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Abstract

Point defects in semiconductors show a rich spin and optoelectronic physics that can be
exploited to fabricate qubits for quantum computing technology as well as for single photon
sources for quantum cryptography. This thesis contains a detailed study of emission from point
defects in hexagonal boron nitride using density functional theory (DFT) and quantum
chemistry approaches with an objective to identify the source of observed single photon
emission. A survey of possible defects responsible for observed emission is performed using
computationally inexpensive generalized-gradient approximation (GGA), Perdew-Burke-
Ernzerhof (PBE) and those defects that form localized states with an energy gap of ~2 eV are
picked for calculations using highly non-local Heyd-Scuseria-Ernzerhof hybrid functional
(HSEO06). The photoluminescence line shape is calculated and compared with experiment to
propose the most likely defects causing the observed emission. The standard DFT approaches
are found to be inaccurate when compared with ab initio CCSD(T), EOM-CCSD, and CASPT2
approaches in predicting the excited-state energies, especially when dealing with states which
have considerable open shell character. Thus, a benchmarking scheme is proposed and
correction factors are devised for DFT energies. Finally, limitations of the finite model
compound used in ab initio calculations are discussed and a possible solution is presented. A
complete optical cycle of the likely defects is predicted using results from the HSE06 DFT
approach, that are corrected by applying results from the high-level ab initio calculations.
Finally, group theoretical analysis of defects is performed and possible applications in quantum

computation technology are proposed.



Division of thesis

The division of this thesis is as follows. In Chapter 1, the overall theme of this work
and how different concepts fit together is presented. In Chapter 2, the relevant experimental
and theoretical literature is reviewed regarding the properties of emitters in h-BN and the
context of the present work is presented in detail. In Chapter 3, the computational methods
used in this thesis are presented. Chapter 4 contains the results for a survey of different possible
emitting centres in h-BN. In Chapter 5, hyperfine coupling parameters are presented and
comparisons are made with the experiments. Chapter 6 discusses inaccuracies in DFT energies
and compares the calculated energies with ab initio CCSD(T), EOM-CCSD, and CASPT2
approaches. Correction factors for the DFT calculations are also proposed. Chapter 7 contains
a study of the spectroscopy of likely defects responsible for the emission from h-BN using the
DFT (HSEO06) results, after applying correction factors devised in Chapter 6. and proposed
optical cycles of the defects. The calculated photoluminescence line shapes for selected
transitions are also presented. Polarization of allowed transitions are identified along with spin-
orbit coupling driving non-radiative transitions. Zero-field splitting parameters are also
presented and potential applications of the studied emitters in quantum applications proposed.
Finally, a brief summary of the outcomes of this thesis and proposed future studies are

presented.
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“Crystals are like people, it is the defects in them which tend to make them interesting!”
- Colin Humphreys

Imagine a situation in which you have two choices: to live your life with someone who
is flawless, perfect, and fanatic in following rules and routines and is always predictable!
Boring? Or, on the other hand, live with an unpredictable and imperfect person. You definitely
will make the second choice, which is fair enough. Nature also made the second (wiser) choice
some 4.5 billion years ago when some of the early crystals e.g. Zircon (The oldest crystal on
earth found in Western Australia) were formed, and persisted with this choice for all the other
naturally occurring materials on earth to make the world interesting and colourful for us.
Courtesy of this choice (thermodynamic conditions) defects naturally occur in all materials
and can be of different dimensions e.g. zero dimensional point defects, one dimensional edge
and screw dislocations, two dimensional grain boundaries and stacking faults and three
dimensional pores and cracks. Defects may occur at a small scale but they strongly affect the
macroscopic properties of materials e.g. small amount of carbon in iron makes steel, which is
stronger than pure iron. Semiconductors are well known to host both intrinsic and extrinsic

point defects, which dramatically change their electronic, optical and electrical properties.

Defects either occur naturally in semi-conductor materials due to unintentional
incorporation of impurities during the growth process or can be deterministically produced
through electron beam irradiation. Point defects can act as colour centres in semiconductors,
when they absorb (and emit) a particular wavelength of visible light. The existence of
fluorescent point defects at low enough density can enable a few single photon emitters (SPE’s)
to be isolated and be stable at room temperature. This happens when at least one of the
electronic states responsible for the emission is spatially localised, for example a defect state
that is far from the bulk valence and conduction states of the host lattice. Single photon emitters
(SPE’s) play an important role in many leading quantum technologies [1,2], and provided their
electronic structure and magnetic properties are known well, they can be employed for many
purposes from quantum sensing [3-6], quantum nano-photonics [7-9] and quantum information

processing [10,11]. Previously, the negatively charged nitrogen-vacancy (Ny') centre in
1
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diamond has emerged as a promising room temperature stable single photon-emitting source
in the visible region. Some of other semiconducting systems known to host room temperature
SPE’s are the silicon vacancy centre in diamond, defects in silicon-carbide (SiC) and zinc-

oxide (ZnO) [12,13].

Discovery of SPE from 2D materials has opened a new arena of research because of
the unique optical and structural properties possessed by these SPE’s [11,14-20]. Strong
luminescence owing to the close proximity of emitter to the surface makes them promising for
applications in high quantum efficiency applications. Other unique advantages possessed by
SPE’s in 2D materials are ease of coupling with waveguides and integratibility with other 2D
materials. Hexagonal boron nitride (h-BN) is one such wide bandgap 2D semiconductor
material, which has become very popular recently due to the observation of room temperature
single photon emission (SPE) in both the visible [11,21-28] and UV regions [29-31]. SPE’S in
h-BN possess ultra-high brightness, full polarization, and tuneable emission [32] making them
very interesting for quantum sensing and optical communications. However to employ them in
practical applications needs a thorough understanding of their geometrical, chemical, electronic

and magnetic structure. This is a significant scientific challenge!

It has taken considerable effort over a decade or so to understand the underlying
mechanisms of SPE in the N colour centre, its energy level structure and excitation and decay
pathways [33]. Despite this, there are still detailed features of the emission from this defect that
are under debate, for example interaction with phonons [34]. The physics of SPE from defects

in SiC is even less clear than the nitrogen-vacancy (Ny!) centre in diamond [35].

