe
iGr. (4.24)

Here, the summation is over all vectors defined by G = m1b1+m2b2+m3b3 with integer
values for mi. These vectors are defined in such a way so that for any real space lattice
vector ai,G · ai = 2πmi. When combining the two previous equations, we get:

φk(r) =
∑
G

ck+Ge
i(k+G)r. (4.25)

This sum is infinite, meaning that a single point in k-space involves an infinite number of
positive values of G. However, there is a way around this issue by noting that the func-
tions in the above equation have a simple interpretation as solutions of the Schrödinger
equation, with kinetic energy:

E =
~2

2m
|k + G|2. (4.26)

A reasonable expectation is that the solutions with lower energies are more physically
important than solutions with higher energies. Because of this, in practical calculations
one truncates the infinite sum above to only include solutions with kinetic energies less
than some value:

Ecut =
~2

2m
G2
cut. (4.27)

As a result, the infinite sum gets reduced to a finite sum:

φk(r) =
∑

|G+k|<Gcut

ck+Ge
i(k+G)r. (4.28)

The cutoff energy Ecut is a parameter that must be defined when a DFT calculation is
performed.
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Pseudopotentials

For plane waves that oscillate on short length scales in real space, large energy cutoffs
must be used. This kind of short length oscillation is associated with tightly bound core
electrons in atoms. However, from a physical point of view, the core electrons are not so
important in defining chemical bonding and other physical characteristics of a material.
These properties are instead determined by the less tightly bound valence electrons.
Because of this situation, it is common to approximate the properties of core electrons
to reduce the number of plane waves necessary in a calculation. This is done through
pseudopotentials in VASP. A pseudopotential replaces the electron density from a chosen
set of core electrons with a smoothed density (see Figure 4.2). This smoothed density is
chosen to match various important physical and mathematical properties of the true ion
core. The properties of the core electrons are then fixed in all subsequent calculations.
This is named the frozen core approximation. Calculations that do not incorporate a
frozen core are called all-electron calculations, and are more uncommon than frozen core
calculations. VASP provides pseudopotentials for most of the elements in the periodic
table. There are a number of different types of pseudopotentials. Some common ones are
the ultrasoft pseudopotentials (USPPs) and also the projector augmented-wave method
[227,228] (PAW). PAW is the method of choice in this project, and is a generalization of
ideas of Vanderbilt-type [229] ultrasoft pseudopotentials [230] and the linearized-plane-
wave [231] (LAPW) method.
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Figure 4.2: Illustration of pseudopotentials, utilized by the VASP software. The pseu-
dopotential becomes indistinguishable from the full potential at the cutoff radius, rC .



Chapter 5

Research Contributions

This chapter gives a short summary of the method and results of the appended papers.
In Paper A, the method of charging a defect (NV-center in diamond) through an electron
donor (nitrogen) is developed and investigated, and how the distance and angle between
them influence the properties of the defect. This is done using density functional the-
ory (DFT) calculations with periodic boundary conditions (supercells). This method
is subsequently used in Paper B to investigate how the NV-center is affected when in
close proximity to a terminated surface. In Paper C, the effect of a nearby intrinsic
stacking fault on the NV-center is investigated. In Paper D, excitation energies between
the NV-center and a nearby electron donor-nitrogen are extracted, for both a one- and
two-photon process, as an addition to already existing experimental studies of such ex-
citations. In Paper E, the NV-center in vicinity to two nitrogens (one neutral, and one
positively charged, acting as electron-donor) is investigated. In Paper F, other charged
defects and electron donors/acceptors in diamond are investigated.
All DFT calculations performed by the author was done using the Vienna Ab initio Sim-
ulation Package (VASP) [220,232], using projector augmented wave potentials. [227,228]
The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [233,234], as well as
the hybrid functional Heyd-Scuseria-Ernzerhof (HSE06) [235,236] was employed in most
of the calculations. In all papers the normal pseudopotentials from the PAW method
were used e.g. carbon (PAW PBE C 08Apr2002), nitrogen (PAW PBE N 08Apr2002),
etc.

5.1 Paper A

Title: Charged dopants in neutral supercells through substitutional donor (acceptor):
nitrogen donor charging of the nitrogen-vacancy center in diamond
Authors: Robin Löfgren, Ravinder Pawar, Sven Öberg and J. Andreas Larsson
Published in: New Journal of Physics
Contribution: The author performed the DFT calculations, analysed the DFT results,
prepared the figures and wrote all parts of the manuscript with input and scientific

49
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discussions from the co-authors.

5.1.1 Model and Computational Setup

The lattice parameter for a diamond primitive cell (2 atoms) was optimized using a
plane-wave cutoff energy of 840 eV and a 12×12×12 gamma-centered k-point grid. This
was then used to construct supercells. The NV-center and the donor-nitrogen were
introduced in 512 atom diamond supercells (4×4×4 unit cells), in different configurations.
A total of 14 different configurations between the NV-center and the donor-nitrogen were
investigated. Comparison with a supercell containing only the NV-center and charged
through the traditional method of manually adding an electron to the supercell was also
done. The properties transition energies (through the Franck-Condon approximation),
charge densities and spin-densities were studied. The charge densities were Fourier-
transformed using plane waves with an energy cut-off (ENCUT) of 420 eV, and the
systems were geometry optimized until the forces were below 0.001 eV Å−1. The method
of Methfessel-Paxton (MP, ISMEAR=1) was used for smearing. Only the γ point was
considered for k-point sampling, due to the large supercells. The Perdew-Burke-Ernzerhof
(PBE) exchange and correlation functional of the generalized gradient approximation
(GGA) was used for geometry optimization and for charge- and spin-densities. Also, the
hybrid functional HSE06 (Heyd-Scuseria-Ernzerhof) was used for the transition energies,
as it has been shown to give more accurate transition and band gap energies than PBE.

5.1.2 Summary of Results

The common way to charge a defect when doing theoretical computations is to add/remove
an electron from the system. However, this introduces a problem when using periodic
boundary conditions, which is common in theoretical codes today: artifical interactions
between the charged defects in different supercells, and an artifical dipole in slab calcu-
lations containing a vacuum. To handle this, charge compensation schemes have been
developed and used. In this paper, we test our new computational method: to charge a
defect with an electron donor/acceptor instead of adding/subtracting electrons to/from
the system. In this way, we avoid the otherwise necessary charge compensation and the
aforementioned problems associated with it, which introduce ambiguities especially for
slab models. Our results, for the negatively charged NV-center in diamond, show that
the method of using an electron donor is a viable way to charge a defect. It is also a more
physical model for computation of naturally charged defects; they typically attains their
charge state by nearby electron donors/acceptors in the crystal lattice. The suggested
method gives similar results compared to the method of adding/subtracting electrons
to/from the system. This method can therefore favorably be used for slab models with-
out the complications attributed with the compensation of charge and the ambiguities
associated with the thickness of the vacuum. We have systematically investigated under
which conditions the substitutional donor-N affects the properties of the NV-center by
its proximity (configuration) with regard to its properties geometry, energetics, charge
and spin density. We find a minimum distance of 7.5 Å between the two for minimal
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donor (acceptor) perturbation of the color center. The different configurations between
the NV-center and the donor-N considered is shown in Figure 5.1. Transition energies
for all the configurations are presented in Table 5.1. Shifts in the ZPL transition energy
are depicted in Figure 5.2.

Figure 5.1: Illustration of the models considered for placement of the donor-N with regard
to the NV-center. blue spheres are nitrogen atoms, while the yellow sphere is the vacancy.
N1 and V is the NV-center, while the other N atoms represent the substitutional electron
donor-N placed in different configurations. N2 is the NV-N configuration, N3 is the N-NV
configuration, N4 is the NV⊥N configuration, while N5 represents a NVθN configuration.
The C3-axis passes through N3, N1, V and N2.

From this paper the following conclusions were made:
1: There is no difference in the properties of NV− whether charged by an additional elec-
tron or by a donor nitrogen atom at a substitutional site. Thus, charging a color center
through a substitutional donor/acceptor atom is a viable alternative to adding/removing
electrons from the supercell, and can favorably be used for slab models without the com-
plications attributed with the associated compensation of charge.
2: The transition energies for the systems with a donor nitrogen vary and converge to
the results obtained when charging with an additional electron for large N-N distances.
3: As a general conclusion we have found that both the distance to neighboring NV-
centers and to donor-N must be larger than 7.5 Å. For shorter separations the NV-centers
properties are severely influenced, and close separations could be detected experimentally
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by the changes in transition energies.
4: Calculated transition energies with the HSE06 hybrid functional are closer to exper-
imentally measured energies than the corresponding transition energies calculated with
the PBE, PBEsol and AM05 functionals.
5: The substitutional donor-N has no spin density regardless of the N-N distance, and
thus it cannot be seen in ESR.

Table 5.1: Calculated transition energies for the NV center and the donor-N placed in
different configurations in the 512 atom supercell using the HSE06 functional. All energies
are given in eV. ∆ZPL is the energy difference between the zero-phonon line obtained
when charging the NV-center through an additional electron and charging it with a donor-
N. S and AS are the Stokes and anti-Stokes shift. A, B, C and D are defined in figure
3(a) in the paper. 3E state computed with occupation of the e1 state.

Config. dN ...N ZPL(C → A) ∆ ZPL A → B S(B → C) C → D AS(D → A)
Exp. 1.945 2.180 0.235 1.760 0.185
NV− 1.967 - 2.190 0.223 1.773 0.194
NV-N 12.229 1.962 0.005 2.185 0.223 1.768 0.195
NV-N 7.882 1.960 0.007 2.179 0.219 1.768 0.192
NV-N 6.334 1.958 0.009 2.171 0.213 1.772 0.186
N-NV 10.680 1.966 0.001 2.189 0.223 1.770 0.196
N-NV 6.045 1.985 -0.018 2.211 0.226 1.785 0.199
N-NV 4.499 1.999 -0.032 2.229 0.230 1.797 0.202
NV⊥N 10.106 1.923 0.044 2.178 0.255 1.717 0.205
NV⊥N 7.577 1.904 0.063 2.165 0.261 1.684 0.220
NV⊥N 5.045 1.877 0.090 2.137 0.261 1.655 0.222
NV⊥N 2.496 1.819 0.149 2.090 0.271 1.548 0.270

NV9.79N 8.523 1.925 0.042 2.185 0.260 1.712 0.213
NV17.79N 8.278 1.914 0.053 2.173 0.260 1.695 0.219
NV56.10N 7.660 1.910 0.057 2.166 0.257 1.689 0.221
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Figure 5.2: HSE06 computed ZPL transition energy shift for different distances and
configurations between the NV-center and the donor-N.

5.2 Paper B

Title: The bulk conversion depth of the NV-center in diamond: computing a charged
defect in a neutral slab
Authors: Robin Löfgren, Ravinder Pawar, Sven Öberg and J. Andreas Larsson
Published in: New Journal of Physics
Contribution: The author performed the DFT calculations, analysed the DFT results,
prepared the figures and wrote all parts of the manuscript with input and scientific
discussions from the co-authors.

5.2.1 Model and Computational Setup

The lattice parameter for a diamond primitive cell (2 atoms) was optimized (with PBE)
using a plane-wave cutoff energy of 840 eV and a 12×12×12 gamma-centered k-point
grid. The optimized lattice parameter was subsequently used to construct primitive
(2×1):N-, (2×1):F-, and (2×2):H/O/OH-terminated (001) slabs. The periodic lattice
vectors in the x-y plane of those primitive unit slabs were choosen as [