As discussed earlier, exploitation of these color centers in real applications requires a
detailed knowledge of their electronic structure and magnetic properties. Accurate and reliable
theoretical approaches for predicting electronic structure of ground and excited states are
critical in this regard, and when combined with group theoretical analysis provide powerful
tools for predicting the defect’s optical cycle. An important feature is that DFT and time-
dependent (TD) DFT can suffer various severe failings depending on the type of density
functional used and the nature of the state being considered [36-43], demanding that great care

be taken.
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The discovery of SPE from h-BN monolayers and multilayers is relatively recent i.e. 2016
[11], the origin of the emission is currently under intense debate. Several experimental
investigations and density functional theory (DFT) based computations have attributed the
emission to point defects [11,27,44] such as vacancies, substitutions etc., with various color
centers proposed. To enhance the contributions to this discussion from electronic structure
calculations, methodologies are required that can calculate ground and excited-state energies
to chemical accuracy, i.e., to better than 0.1 eV. This is extremely challenging for excited states
(and ground states in some instances) where both dynamic and static correlation need to be

included.

In this thesis, 1 attempt to identify the source of SPE from h-BN by calculating the
properties e.g. photoluminescence line shape, hyperfine coupling parameters, excited state
energies, zero field splitting, and by predicting the optical cycle of possible defects and making
comparisons with available experimental data. The group theoretical analysis is performed to
predict the potential application of various defect centres in quantum computation
technologies. I identify the limitations of DFT approaches in calculating the excited state
energies by comparing DFT energies with much more accurate quantum chemistry approaches.
The latter calculations are, by necessity, limited to model compounds - non-periodic
representations of the defect atomic structure. I propose correction factors and identify the
limitations of the model compound approach. This work will help to understand the nature of
emission from h-BN, as well as provide a much-needed step forward in assessing

computational approaches applicable to the theoretical spectroscopy of defects in general.
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Hexagonal boron nitride is a wide-band gap semiconductor which in bulk form has an
indirect band gap of 6.08 eV [45]. While the band gap in monolayer or few-layer h-BN has not
yet been determined experimentally, a recent theoretical calculation based upon an accurate
version of DFT predicts the monolayer band gap to be direct with a value of 6.47 eV, with a

cross-over to indirect occurring at two layers [46].

This material has shown promise as an ultra-violet emission source and evidence of lasing at
UV wavelengths. Above band gap excitation reveals a number of features in the
photoluminescence spectrum with a strong luminescence peak in the UV observed at 5.76
eV[47] that is assigned to recombination of the free exciton. The spatial distribution of this
luminescence is homogeneous both in crystallites[48,49] and few-layer flakes[50,51] as
measured by spatially resolved cathodoluminescence. Additional luminescence bands centred
at 5.5 eV and 4 eV[48,52-55] are strongly localized near dislocations and boundaries[48-51]
and have been assigned to defect states. The chemical nature of the defects responsible is still
under debate. More recently anti-bunching (confirmation of single photon nature) has been

demonstrated for this defect emission at 4.1 eV[56].

Photoluminescence in the visible part of the spectrum following below band gap excitation is
also observed in bulk, few-layer and monolayer h-BN. Following the first observation of this
emission as a bright, photo-stable source of single photons in 2016 by Tran et al [11] there has
been considerable interest in this two-dimensional materials for its nanophotonic applications.
Much of this work, both experimental and theoretical, has aimed at understanding the photo-
physics of the emission in order to exploit its potential in applications such as quantum
technology and quantum sensing. It is this body of literature that will be reviewed in the current
chapter, in order to collect the varied work into the context of this thesis and as an aid in

unravelling the origin of this quantum emission.

In this chapter, I will present an overview of the properties of SPE’s in h-BN revealed by
experiments and the corresponding computational efforts to interpret these observed properties
in relation to the underlying electronic structure of possible defect centres responsible for

emission. Here I would like to mention that the theoretical/computational research progress in
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this direction is pioneered by the work presented in this thesis, I therefore discuss in detail the
major computational/theoretical limitations and challenges identified in this work and propose
possible solutions. I critically analyse the available literature and briefly state how this work
fits in the overall scheme of things (with the detail to come in the following chapters). Before
commencing a detailed review of the literature on SPE in h-BN, it is worth providing a brief
review of the SPE and its application to quantum technology and a summary of current state
of play regarding quantum sources in wide band gap semiconductors. There are detailed

discussions on both of these points available in the literature [35,57].
2.1 The role of single photon sources in quantum technologies

Single photon sources are at the heart of all proposed quantum technologies such as
communication, computations and metrology. A number of systems have already been utilized
in such technologies including atoms [57], quantum dots [58] and superconducting circuits
[59]. An ideal SPE is that which emits one photon per excitation pulse. In order for an SPE to
be employed for quantum information processing it should meet other requirements (a general
set of requirements) schematically shown in Fig. 2.1. Finding all of these features in one system

is a major challenge, and currently no solid-state system possess all of these properties.

SPE’S based on atoms or trapped ions and quantum dots have excellent optical properties
[60,61], however scalability and integration issues (in case of atoms or trapped ions) and
problem of low-coherence times and indistinguishability (in case of quantum dots) prevents
their usage in practical applications. Some of these issues are currently being investigated in

detail [62].

The major challenge towards developing quantum technologies is the ability to address and
control an isolated quantum system. Point defects in semi-conductors offer an attractive
paradigm system in which these contradictory features i.e. isolation and access can be
combined. An electrically driven point defect in a semiconductor with an electronic state in the
bandgap is similar to an isolated atomic (quantum) system. The spin state associated with
energy levels of defect represents the basic unit of information in quantum technology called a
qubit [63]. SPE’s based on semiconductors offer attractive features such as photostable

emission, room temperature operation and long coherence times. SPE’s in semiconductors also
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offer ease of integration with nano-photonic devices and therefore are the most promising for
practical applications. The application of point defect based SPE’s for quantum technologies
have already been demonstrated (to varying extents) in quantum computation [64], quantum
communication [65] and metrology [66].
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Figure 2.1 Major requirements that an SPE should meet to be employed in quantum technologies [13,35,57].