√
2 × 1/

√
2]R45

for the (2×1):N and (2×1):F terminations, and [
√

2 ×
√

2]R45 for the (2×2):H/O/OH-
termination. The N-terminated slab had a thickness of 28 layers of carbon atoms, while
the F- and H/O/OH-terminated slabs had thickness 30 layers. This gives the following
thicknesses (including termination): 25.8(28.3), 24.1(25.8), 26.1(29.2) Å, for the F-, N-,
and H/O/OH terminated slabs, respectively. To create a large separation between the
periodic images (giving minimal interaction between the top and bottom surfaces), a
vaccum of 19.7, 22.2, and 18.8 Å was included for the F-, N-, and H/O/OH-terminated
slabs, respectively. The primitive cells were subsequently optimized, using a 8×8×1 MP
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k-point grid, relaxing all atoms in the slabs until the forces were below 0.001 eV Å−1.
Gaussian smearing was used.
From the unit cells of the slab models, (6×6) supercells were constructed. The NV-center
and a donor-nitrogen were introduced at the same layer as each other at a distance of
7.7-8.1 Å from each other in those supercells. The width (lattice constant) of the slabs
was 15.2 Å. The slabs contained 1080(72), 1080(144) and 1008(72) carbon(termination)
atoms for the F-, H/O/OH-, and N-terminated slabs, respectively. A total of 23, 7
and 7 different distances/configurations of the NV-center was considered for the F-,
H/O/OH-, and N-terminated surfaces respectively. The properties the ZPL excitation en-
ergy (through Franck-Condon approximation), eigenvalues in the Kohn-Sham bandgap,
and spin-density were investigated. The charge densities were Fourier-transformed using
plane waves with an energy cut-off (ENCUT) of 420 eV, and the systems were geometry
optimized until the forces were below 0.001 eV Å−1. The method of Gaussian smearing
was used for partial occupancies. Only the γ point was considered for k-point sam-
pling, due to the large slabs. The PBE functional was used for optimizing the geometry,
while the HSE06 functional was used to calculate the electronic structure using the PBE
optimized atomic positions.

Figure 5.3: The 1152 atoms F-terminated supercell in side view (Miller index for plane
of paper:(010)), with numbering of the carbon layers from top to center. Cyan and pink
spheres represent carbon and fluorine atoms, respectively.
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5.2.2 Summary of Results

In this paper, the aim is to use our new method developed in the previous paper to
investigate how the properties of the NV-center are affected by the closeness to surfaces
with technologically important terminations. In this way we avoid the otherwise nec-
essary charge compensation and the aforementioned problems associated with it, which
introduces ambiguities especially for slab models. By using our method, we get excellent
results for the slab models investigated. We have systematically investigated under which
conditions a surface affects the properties of the NV-center by its proximity with regard
to its properties energetics and spin density. F-, H/O/OH-, and N-terminated surfaces
are considered. We find a minimum distance of 5 Å between the NV-center and a surface
for minimal perturbation of the color center.
The HSE06 computed ZPL transition energy for different distances between the NV-
center and the surface of a F-terminated surface is shown in Figure 5.4.

Figure 5.4: HSE06 computed ZPL transition energy for different distances between the
NV-center and the surface for our F-terminated surface, for each N(x)V(y) configuration
(see Figure 3(a) in paper). The numbers in the diagram represent the layer that the N
of the NV-center is placed in (see Figure 5.3). The black and red points represent the
NV-center when placed with the nitrogen atom or the vacancy closest to the surface,
respectively.

From this paper the following conclusions were made:
1: The properties: ZPL excitation energy, energy levels in the Kohn-Sham bandgap, and
spin-density for the three different surface terminations investigated(F-, H/O/OH-, and
N-terminated) converge already at 5 Å from the surface. This means that NV-centers
placed in the 7th layer from the surface, or deeper, has very similar properties as a NV-
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center in the bulk. With an individual ZPL, v and e1 deviation of less than 0.05, 0.05
and 0.12 eV, respectively.
2: For NV-centers closer than 4 Å to the surface, the ZPL starts to fluctuate, and the
configurational direction the NV-center is placed in relative to the surface also starts to
play an important role.
3: Placing the NV-center closer than 2 Å from the surface results in a change in the ZPL
greater than 20 % for H/O/OH- and N-terminated surfaces.
4: For the F-terminated surface, the ZPL never changes more than 20 % regardless of
the distance to the surface.
5: The changes in ZPL for NV-centers close to the surface could go both up and down
in energy, which is configuration dependent. No trends in these fluctuations could be
found.
6: Our results are very encouraging for technological applications that require the NV-
center to be close to the diamond surface. It should, however be pointed out that our
results have isolated the convergence to depend only on the surface in models that contain
no other defects or flaws.
7: The method of charging with a donor-nitrogen, thereby achieving a neutral slab and
avoiding the complicated correction schemes associated with the addition of an electron,
gives properties in excellent agreement with experiment for the negatively charged NV-
center. Our way of charging the defect with a substitutional donor (acceptor) opens up
for bulk conversion depth electronic structure computations for charged defects in any
material using neutral slabs.

5.3 Paper C

Title: A Theoretical Study of the Diamond NV-center In the Vicinity of an Intrinsic
Stacking Fault
Authors: Robin Löfgren, Sven Öberg and J. Andreas Larsson
Published in: Submitted to Modelling and Simulation in Materials Science and Engi-
neering
Contribution: The author performed the DFT calculations, analysed the DFT results,
prepared the figures and wrote all parts of the manuscript with input and scientific dis-
cussions from the co-authors.

5.3.1 Model and Computational Setup

The lattice parameter for a diamond primitive cell (2 atoms) was optimized (with PBE)
using a plane-wave cutoff energy of 840 eV and a 12×12×12 gamma-centered k-point
grid. The optimized lattice parameter was subsequently used to construct an elongated
primitive cell of a diamond slab with the (111)-direction parallel to the z-axis (elon-
gated direction). To create the intrinsic stacking fault, one shuffle set carbon atom layer
was removed from this slab, and the elongated direction of the slab was made one car-
bon atom layer shorter (stacking fault between shuffle set layers 10 and 11, counting
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from the top of the slab). The new slab contained 80 atoms, with 20 shuffle set lay-
ers and height 41.1 Å. From this cell, a 6×3 supercell was created. The dimensions
of this supercell was 15.1×13.1×41.1 Å, containing 1440 atoms. From this supercell,
eight other supercells were created, with NV-centers and donor-nitrogens placed at dif-
ferent distances from the intrinsic stacking fault (see Figure 5.5). The NV-center and
the donor-nitrogen were always placed in the same layer and 9.2 Å from each other.
The properties Kohn-Sham eigenvalues, transition energies (through the Franck-Condon
approximation), charge densities and spin-densities were studied. The charge densities
were Fourier-transformed using plane waves with an energy cut-off (ENCUT) of 420 eV,
and the systems were geometry optimized until the forces were below 0.001 eV Å−1. The
method of Methfessel-Paxton (ISMEAR=1) was used for smearing. Only the γ point
was considered for k-point sampling, due to the large supercells. The PBE functional
was used for optimizing the geometry, while the HSE06 functional was used to calculate
the electronic structure using the PBE optimized atomic positions.

Figure 5.5: The 1440 atoms supercell containing the intrinsic stacking fault (and the 8
positions the NV-center was placed in). The shuffle planes, starting from the intrinsic
stacking fault glide plane are numbered in bold 1-9 to the right of the supercell. The
rightmost bold letters indicates the stacking sequence around the stacking fault. The
intrinsic stacking fault is marked by the red dashed rectangle in the middle of the supercell.
The donor nitrogens are not shown. Brown, blue and red spheres correspond to carbon
and nitrogen atoms, and vacancies, respectively.
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5.3.2 Summary of Results

The calculated ZPL shift for different distances between the NV-center and the intrinsic
stacking fault are depicted in Figure 5.6.
We have found that an intrinsic stacking fault has a small effect on a NV-center placed
in its vicinity: decreasing the ZPL of the NV-center with (compared to most converged
value at a NV-stacking fault distance at 18.1 Å), 0.0, 0.2 and 6.8 % when placing the
NV-center 12.0, 4.2 and 3.8 Å from the stacking fault, respectively. When placing the
NV-center in the ISF glide set, it is perturbed more, with a decrease of its ZPL by 11.3
%. The ISF does not possess any spin-density, and can therefore not be seen in ESR.

Figure 5.6: HSE06 (black points) and PBE (slightly smaller red points) calculated ZPL
shift for different distances between the NV-center and the intrinsic stacking fault. The
numbers represent the position of the NV-center, and corresponds to the numbers in
Figure 5.5. The ** means that the NV-center direction is inverted, with the nitrogen
closest to the ISF instead of the vacancy.

5.4 Paper D

Title: A theoretical study of de-charging excitations of the NV-center in diamond in-
volving a nitrogen donor
Authors: Robin Löfgren, Sven Öberg and J. Andreas Larsson
Published in: Published in New Journal of Physics
Contribution: The author performed the DFT calculations, analysed the DFT results,
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prepared the figures and wrote all parts of the manuscript with input and scientific dis-
cussions from the co-authors.

5.4.1 Model and Computational Setup

The lattice parameter for a diamond primitive cell (2 atoms) was optimized (with PBE)
using a plane-wave cutoff energy of 840 eV and a 12×12×12 gamma-centered k-point grid.
The optimized lattice parameter was subsequently used to construct supercells. The NV-
center and the donor-nitrogen were introduced along the C3 axis in a 512 atom diamond
supercell (4×4×4 unit cells), with a distance of 12.23 Åfrom each other. The properties
Kohn-Sham eigenvalues, transition energies (through the Franck-Condon approximation),
charge densities and spin-densities were studied at all steps in a one- and two-photon
process. The charge densities were Fourier-transformed using plane waves with an energy
cut-off (ENCUT) of 420 eV, and the systems were geometry optimized until the forces
were below 0.001 eV Å−1. The method of Methfessel-Paxton (MP, ISMEAR=1) was used
for smearing. Only the γ point was considered for k-point sampling, due to the large
supercells. The PBE functional was used for optimizing the geometry, while the HSE06
functional was used to calculate the electronic structure using the PBE optimized atomic
positions.

5.4.2 Summary of Results

It is important to isolate the NV-center from other defects in the diamond lattice to
have minimal perturbance of its properties. However, experimental studies report tem-
porary disappearance of the NV-centers functionality, termed photoblinking. The aim of
this paper is to investigate excitations (and corresponding deexcitations) that result in a
loss of an electron from the negatively charged NV-center (thereby becoming a neutral
NV-center) to the donor nitrogen (also becoming neutral). We also investigate, through
the G0W0+BSE method, excitations to the diamond conduction band. We get resuls
that strongly suggest that donor nitrogens could be involved in the photoblinking of the
NV-center. We have systematically investigated how the properties: excitation energies,
Kohn-Sham energy levels, geometry, and charge- and spin-density varies throughout the
excitation-deexcitation process. We get excitation energies that closely matches experi-
mental excitation energies from NV− to NV0. We also find that the excitation energies
to the donor-N is quite similar to the excitation energies between the internal energy-
levels of the NV-center. This means that the lasers normally used in experiments could
accidentally excite to a nearby donor-N instead of internally, which is a previously un-
considered mechanism. Further, our G0W0+BSE results regarding the excitation energy
from the 3E excited state of the NV-center to the diamond conduction band fits well with
experimental reports of the energy of a two-photon process.
The excitation energies for the one- and two-photon process are presented in Tables 5.2
and 5.3, respectively. The one- and two-photon processes are schematically depicted in
Figure 5.7.
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From this paper the following conclusions were made:
1: The excitation in the one-photon process (from NV− into donor-N+, leading to NV0

and donor-N0) was found to require an energy of 2.31 eV (2.134 eV adiabatically).
2: NV0 and donor-N0 was found to posess spin-density, and are therefore ESR-active
and could be observed experimentally.
3: We have also found that the excitation to the neutral state can be achieved through
a two-photon process with the 1st step at 2.19 eV (1.92 eV adiabatically) and the 2nd

step at 0.81 eV. The 1st excitation corresponds to the normal absorption from the NV−

ground state (3A2) to its excited state (3E). The 2nd step is the two-center excitation, and
we find its energy to be much lower than the normal processing laser (around 532 nm,
corresponding to 2.33 eV), and the two-photon process should normally not interfere.
The adiabatic emission back to the 3A2 ground state (recharging) we have computed to
be 0.04 eV.
4: For indirect de-charging excitations via the diamond conduction band we have used
G0W0+BSE to compute the transition from NV− to NV0 in the ground state (4.046 eV)
and the excited state (2.249 eV), as well as the corresponding excitation from donor-N0

to donor-N+ (1.420 eV).
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Figure 5.7: Schematic image of the calculated one- and two-photon processes. The blue
and red horizontal lines represent the diamond valence band maximum (VBM) and con-
duction band minimum (CBM), respectively. The black horizontal lines represent the
Kohn-Sham energylevels associated with the NV-center and the donor-N. The electronic
vertical excitations and their follow-on structural relaxations (SR) are illustrated with
red and blue arrows, respectively. For more in-depth explanation, see the attached Paper
D.