2.2 Defects in semi-conductors as single photon emitters

The luminescence spectrum of a defect is composed of the zero-phonon line (ZPL) and its
phonon sidebands. The contribution of the luminescence intensity (ZPL intensity) relative to
the total (ZPL + phonon side band (PSB)) integrated intensity is the Debye-Waller (DW) factor.
DW factor is a quantity that is directly measurable in an experiment, while another important
factor called Huang Rhys factor (HR) is deduced from DW factor i.e. HRpqeror =
— In(DWrqcror) in practical situations (Note: In this thesis standard definition of HR factor i.e.
“total number of phonons of all kinds emitted during a transition” is used). DW factor is a
critical parameter for application of an SPE in technology, defect systems with high DW factors
are desirable for use in long-range quantum computation and communication [13,35,67], as the
ZPL photons then have sharp (strong) intensity and well-defined polarization (plane-
polarization). Another critical parameter for SPE’s is the quantum efficiency defined as the

ratio of radiative rate to overall (radiative + non-radiative) rate.
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So far, the Ny! centre in diamond is the most thoroughly studied SPE whose
crystallographic and electronic structure has largely been resolved. SPEs in diamond are
photostable, operate at room temperature and have long coherence times. However the Ny
centre have a DW factor of only 3% [68] even at low temperature, which limits it’s applicability
for quantum technologies. The quantum efficiency of Nyv'! centre in diamond is also low i.e.
0.7, due to the existence of a metastable state (alternative decay channel) [68]. In addition, Nv’
!has a non-zero electric dipole moment in both the ground and excited state making it sensitive
to local electric fields due to strain for example, which contributes to undesirable homogeneous
and inhomogeneous broadening [13]. The silicon vacancy (Siv) centre in diamond possesses
inversion symmetry and has a high DW factor of 70% [69] but has a low quantum efficiency
of 0.035. Similarly defects in other materials e.g. SiC have lower DW factors of 33% and
quantum efficiency of 0.7 [70]. Extensive experimental and theoretical studies are being
performed to explore new solid-state systems that are potential hosts of SPE’s that have
parameters that are closer to the ideal SPE. One positive result of such studies is the discovery
of SPE in 2D h-BN [11], which in some circumstances appears to have a high DW (estimates
of up to 82% have been proposed in the literature [11] and a spectrally varying quantum
efficiency in the range 0.5-1.0 [71]. Because of these superior properties, h-BN has attained
considerable attention from the research community (both experimental and theoretical)
[28,44,71-85]. In the following, I will focus on SPE’s in h-BN. I will critically analyse the

observed properties of SPE’s in h-BN in connection with the computational studies done far.
2.3  Properties of SPE’s in h-BN

Understanding the physics of defect emission requires an understanding of the electronic
states involved and how they couple to vibrational motion on the defect atoms and surrounding
lattice. This is best illustrated using a configuration co-ordinate diagram such as shown in Fig.
2.2. The diagram shows the relationship between changes in the defect geometry with changes
in the electronic state of the defect, that is, a plot of the generalised potential energy surfaces
for the ground and an excited state. An incoming photon can excite the system (by giving it
energy E,ps0rp.) from the ground electronic potential energy surface into an excited state. At
zero Kelvin, this excitation takes place out of the lowest vibrational state and produces a

vertical transition that can take place abruptly without any change in defect geometry i.e. into
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multiple vibrational levels of the upper potential energy surface. The defect can then relax to
the equilibrium geometry of the excited state by losing energy through a non-radiative process.
The energy lost in this latter process is termed as vibrational reorganization energy (A,). The
system can then decay directly to the lowest vibrational state of the ground electronic state
emitting a photon with energy (the zero phonon line) (E,p,) or radiate into excited vibrational
levels of ground state giving rise to the phonon side bands. At finite temperature, it is also
possible to absorb vibrational quanta during the decay. The total reorganization energy is a
measure of overlap between ground and excited states (4 = A, + A,). Photoluminescence
experiments can probe these decay processes under a variety of conditions revealing the ZPL
energy, polarization and phonon sidebands. In this section, I will review the properties of
reported SPE from h-BN in terms of some of these parameters. I also will summarize the
magnetic properties, temperature dependence, zero field splitting and hyperfine coupling
observed for these emitters. As all of these observed properties can provide a step towards

revealing the actual structure of the culprit defect.
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Figure 2.2 Configuration co-ordinate diagram showing important energies and optical transitions.
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2.3.1 ZPL energy

Several groups across the globe have reported SPE from h-BN with some common features in
terms of energy profile. In this section, I will review those common features and try to develop
correlations. The first report on room temperature SPE from h-BN monolayers observed a ZPL
energy of 1.99 eV and the emission was tentatively assigned to the VNNB defect [11]. Shortly
after this, two different groups of emitters (groupl & group2) in h-BN were reported with
different ZPL energies and phonon side-bands (PSB) [21]. Group 1 emitters had broad and
asymmetric ZPLs with energies in the range 1.90 to 2.15 eV while, group 2 emitters had narrow
and more symmetric ZPLs with energies in the range 1.63 to 1.82 eV [21]. Two of the Group
1 type emitters with ZPL energies centred at 1.82 eV and 2.16 eV were later studied for their
spectral shift and temperature dependent line-width [86]. It was found that a 532 nm laser
directly excites the emitter centred at 1.82 eV, while the other emitter is excited indirectly [86].
The line-widths were found to be 0.352 and 0.148 peV for the 2.16 eV line and the 1.82 eV
line, respectively. The amplitude of the 1.82 eV emitter was found to decrease much more
rapidly with temperature compared to 2.16 eV emitter [86]. Similarly, two types of emitters
were reported in another work , one with a broad ZPL centred at 2.15 eV and the other with a
sharp ZPL at 1.45 eV [76]. The emitter with sharp ZPL was found to have almost no PSB [76].
Another group reported two families of highly efficient and ultra-bright quantum emitters in h-
BN with ZPL centred at 1.97 eV and 2.08 eV [87]. To eliminate possible substrate effects on
emission from h-BN, SPE’s in suspended single crystalline h-BN films have been reported
with ZPL energies in the range 1.77-2.25 eV [28]. SPE have also been demonstrated from h-
BN powder and exfoliated h-BN flake with ZPL in the energy range of 1.8 -2.5 eV [81]. Room
temperature SPE from zero-dimensional boron nitride allotrope (the boron nitride nano-
cocoon) has also been demonstrated with ZPL energy centred around 2.14 eV [84]. A common
feature of all these studies on SPE from h-BN is the presence of two type of emitters, suggesting
there are two distinct defects or two different charge states of the same defect responsible for
emission in the visible range. The subsequent studies on magnetic ground state of these emitters
strongly suggest that the defects in h-BN form singlet-triplet systems [88], but still there is no
direct evidence for this. Another study reports the presence of possible shelving states and