Table 5.2: Calculated transition energies (e-level to ωN -level, one-photon process in Figure
5.7) for the NV-center and the donor-N in the NV-N configuration in the 512 atom
supercell using the HSE06 functional (PBE functional in parentheses). The excitation
from the e-level to ωN -level has been calculated as a spin-up to spin-up (α → α) or as
a spin-up to spin-down excitation (α → β). A, B, C and D are defined in Figure 5.7(a).
All energies are given in eV. The HSE06 energy in the C-state was approximated by the
infinite separation limit between NV0 and donor-N0 using separate supercells.

Excitation C → A A → B B → C C → D D → A
α→ α 1.064(1.027) 2.306(1.844) 1.242(0.817) 0.0(0.190) 1.068(0.837)
α→ β 2.306(1.844)
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Table 5.3: Calculated transition energies (two-photon process in Figure 5.7(b)) for the
NV-center and the donor-N in the NV-N configuration in the 512 atom supercell using
the HSE06 functional. The values in the botton row are when a structural relaxation
is performed in the A∗ state (giving the adiabatic A∗a state, and subsequently the non-
adiabatic Ana state after vertical deexcitation) before excitation to B∗. All energies are
given in eV.

Excitation A → A∗ A∗ → A∗a A∗a → Ana A∗a → A Ana → A
1st 2.188 0.264 1.705 1.924 0.219

A∗a → B∗ B∗ → C∗ C∗ → D D → A
2nd 0.814 1.240 0.037 1.460

5.5 Paper E

Title: The NV-center and Two Nearby Substitutional Nitrogens
Authors: Robin Löfgren, Diana Murillo Navarro, Sven Öberg and J. Andreas Larsson
Published in: To be submitted
Contribution: The author performed the DFT calculations, analysed the DFT results,
prepared the figures and wrote all parts of the manuscript with input and scientific
discussions from the co-authors.

5.5.1 Model and Computational Setup

The lattice parameter for a diamond primitive cell (2 atoms) was optimized (with PBE)
using a plane-wave cutoff energy of 840 eV and a 12×12×12 gamma-centered k-point grid.
The optimized lattice parameter was subsequently used to construct supercells. The NV-
center and two substitutional nitrogens were introduced into 512 (3×3×3 unit cells) and
1000 (4×4×4 unit cells) atom supercells. Three systems were under consideration, as
depicted in 5.8. The properties Kohn-Sham eigenvalues, transition energies (through
the Franck-Condon approximation), charge densities and spin-densities were studied.
plane waves with an energy cut-off (ENCUT) of 420 eV was used, and the systems were
geometry optimized until the forces were below 0.001 eV Å−1. The method of Methfessel-
Paxton (ISMEAR=1) was used for smearing. Only the γ point was considered for k-point
sampling, due to the large supercells. The PBE functional was used for optimizing the
geometry, while the HSE06 functional was used to calculate the electronic structure using
the PBE optimized atomic positions.
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Figure 5.8: The three different geometric configurations when a supercell contains one NV-
center and two substitutional nitrogens. From left to right: The I (512 atom supercell),
II (1000 atom supercell) and III (1000 atom supercell) configurations, respectively. Note
that the figure shows the shortest distance between the nitrogens, meaning that they can
be in different supercells. This is the case for configuration I (leftmost picture), where
the N0 and ND is actually placed in neighbouring supercells.

5.5.2 Summary of Results

To conclude how much of an effect the neutral N has on the NV-center, we compared
the transition energies of the configurations shown in Figure 5.8 with transition energies
of the same configurations but where the neutral N0 was removed and replaced with a
carbon (shown as I-N0, III-N0 and III-N0 in Table 5.4). We found that the addition of an
additional, neutrally charged N shifts the transition energies by a small amount as can
be seen in Table 5.4. The NV-center ZPL was found to shift 1-8 meV, when the neutral
N is placed 9.40-12.52 Å from the NV-center. This is good news, as it means that the
NV-center is not greatly affected by nearby neutral nitrogens in the diamond lattice, as
might be the case in nitrogen rich (e.g type 1b) diamonds.
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Table 5.4: Calculated transition energies for the NV center and the two nitrogens placed
in different configurations using the HSE06 functional. All energies are given in eV. S
and AS are the Stokes and anti-Stokes shift. The 3E state was computed with occupation
of the e1 state.

Config. ZPL(C → A) A → B S(B → C) C → D AS(D → A)
I 1.919 2.183 0.264 1.687 0.232

I-N0 1.918 2.184 0.266 1.686 0.232
I* 1.921 2.186 0.265 1.690 0.231
II 1.928 2.193 0.265 1.691 0.237

II-N0 1.936 2.199 0.264 1.706 0.230
III 1.936 2.199 0.264 1.706 0.230

III-N0 1.932 2.199 0.267 1.696 0.236
* An additional configuration where the neutral N0 is placed away

from the C3-axis of the supercell, and with new NV-N0 and N0-ND

distances of 9.40 and 10.40 Å, respectively. Miller index of the plane
of the three nitrogens: (-1,2-1).

5.6 Paper F

Title: Charged Impurities in Neutral Supercells Through Explicit Donors and Acceptors
- Point Defects in Diamond
Authors: Robin Löfgren, Sven Öberg and J. Andreas Larsson
Published in: Submitted to Electronic Structure
Contribution: The author performed the DFT calculations, analysed the DFT results,
prepared the figures and wrote all parts of the manuscript with input and scientific
discussions from the co-authors.