possibility of different laser powers addressing different defect levels [89], which is suggestive
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of a complex level structure of emitters in h-BN. This is also supported by another study, which
reports large ZPL spectral diffusion and discrete jumps of up to 100 nm after exciting the
emitters with blue lasers, while only a fraction of emitters fluoresce on green illumination and
hence suggest complex level structure of these emitters and possibility of addressing different
levels [90]. It has also been reported that the excitation efficiency as well as quantum efficiency
of emitters in h-BN are strongly wavelength dependent and excitation wavelength has to be
matched to the emitters to gain highest quantum efficiency, hence suggestive of complex level
structure of the emitters [71]. Since in quantum optics it is highly desirable to have the ability
to address different defect levels, making defects in h-BN even more attractive for these

applications.
2.3.2 Strain tunability

For emitters in h-BN the ability to individually address defects levels accompanied with
a mechanical control over emission wavelength by applying strain makes these even more
useful. Spectral tunability of h-BN single photon emitters has been achieved over an energy
range of 6 meV [32]. This observation has also been backed up with DFT simulations on a
native defect species i.e. VNNB as shown in Fig 2.3. These simulations considered four strain
directions along the plane of the h-BN sample, as labelled by the lattice directions shown in
the inset of (shown in Fig 2.3). A realistic case, similar to experimental conditions, is taken
into account by considering the effects of the Poisson’s ratio of 0.37 of the bendable
polycarbonate (PC) substrate. In these conditions, tensile strain along AC2 produces a
compression along the orthogonal direction ZZ1: €zz1 = —0.37 X gac2, and vice versa. The
simulations also confirm the non-monotonic behaviour of the ZPL energy under the effect of

strain and its role in the large spectral distribution observed experimentally [32].
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Figure 2.3 Simulated Spectral distribution as a function of strain. The cartoon in the inset shows the lattice
directions in the plane of hexagonal lattice with respect to VnNg defect. Four independent directions can be
identified; two along zigzag directions, ZZ1 and ZZ2 and two along the armchair directions, AC1 AND AC2. The
main plot is simulated optical response in the form of imaginary part of dielectric function (&) as a function of
the strain applied in either zigzag or armchair direction. The simulation takes into account the effect of high
Poisson’s ratio of the PC substrate of 0.37 that induces a compression (stretching) in the orthogonal direction with
respect to the direction where tensile (compressive) strain is applied. The black graph shows the imaginary part
of the dielectric function at zero strain. The graphs in red (blue) tones correspond to tensile strain applied along
the AC2 (ZZ1) direction from 1 to 5%. In these conditions, the Poisson’s ratio of PC substrate results in
compression in the orthogonal direction from -0.27 to -1.85%.

This spectral tuning of up to 6 meV greatly increases the probability of spectral
overlapping among different emitters. Although in this study [32], the emission dipole was in
the plane of h-BN sheet, in general spin-preserved transitions can have their dipole in either
the plane or perpendicular to the plane of h-BN sheet. In the next section, I discuss and review

the emission dipole from h-BN emitters.
2.3.3 Emission dipole

In this section, I first discuss the effect of dipole allowed spin-preserved transitions.
Such transitions may happen via dipole interaction. Hyq; = ¥; Y., d;* Ef*, where d = e(x,y.2) is
the dipole moment of the electron and E is the electric field vector. Using the standard axis
convention for Czv point group, these allowed transitions are induced either by the axial (d,)

and plane-perpendicular (d,) component of dipole moment i.e. dy = d,, d,, or out of plane
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component i.e. d, = d,. Polarization measurements of the emission and absorption spectra of
a defect reveal important information about defect level structure, symmetry and Inter-system
crossing. The emission and absorption dipole have been found to be aligned (misaligned) for
emitters in h-BN when excited at two different wavelengths, suggesting the indirect excitation
of some of the emitters through a third intermediate electronic state [75]. The existence of a
fast decaying intermediate and a long-lived metastable state accessible from the first excited
electronic state has also been speculated in another recent study [88]. A level structure which
can support a similar kind of misalignment of emission and absorption dipoles has been
predicted in another recent study [79]. Polarized in-plane emission is observed after in-plane
polarized light absorption, but the absorption can be either polarized parallel or else in-plane
at some angle, e.g., 60° [75]. In principle, this could arise following, for one polarization,
Franck-Condon allowed [91] transitions, and for the other polarization, Herzberg-Teller-
allowed [92] vibronic transitions, all within the same electronic state [93]. However, the wide
and variable energy spacing between the absorptions of different polarization imply that instead
two states are involved, supporting Franck-Condon allowed, differently polarized, in-plane
absorptions. This places strict requirements on the properties of defect states, especially those
that are nominally of high symmetry such as VNNB, VNCs and VBCx etc. In its most symmetric
form, VNNB, VNCs and VBCn would display C2v symmetry, with all spectroscopic processes
then restricted to those that this symmetry allows. Using the standard axis conventions for
planar molecules [94,95], the irreducible representations of the Cav point group are a1 (d,) and
b2 (d,) (of  type) and b1 and a2 (dy) (of 7 type). Electronic excitations of A1 symmetry are
polarized in-plane along the defect C axis, while those of B2 symmetry are polarized in-plane
orthogonal to this and allowed out-of-plane transitions have B1 symmetry. Hence, the observed
properties demand of VNNB, VNCs and VBCn is that its two lowest transitions be of A1 and B2
symmetry. Either spectral overlap of the two states, or else vibronic coupling between them,
could modify the expected Cav-based pure orthogonal polarization of the second state into some

mixed polarization, accounting for the observed 60°-polarized absorption [75].
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2.3.4 Interaction with vibrational modes

The width of the spectral bands (A, & A,) alone provides significant information,
specifying the reorganization energy associated with the transition. Large change in nuclear
coordinates between ground and excited state produces broad spectra; alternatively, if the
transition is insensitive to nuclear motion, then the spectra will be sharp. Broad spectra are
generally produced if orbitals from the valence or conduction bands of the h-BN are involved
as interactions within these bands create a multitude of electronic transitions out of a single
one. Sharp transitions are typically easier to observe and hence dominate experimental studies.
Since, reorganization energy and Huang Rhys factor essentially give similar information about

an optical spectrum, in this thesis both terminologies are used alternatively.

Amongst defects, there is a search for those that have defect orbitals lying within the
bandgap that have allowed spectroscopic transitions [44]. Photoluminescence usually becomes
the focus as it easier to observe than photo absorption as defects are usually present only in low
concentration, with an added bonus often arising if the emitting state is different to the
absorbing state and has different symmetry such that the absorption and emission polarizations
vary [75]. The PL spectra from defects in h-BN reported in different studies are very sharp and
intense and reorganization energies are very small i.e. 0.17 eV [75] and (0.2 to 1.0 eV) [21].
Group 1 emitters reported in ref. [21] has broad and asymmetric ZPLs, while group 2 emitters
has narrow and more symmetric ZPLs [21]. Both groups of emitters show PSB at the B-N bond
stretch frequency so both couple to this mode. However, surprisingly, the energy gap difference
between ZPL and phonon side bands for two groups of emitters was found to be same i.e. 160
+ 5 meV [21]. Thus, the difference between shapes and ZPL energies for the two types of
emitters may be attributed to difference in coupling to low energy phonon modes or to
inhomogeneous broadening i.e. local environment. The latter speculation is also supported by
the fact that two types of emitter have different radiative and non-radiative life times and thus
the interaction of the two types of emitters with neighbouring impurities or the proximity of a

centre to the surface is different [21].

Another recent study discusses the electron-phonon processes and the dephasing

mechanisms of h-BN emitters at cryogenic temperatures and assigns the short photon
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coherence time to ultrafast spectral diffusion (spectral broadening) present in these emitters,

causing an inhomogeneous broadening of the line [96].
2.3.5 Magnetic state

Knowledge of the spin state of a semiconductor defects is necessary to exploit the
defect’s possible spin-dependent photoluminescence (PL) that facilitates initialization and
readout of individual electron spins, along with their proximal nuclear spins [65]. In this
section, I review the magneto-optical studies on SPE’s in h-BN. Emitters in h-BN with non-
magnetic ground and ultra-narrow and side band free emission have been reported earlier [76].
These emitters have been shown to be spatially correlated with structural defects in h-BN and
are spatially independent of other types of emitters, having broad ZPL [76]. These emitters
were tentatively assigned to di-vacancies (Vgy) in h-BN [76]. Another recent study reported no
change in optical spectra of h-BN defects with the application of a magnetic field [81].
However in another recent work, anisotropic photoluminescence (PL) patterns were observed
as a function of applied magnetic field for some selected emitters, while other emitters again
show no change with applied magnetic field [79]. Systematic changes in brightness due to the
applied magnetic field of some selected emitters in h-BN is suggestive of optically addressable
spin of these emitters and hence a possible mechanism of spin-initialization and readout [79].
These variations are also suggestive of an electronic model featuring a spin-dependent ISC
between triplet and singlet manifolds. A defect model with a singlet ground state configuration
was tentatively proposed which accounts for all the experimental observations [79]. All these
studies point toward a non-magnetic ground state of some of emitters in h-BN. This is
consistent with the fact that no effect on ZPL with magnetic field have been seen from these
defects in spite of many attempts [27]. Only recently however, defect species in h-BN with
triplet ground state has been reported [97], indicating that more than one defects may be causing

emission around 2 eV.
2.3.6 Temperature dependence

The temperature dependence of luminescence centres yield important information
about electron-phonon coupling in the host semiconductor. The vibronic spectrum of a color

centre with ZPL centred at 4.1eV has already been studied in detail [98]. In this section, I will
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review the studies on temperature dependence of luminescence centres around 2 eV in h-BN.
The room temperature quantum emission from h-BN is indicative of the existence of at least
one localized orbitals within the h-BN band gap that is well isolated from bulk bands [11].
Quantum emitters in h-BN have been shown to be stable and operate at elevated temperatures
[99]. A red shift in ZPL energy and broadening was seen with increase in temperature to 800K
and both were found to be reversible upon cooling back to room temperature [99]. The shift in
ZPL energy upon heating and cooling was tentatively assigned to the expansion of substrate
lattice upon heating and electron-lattice interactions [99]. The stability of SPE from h-BN at
elevated temperature is suggestive of possibility of using these in integrated quantum
technologies for real-world environments. Another recent work, which investigated the
temperature dependent line width, line shift, excited state lifetime, and intensity of quantum
emitters in h-BN has also reported similar red shift and ZPL broadening for both types of
emitters i.e. (1.82 eV and 2.16 eV) upon increasing the temperature [86]. Piezoelectric coupling
to the low energy acoustic phonons was proposed to explain the exponential line width