5.6.1 Model and Computational Setup

The different defects were introduced in six separate 512 atom diamond supercells (4×4×4
unit cells). The six systems under consideration was: NV-center charged with phospho-
rous (giving NV−-P+), NV-center charged with boron (giving NV+-B−), boron charged
with nitrogen (giving B−-N+), SiV-center charged with nitrogen (giving SiV−-N+), beryl-
lium charged with oxygen (giving Be−-O+), beryllium charged with two nitrogens (giving
Be2−-N+-N+). The properties Kohn-Sham eigenvalues, transition energies (through the
Franck-Condon approximation), charge densities and spin-densities were studied. The
charge densities were Fourier-transformed using plane waves with an energy cut-off (EN-
CUT) of 420 eV, and the systems were geometry optimized until the forces were below
0.001 eV Å−1. The method of Methfessel-Paxton (ISMEAR=1) was used for smearing.
Only the γ point was considered for k-point sampling, due to the large supercells. The
PBE functional was used for optimizing the geometry, while the HSE06 functional was
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used to calculate the electronic structure using the PBE optimized atomic positions.

5.6.2 Summary of Results

We were successful in charging all of the defects. It is worth noting that one can not just
look at the periodic table to figure out how many electrons a defect would charge another
defect with, as seen in the charging of beryllium with either an oxygen or two nitrogens:
If one looks at the periodic table, one could think that we should get a Be2−-O2+ pair, as
oxygen is at the 16th group (carbon in 14th group, nitrogen and phosphorus that donate
one electron are in 15th group), while beryllium is in the 2nd group. However this is
not the case, and the explanation has to do with where in the band gap the levels are
introduced. Both beryllium and oxygen introduces levels that are deep in the bandgap.
Most of the levels introduced by beryllium is quite close to the valence band (highest
level located a little bit more than 2 eV above VBM), while most of the levels introduced
by oxygen (only 2 levels for the neutral charge state) are quite close to the conduction
band instead (lowest level a little bit more than 1 eV above VBM). So we see that not all
levels of the oxygen is higher than all the levels of the beryllium, and therefore oxygen
will not donate 2 electrons to beryllium, but only 1 electron.
In summary we have shown that our method of charging defects with electron donors/acceptors
works also for other defects in diamond, besides the NV-center. This opens the way to
test the method in other materials and situations.
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Chapter 6

Conclusions and Future Work

The theoretical studies performed in this thesis were aimed at investigating, developing
and fruitfully using the new method of charging a defect with electron donors/acceptors.
This was achieved by using DFT calculations with periodic boundary conditions (super-
cells) to study how a) distance and angle between an NV-center and a donor-nitrogen in
diamond affect the properties of the NV-center. This was followed by using the knowledge
gained to investigate how the NV-center b) is affected by a surface (using slab models),
c) is affected by a nearby intrinsic stacking fault (ISF), d) what energies are involved
in excitations between the electronic levels of the NV-center and the electronic level of
the donor-N in a one- and two-photon process, e) is affected by two nearby substitu-
tional nitrogens. Finally, the method was also tested for f) other defects and electron
donors/acceptors in diamond.
This study revealed that the method of charging with electron donors/acceptors is viable
and gives the same result as the traditional method of adding/subtracting electrons to
the system. It was found that the properties of the NV-center converge to bulk values al-
ready at 5 Å from a terminated surface, which is good news for technologies dependent on
surface-near NV-centers. The NV-center was found to not be greatly affected by an ISF if
the distance between the two is more than 4.2 Å, which is good news, as some diamonds
contain large densities of ISFs. The one-photon excitation energy from the e-level of the
NV-center to the ωN level of the donor-N was found to be 2.31 eV, which is quite close in
energy to the 532 nm (2.33 eV) lasers that is often used in experimental studies, indicat-
ing that accidental excitations might occur when using lasers with wavelengths around
those energies. The NV-center was found to not be greatly affected when placing two
nitrogens (one neutral and one positively charged, acting as electron-donor) at distances
of 9.4-12.5 Å from the NV-center. Which is good news as some diamonds contain large
densities of nitrogens. Finally, our method of charging with electron donors/acceptors
was successfully tested for some other defects in diamond, thereby opening the way to
employ the method in other materials and situations.

67
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6.1 Conclusions

To conclude we return to the research questions defined in section 1.2 of Chapter 1.

Q1: How does a charged defect attain its charge?

Through other defects in the crystalline lattice that act as electron-donors/acceptors.
In theoretical calculations, the traditional method of charging a defect is to manually
add an electron to the system (supercell). But as mentioned before, the charge needs to
be compensated with a countercharge, which in turn gives rise to Coulomb interactions
between the countercharge and the charged defects in neighbouring supercells. These
Coulomb interactions needs further corrections. Also, in slab systems (supercells with
a vacuum) and 2 dimensional materials, the countercharge creates a dipole between
the vacuum and the slab, which also needs corrections. By instead using the method
developed in this thesis, namely to introduce electron-donors/acceptors into the system
(supercell or slab), we avoid the correction schemes associated with a charged system,
and at the same time use a more physically correct method, as charged defects in crystalls
actually gets their charge from other defects in the crystal.

Q2: Is the theoretical method of charging with electron donors/acceptors viable and
comparable to the traditional method of charging by means of artificial nega-
tive/positive background charges to the supercell?

Yes, it is viable, and the two methods give no difference in the properties of NV−.

Q3: How is the NV-center affected by varying the distance as well as the angle to the
donor-nitrogen?

When both the NV-center and the donor-nitrogen are placed at the C3-axis of the super-
cell, the NV-center is not greatly affected for any distance investigated. However, when
the donor-nitrogen is placed at a right angle to the NV-center C3-axis, the distance plays
a role: in a 512 atom supercell the ZPL decreases by (compared to the most converged
ZPL=1.962 eV in the NV-N configuration with distance 12.23 Å) 2.0, 3.0, 4.3 and 7.3 %
for NV-N distance of 10.11, 7.58, 5.04 and 2.50 Å. The NV-center e-level band decom-
posed charge density for the two shortest distances is also greatly perturbed. We have
therefore concluded that the donor-N should be placed atleast 7.5 Å from the NV-center
for minimal perturbation.

Q4: How is the NV-center affected by varying the distance to a F-, H/O/OH- or N-
terminated surface?

All the properties of the NV-center converge to bulk properties already at 5 Å (7th layer)
distance from the surface for all three surface terminations, with an individual ZPL, v
and e1 deviation of less than 0.05, 0.05 and 0.12 eV, respectively. For NV-centers closer
than 4 Å to the surface, the ZPL starts to fluctuate, and the configurational direction the
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NV-center is placed in relative to the surface starts to play an important role. Placing
the NV-center closer than 2 Å from the surface results in a change in the ZPL greater
than 20 % for H/O/OH- and N-terminated surfaces. For the F-terminated surface, it
never changes more than 20 % regardless of the distance to the surface. The changes in
ZPL for NV-centers close to the surface could go both up and down in energy, which is
configuration dependent. No trends in these fluctuations could be found.

Q5: How is the NV-center affected by varying the distance to an intrinsic stacking fault?

We have found that an intrinsic stacking fault only has a small effect on a NV-center
placed in its vicinity: decreasing the ZPL of the NV-center with (compared to most
converged value at a NV-stacking fault distance at 18.1 Å), 0.0, 0.2 and 6.8 % when
placing the NV-center 12.0, 4.2 and 3.8 Å from the stacking fault, respectively. When
placing the NV-center in the ISF glide set, it is more perturbed, with a decrease of its
ZPL by 11.3 %.

Q6: What are the theoretical energies involved in excitations between the electronic
levels of the NV-center and the electronic level of the donor-nitrogen, in a one- and
two-photon process?

We have found that the one-photon excitation from NV− ground state into donor-N+ re-
quires 2.31 eV and lead to a meta-stable NV0 and donor-N0 charge state, both of which
are ESR-active and, thus this transition could be seen experimentally.
The excitation to the neutral state can also be achieved through a two-photon process
with the 1st step at 2.19 eV and the 2nd step at 0.81 eV. The 1st excitation corresponds to
the normal absorption from the NV− ground state (3A2) to its excited state (3E). The 2nd

step is the two-center excitation, and we find its energy to be much lower than the normal
processing laser, and the two-photon process should normally not interfere. The adia-
batic emission back to the 3A2 ground state (recharging) we have computed to be 0.04 eV.
For indirect charging excitations via the diamond conduction band we have used G0W0+BSE
to compute the transition from NV− to NV0 in the ground state (4.046 eV) and the ex-
cited state (2.249 eV), as well as the corresponding excitation from donor-N0 to donor-N+

(1.420 eV).

Q7: How is the NV-center affected when in vicinity to an additional (thereby being in
vicinity to two nitrogens), neutral N?

We have found that the introduction of an additional, neutral N into a supercell that
already contains a negatively charged NV-center and a positively charged donor-N results
in small changes of a few meV in the transition energies of the NV-center. We found that
the ZPL shifts between 0.001 and 0.008 eV, when the neutral N is placed 9.40-12.52 Å
from the NV-center.

Q8: How is the method of charging with electron donors/acceptors working for some
other defects in diamond besides the NV-center?
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We successfully charged the following additional defects in diamond: NV-center charged
with phosphorous (giving NV−-P+), NV-center charged with boron (giving NV+-B−),
boron charged with nitrogen (giving B−-N+), SiV-center charged with nitrogen (giving
SiV−-N+), beryllium charged with oxygen (giving Be−-O+), beryllium charged with two
nitrogens (giving Be2−-N+-N+). It is worth noting that one can not just look at the
donors/acceptors valency from the periodic table to figure out how many electrons it will
charge another defect with, as seen in the charging of beryllium with either an oxygen
or two nitrogens: From the valency one could expect a Be2−-O2+ pair. However this is
not the case, and the explanation has to do with where in the band gap the levels of
the donor and acceptor defect are placed. In the Be-O case, both Be and O introduces
levels that are deep in the bandgap. Most of the levels introduced by beryllium is quite
close to the VBM, but they are spread to a little bit more than 2 eV above it. For O
there are shallow levels close to the CBM, but the lowest is around 1 eV above VBM.
So we see that not all levels of the oxygen is higher than all the levels of the beryllium,
and therefore oxygen will not donate 2 electrons to beryllium, but only 1 electron. On
the other hand, for the Be-N-N system we get Be2− and two N+, because each donor-N
contributes a shallow donor-state close to the CBM.

Q9: What can the results from our simulations teach us about the technological use of
the NV-center?

Each NV-center should have a dedicated donor. The donor should be nitrogen (or phos-
phorous). The donor should be at least a distance of 7.5 Å from the NV-center. The
NV-center can be very close (5 Å) to a defect free surface, which is tremendously ben-
eficial for sensing applications. The NV-center can be very close (4.2 Å) to intrinsic
stacking faults. Which is great news, as diamonds tend to have a high density of stack-
ing faults. The excitation energy from the NV-center electronic e-level to the donor-N
electronic ωN -level in a one-photon process is 2.31 eV, which is quite close in energy to
532 nm (2.33 eV) lasers that are commonly used in experiments, and might therefore
be a source of accidental excitations during sensing with such lasers. Our method of
calculating decharging energies could be beneficial to use in calculations on other defects
to figure out what laser wavelengths should be avoided to avoid accidental excitations to
an electron-donor level. The NV-center is not greatly affected when placed in the vicin-
ity (9.4 Å) of two nitrogens (one neutral, and one positively charged, acting as electron
donor), which is good news as some diamonds have large densities of nitrogens.