broadening of the ZPL [86] with temperature.
2.3.7 Hyperfine coupling

A standard method of defect identification is electron paramagnetic resonance (EPR)
spectroscopy. A-priori calculations using density-functional theory (DFT) can provide useful
tools for the interpretation of EPR data such as observed hyperfine tensors. Indeed, such
calculations have been helpful in the identification of point defects in different semiconductors
by comparing the experimental and calculated hyperfine constants [100-104]. Both
unintentional occurrence of defects (e.g. vacancies) [105,106] during the preparation of single
layer h-BN and the deterministic production of defects through electron beam irradiation [107]
have been shown to have considerable effects on electronic and magnetic properties of h-BN.
While both nitrogen (VN) and boron (VB) vacancies can act as paramagnetic centres in h-BN
[108], electron paramagnetic resonance (EPR) studies indicate that Ny are more important [ 109-
114]. Two types of paramagnetic centres have been identified: (i) three-boron centres (TBC)
in which an unpaired electron interacts with three equivalent boron (B'!) nuclei, producing 10-
line EPR spectra, and (ii) one-boron centres (OBC) in which oxidative damage at the centre

forces the unpaired electron to interact with only a single B!!, producing 4-line EPR spectra.
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The TBC can be deliberately produced either by irradiation [109-111] or by carbon doping
[113], but controllable h-BN oxidation to produce OBCs has not yet been achieved. Of
particular interest (in the context of this work) is that carbon-doped centres can give rise to
intense PL [115,116]. In this thesis I have assigned observed h-BN electron-paramagnetic
resonance (EPR) signals at 22.4 MHz (TBC), 20.83 MHz (TBC), and 352.70 MHz (OBC) to
VN, CN, and VNOg, respectively [83]. 1 have also calculated the hyperfine coupling (HF)
constants for various carbon-related anti-site defects, in which a nitrogen or boron vacancy is
accompanied by a neighbouring carbon-atom and/or silicon-atom substitution. Indeed many
EPR studies on h-BN samples need to be performed to assign this theoretical data for HF to
possible emitting centres in h-BN. A recent EPR study has been performed which is a step
forward in this direction [97]. The broad optical absorption band and near infrared
photoluminescence band centred at ~490 nm and 820 nm, respectively were assigned
tentatively to defect species with a triplet ground state [97]. Contrary to the non-magnetic

quantum emitters [76], these defects have broad visible optical absorption band [97].
2.3.8  Zero field splitting

In general an S = 1 electron spin system is described by a spin Hamiltonian of the
following form:H = g,fBS + SDS. Here g, is the electronic g-factor (g, = 2.0028 +
0.0003); B is the external magnetic field and D is the zero field splitting tensor. This tensor
comprises the anisotropic dipolar interaction of the two electron spins forming the triplet state
averaged over their wave function. This tensor is traceless and thus characterized by two
parameters, D and E i.e. the axial and rhombic zero-field splitting parameters, respectively.
This spin-spin interaction arising because of the non-spherical shape of molecular orbitals lifts
the degeneracy of multiplets. In this thesis I have calculated the spin-spin contribution towards
zero field splitting parameters (D and E) for high spin ground states for VNCs (VBCn) and
other defects [83]. Only VeCn was found to have triplet ground state with £=0.84 GHz and
D=7.15 GHz [83]. A recent experimental study indeed reports the defect species with triplet
ground state in h-BN. Although the measured value of ‘D’ i.e. 1.2 GHz is not in agreement

with my calculations [97].
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2.4  The theoretical/computational modelling

In this section, I briefly discuss the theoretical attempts made so far to reproduce the
observed properties of SPE’s in model defect systems in h-BN. I divide this section in two

subsections to present clearly the contribution made by this work and by others.
2.4.1 This work

The work presented in this thesis pioneers most of the progress made in this direction (to
un-earth the origin of emission), therefore I briefly discuss my work here with details to come
in the later chapters. Theoretical studies so far have mainly focussed on point defects in h-BN
[44,82,83,117,118]. The studies are built upon the following four criteria (actually proposed in
this work [44]) for possible emitting centres. These criteria are motivated from experimental

observations.

1. The stability of the emitters against high temperature annealing [99] imply that the positions
of the defect levels are deep within the bandgap.

2. The observed emitters are in-plane polarized [11] as discussed earlier.

3. E;p;, reported in different experimental papers for defects in h-BN is between 1.3 eV and

2.2eV[11,28,32,75,84,86,99,119,120].
4. The emitters has a non-magnetic ground state [27].

In this work [44] (Chapter 4), I have surveyed several possible colour centres in h-BN,
studied their ground and excited state structures. Based on the calculated electronic structure,
ZPL energies, position of defect states within the bandgap and nature of transitions, a set of 13
possible defects are shortlisted as potential candidates. These include, but are not limited to,
VNNB (a nitrogen vacancy and one of the surrounding boron replaced with a nitrogen), VNCs
(nitrogen vacancy and one of surrounding boron replaced with a carbon) and VsCn (boron
vacancy and one of surrounding nitrogen replaced with a carbon). All the other short listed
defects are found to have large Huang-Rhys (HR) and hence large reorganization energy,
meaning broad optical spectra. In the neutral state, only VNCs is found to have a low enough

HR factor (1.66) to agree with experiment for 1°Bi to 2°B1 transition. Thus a luminescence line
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shape is calculated for VNCs for transition between triplet manifold i.e. 1°Bi to 2°B1 using a
first principles approach which has previously been applied successfully to Ny centre in

diamond [121] and found to best fit the experimental line shape (see Fig. 7.4 in later chapters).

Later on (chapter 5 to chapter 7), I investigated in detail the defects VNNB (in neutral, +1
and -1 charge states) and VNCs in neutral charge state for satisfying the criteria’s for possible
emitters and having small HR factors and the defect VsCn for having a triplet ground state
[82,83,122]. Since a standard method of defect identification is the comparison of calculated
hyperfine coupling constants with experimental EPR data, I calculated (chapter 5) the hyperfine
coupling constants for VNNB, VNCs, VBCn and some other important defects and made

comparisons with available experimental EPR data [83].

In addition to this, the defects VNCs, VBCn and VNNB are benchmarked in this work
(Chapter 6) [82,83,122] by comparing DFT energies of these defects with ab initio CCSD(T),
EOM-CCSD, and CASPT2 calculations for a representative model compounds. Then I studied
(Chapter 7) the spectroscopy of VNCs, VBCn and VNNB using DFT (HSE06) results, after

applying correction factors obtained from benchmarking.

It is worth mentioning here that in a recent study a new non-planar ground state geometry
has been predicted for VNCp and VNNB [123], thus bands involved in the transition would
broaden due to out of plane distortion and HR factor would increase. Since the non-planar
geometry is lower in energy by only 0.44 eV for VNCs and by 0.05 eV for VNNB, therefore
significant changes are expected in the HR factor. However, because of the difficulty in
assessing reliability of calculations to determine energy difference between planar and non-
planar configuration, I only consider planar geometry (later discussed in detail). Therefore, in
order to benchmark the DFT calculations and hence to have an estimate of how reliable the
computational approaches are in predicting quantities like excited state energies I confine my
calculations to the Cav symmetry in this thesis and focus on achieving the high accuracy for

calculation of defect manifolds.
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2.4.2 Other’s work

In the original work, based upon Density Functional Theory (DFT) calculations, the
emission was tentatively assigned to the nitrogen antisite defect, VNNB [11]. Followed by our
detailed survey of defects in h-BN [44], Abdi et al [73] mapped out the electronic structure and
transitions for the nitrogen antisite defect, the negatively charged boron vacancy defect and the
positively charged carbon antisite defect using a combination of group theory and DFT. The
computed ZPL energies, the profile of excitation and emission dipole polarizations, and the
competing relaxation processes were discussed and compared with the observed emission lines
[73]. Furthermore, spin-orbit and spin-spin interactions were discussed in detail [73]. Here the
hybrid HSEO06 functional was combined with constrained-DFT to calculate excited state
energies and propose the negative boron vacancy as the most promising candidate. However,
one can argue [82,122] that calculation of excited states using ground state DFT is known to
be problematic and the reliability of results needs to be assessed carefully, particularly where
electronic states have considerable multireference character and static correlation becomes
important. Another recent study [ 118] presents the calculated formation energies for the defects
studied in my previous work [44], however the standard approach of calculation of formation
energies for 3D materials cannot be applied to 2D systems like h-BN (because of different
nature of homogeneous counter charged). In the following section, I discuss the major
challenges involved in calculating the excited states energies and predicting formation

energetics.
2.4.3  Major theoretical/computational challenges

The precise nature of observed defects is often difficult to determine, with potentially useful
defects being difficult to predict, making popular their investigation by first principles
computational techniques [44,100-102,104,124,125]. However, methods for performing
accurate calculations of this type are still being developed. Small molecules containing the
types of functionalities found in diamond and h-BN defects may be described to chemical
accuracy using standard ab initio computational methods such as quantum Monte Carlo (QMC)
[126], coupled-cluster singles and doubles (CCSD) [127] theory with perturbation corrections
for triples excitations (CCSD(T)) [128], related time-dependent approaches such as equations
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of motion coupled cluster (EOM-CCSD) [129,130], singles and doubles multi-reference
configuration interaction (MRCI) [131], as well as its approximation, complete-active-space
self-consistent field (CASSCF) [132] theory with perturbative corrections for singles and
doubles excitations (CASPT2) [133]. While CCSD(T) is regarded as being the “gold standard”
in molecular electronic structure computation, the multi-reference nature of many of the defect
states of interest could demand QMC or MRCI approaches instead. The above ab initio
methods are not yet available in solid state codes with periodic boundary conditions and so
model compounds [134], i.e. small clusters containing the defect must be used. These ab initio
approaches are also limited to relatively small numbers of atoms and clusters need to be of the
order of 10 or so atoms in size before the calculations become prohibitively expensive. A range

of improved high-level methods are available [135-154] but unfortunately rarely deployed.

Nevertheless, the most commonly applied approaches to electronic and nuclear structure
simulation in modern times include DFT and its time-dependent variant, TDDFT. Despite
having no method available for the systematic improvement of DFT calculations towards the
exact answer, in practical calculations on sizeable molecules, DFT and TDDFT approaches can
often deliver similar accuracy to their much more computationally expensive ab initio
counterparts. DFT can be regularly applied to periodic systems, allowing an alternate approach
to modelling defect sites. In molecular-cluster-based approaches, the size of the cluster must
be increased until all long-range effects of interest are included, a difficult task if transitions
involve the valence and/or conduction bands of the solid, whereas for periodic-solid
approaches, the size of the unit cell must be increased until neighboring defect sites do not

interfere with each other. Either way presents computational challenges.

An important feature is that DFT and TDDFT can suffer various severe failings depending
on the type of density functional used and the nature of the state being considered [36-43],
demanding that great care be taken. Since the identification of defects in semi-conductors relies
on the ability to calculate ZPL energies within 0.1 eV accuracy. This level of accuracy can be
achieved only if both static and dynamic electron correlation effects are taken into
consideration. Therefore DFT energies need to be calibrated and benchmarked by performing
ab initio calculations using the CCSD(T) [127,128], EOM-CCSD [129,130], and CASPT2

[155] and MRCI [156] methods on a model compound to make realistic predictions of
20



Chapter 2 Review of literature

photoluminescence energies. The in-accuracies in the state energies due to static correlation
effects can be predicted efficiently using this approach. However, the dynamic electron
correlation effects in periodic structure can be quite different from those in model compounds.
An estimate of dynamic correlation effects can be obtained by checking the convergence of

state energies with respect to system size i.e. model compound in this instance.