6.2 Future work

The results presented in this thesis have deepened the understanding of the method of
charging defects with electron donors/acceptors, how the NV-center is affected by sur-
faces and intrinsic stacking faults, and excitation energies to nearby donor-nitrogens. But
there is still much to investigate.
In this work we have exclusively researched defects in diamond, and mainly the NV-
center with a substitutional nitrogen acting as an electron donor. In paper F we take it
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a step further and investigate some other defects in diamond. A next step would be to
broaden the study to include defects in other materials such as silicon or silicon carbide.
As for the NV-center in diamond, we have mainly researched the nitrogen as an electron
donor. However, other donors are also possible, such as the phosphorous (that we stud-
ied in Paper F). A possible next step would be to investigate the one- and two-photon
energies for the NV-center and an electron-donor phosphorous, in a similar way as we
have done for the NV-center with an electron-donor nitrogen in paper D. This would be
useful information when choosing a wavelength for the excitation laser in experimental
studies, so that accidental excitations to the phosphorous levels are avoided.
In paper B, we have investigated the distance between the NV-center and (100) termi-
nated surfaces, using an electron-donor nitrogen to achieve a neutral slab. However, there
are other surfaces that are interesting in experimental studies, such as the (113) surface.
A similar study on such a surface would be a possible future direction. A further step
would also be to place a molecule on a surface, and investigate how it interacts with the
NV-center. And to investigate electron-donors on surfaces.
In paper C, we investigate how a NV-center is affected by an intrinsic stacking fault.
However, intrinsic stacking faults are associated with dislocations (at their starts and
endings). A theoretical study investigating the effects a dislocation has on a NV-center
is an obvious next step.
It is clear that there are many directions to take this work further, and to more fully
understand how this method of electron donation/acceptance can be used in a wider
range of contexts. The research is continuing.



72 Conclusions and Future Work



References

[1] P. C. Maurer, G. Kucsko, C. Latta, L. Jiang, N. Y. Yao, S. D. Bennett,
F. Pastawski, D. Hunger, N. Chisholm, M. Markham, D. J. Twitchen, J. I. Cirac,
and M. D. Lukin, “Room-temperature quantum bit memory exceeding one second,”
Science, vol. 336, no. 6086, pp. 1283–1286, 2012.

[2] M. V. G. Dutt, L. Childress, L. Jiang, E. Togan, J. Maze, F. Jelezko, A. S. Zibrov,
P. R. Hemmer, and M. D. Lukin, “Quantum register based on individual electronic
and nuclear spin qubits in diamond,” Science, vol. 316, no. 5829, pp. 1312–1316,
2007.

[3] G. D. Fuchs, G. Burkard, P. V. Klimov, and D. D. Awschalom, “A quantum mem-
ory intrinsic to single nitrogen-vacancy centres in diamond,” Nature Physics, vol. 7,
pp. 789–793, Jun. 2011.

[4] L. Childress, M. V. Gurudev Dutt, J. M. Taylor, A. S. Zibrov, F. Jelezko,
J. Wrachtrup, P. R. Hemmer, and M. D. Lukin, “Coherent dynamics of coupled
electron and nuclear spin qubits in diamond,” Science, vol. 314, no. 5797, pp.
281–285, 2006.

[5] S.-Y. Lee, M. Widmann, T. Rendler, M. W. Doherty, T. M. Babinec, S. Yang,
M. Eyer, P. Siyushev, B. J. M. Hausmann, M. Loncar, Z. Bodrog, A. Gali, N. B.
Manson, H. Fedder, and J. Wrachtrup, “Readout and control of a single nuclear
spin with a metastable electron spin ancilla.” Nature Nanotechnology, vol. 8, no. 7,
pp. 487 – 492, 2013.

[6] C. L. Degen, “Scanning magnetic field microscope with a diamond single-spin sen-
sor,” Applied Physics Letters, vol. 92, no. 24, p. 243111, 2008.

[7] J. M. Taylor, P. Cappellaro, L. Childress, L. Jiang, D. Budker, P. R. Hemmer,
A. Yacoby, R. Walsworth, and M. D. Lukin, “High-sensitivity diamond magne-
tometer with nanoscale resolution,” Nature Physics, vol. 4, pp. 810–816, Oct. 2008.

[8] G. Balasubramanian, I. Chan, R. Kolesov, M. Al-Hmoud, J. Tisler, C. Shin, E. Kim,
A. Wojcik, P. R Hemmer, A. Krueger, T. Hanke, A. Leitenstorfer, R. Bratschitsch,
F. Jelezko, and J. Wrachtrup, “Nanoscale imaging magnetometry with diamond
spins under ambient conditions,” Nature, vol. 455, pp. 648–51, 11 2008.

73



74 References

[9] E. V. Oort and M. Glasbeek, “Electric-field-induced modulation of spin echoes of
n-v centers in diamond,” Chemical Physics Letters, vol. 168, no. 6, pp. 529 – 532,
1990.

[10] F. Dolde, H. Fedder, M. Doherty, T. Nöbauer, F. Rempp, G. Balasubramanian,
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[63] A. Gruber, A. Dräbenstedt, C. Tietz, L. Fleury, J. Wrachtrup, and C. v. Bor-
czyskowski, “Scanning confocal optical microscopy and magnetic resonance on sin-
gle defect centers,” Science, vol. 276, no. 5321, pp. 2012–2014, 1997.

[64] R. Hanson, V. V. Dobrovitski, A. E. Feiguin, O. Gywat, and D. D. Awschalom,
“Coherent dynamics of a single spin interacting with an adjustable spin bath,”
Science, vol. 320, no. 5874, pp. 352–355, 2008.

[65] T. Gaebel, M. Domhan, I. Popa, C. Wittmann, P. Neumann, F. Jelezko, J. Rabeau,
N. Stavrias, A. Greentree, S. Prawer, J. Meijer, J. Twamley, P. Hemmer, and



References 79

J. Wrachtrup, “Room-temperature coherent coupling of single spins in diamond,”
Nature Physics, vol. 2, no. 6, pp. 408–413, 6 2006.

[66] T. A. Kennedy, J. S. Colton, J. E. Butler, R. C. Linares, and P. J. Doering, “Long
coherence times at 300 k for nitrogen-vacancy center spins in diamond grown by
chemical vapor deposition,” Applied Physics Letters, vol. 83, no. 20, pp. 4190–4192,
2003.

[67] E. van Oort, P. Stroomer, and M. Glasbeek, “Low-field optically detected mag-
netic resonance of a coupled triplet-doublet defect pair in diamond,” Phys. Rev. B,
vol. 42, pp. 8605–8608, Nov 1990.

[68] R. J. Epstein, F. M. Mendoza, Y. K. Kato, and D. D. Awschalom, “Anisotropic in-
teractions of a single spin and dark-spin spectroscopy in diamond,” Nature Physics,
vol. 1, pp. 94–98, Nov. 2005.
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