Another group of computational studies focuses on calculating the formation energies
of defects in h-BN [78] and argues the probability of formation of a particular defect species
under thermal equilibrium. This approach also has important shortcomings; firstly, the standard
method of calculation of defect formation energy in 3D materials cannot be applied to charged
defects in 2D materials like h-BN. For charged defects, the Coulomb energy arising from the
interaction of charges with their periodic images diverges. In calculations, this divergence is
removed by introducing a homogeneous counter charge to neutralize the supercell. Converged
values can be found in the dilute limit, using a very large supercell. For 2D systems modelled
in a 3D cell by introduction of a large vacuum region, however, this approach is problematic
as the counter charge gets distributed across the entire cell and is therefore not confined within
the material [157]. Ref. [118] has tacked this issue by applying infinite layers of h-BN sheets
within the supercell approach and they applied Freysoldt charge correction for charged
defective supercells. However, in a few other previous calculations of defect formation energies
for h-BN [78,124], this important issue has been ignored. This indeed has been the case for
defects in h-BN where an arbitrarily chosen vacuum size results in a wide spread of results for
the formation energy [78,124]. In a recent work [122] I have adopted a parameter free approach
already applied successfully to h-BN defects [158] to tackle this problem. This approach gives
converged ionization energy by extrapolating the asymptotic expression of ionization

energy/charge transfer level for a large vacuum size (L,) back to L, = 0.

Secondly, defects can be under kinetic control rather than being in thermodynamic
control i.e. atoms come together during formation of material and bind into a high energy state,
but then the barriers to reaction from this are large enough so the defect stays trapped there.
Thermodynamic equilibrium then never occurs, e.g. a mixture of H2 and O2 gasses. In this case,
to use energetics to predict composition, one needs to know all of the reaction intermediates

during synthesis. Thus, one cannot exclude a particular defect species based on high formation
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energy or vice versa. Indeed the experimentally identified defect species in SiC, InN etc. have
high formation energies [159]. I conclude this section by saying that great care must be taken
while applying standard DFT approaches perfectly applicable to 3D periodic solids to a 2D
system like h-BN, because of different screening in the later. In the next chapter, I describe the
computational approaches used in this work with special consideration of the above-described

challenges.
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Chapter 3 Theoretical methods and Computational details

In this chapter, the computational and theoretical methods used in this thesis are
discussed. Firstly, a brief introduction of ab-initio quantum chemistry methods and density

functional theory (DFT) is presented.

3.1 Quantum chemistry methods and density functional theory (DFT)

The methods that allow getting the exact answer through some pre-defined route and
are derived from first principles quantum mechanics are called ab-initio methods. Ab-initio
methods can be categorized into two general classes, i.e., coupled cluster methods e.g. coupled-
cluster singles and doubles (CCSD) [127] with perturbation theory corrections for triples
excitations (CCSD(T)) [128], related time-dependent approaches such as equations of motion
coupled cluster (EOM-CCSD) [129,130] and configuration interaction methods e.g. singles
and doubles multi-reference configuration interaction (MRCI) [131], as well as its
approximation, complete-active-space self-consistent field (CASSCF) [132] theory with
perturbative corrections for singles and doubles excitations (CASPT2) [133].

The wave function for coupled cluster methods is written as an exponential ansatz i.e.
Y = eT@,, where @, is the reference wave function and T is the cluster operator acting on @,
and produces a linear combination of Slater determinants. For configuration interaction,
methods a linear combination of configuration state functions built from spin orbitals (SO)

(complete wavefunction consisting of spatial and spin components) is used ie. ¥ =

P Cl‘po}go-

As is apparent from their wave functions, these two types of methods have their own
merits and problems in terms of whether they are variational and whether they obey size
consistency. Coupled cluster methods in their conventional implementation are not variational
while truncated configuration interaction methods are not size consistent and vice versa.
Nevertheless, these quantum chemistry methods allow a complete description of a material
system and can be made to converge to the exact solution for a given basis set in the limit where
all possible configurations are included. An alternative method, which has been applied

successfully to systems ranging from the homogeneous electron gas, to atoms, molecules,
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solids and clusters is quantum Monte Carlo (QMC). In this method, the Schrédinger equation
is transformed to a diffusion equation, which is solved using stochastic methods. These
traditional methods in which the wave function is the fundamental descriptor of the system,
encounter the curse of rapid growth of computational complexity with system size [160]
compared to quantum Monte Carlo method (QMC) e.g. QMC scales as N? (N being the relative
system size), CCSD scales as N® and CCSD(T) as N’ etc. DFT on the other hand is a
reformulation of Schrodinger wave mechanics in terms of the electron density. In principle
DFT is exact, but in practice the exact density functional representation of the exchange
correlation is not known in analytical form and must be approximated by some empirical
functional. Electron correlation is divided into dynamical and non-dynamical (static)
correlation. Dynamical correlation is the correlation of the movement of electrons and static
correlation is important for systems where the ground state is well described only with more
than one (nearly) degenerate determinants. Depending upon the particular functional used, DFT
can capture dynamic correlation quite well at a much smaller computational cost compared to
ab initio methods. It is for this reason that DFT has been so widely used in electronic structure
problems. It is, however, a single configuration method and fails when static correlation
becomes important. In the following section, I briefly present the idea of many body problem

in quantum mechanics in the context of solids.
3.1.1 Many body problem and quantum mechanics

A physical system can be described by a complete descriptor given by a set of variables
that carries all the information about the system and in principle all of it’s properties can be
determined. In quantum mechanics, such a descriptor is the wavefunction, which carries all the
information about the co-ordinates and spin of each particle of the system. For a system

consisting of N-particles it’s descriptor in Hilbert space H y is given by
Y(X) = Y(r 01,7507, ... ... T Op) 3.1

where

f = (fllle""""‘fl\/) (32)
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gives the space-spin variables of all the particles in the system. The standard model system in
physics or chemistry is composed of two types of particles i.e. nuclei and electrons, and the
only interaction, which is important between these two types of particles, is either electrostatic
interaction or in some cases the magnetic interaction. The behavior of this model system can
in principal be described by the Schrodinger wave equation but the only hurdle is what Walter
Kohn termed as the exponential wall [161]. To have an idea of the power of this exponential
wall consider a simple N2 molecule consisting of two nuclei and fourteen electrons expressed
on a grid of 100 points in each spatial dimension. A wave function of form (3.1) for this simple
system is represented by 21% x 1003*16 ~101°° complex numbers (for a system of N particles
Schrédinger wave equation would have 3N dimensions), which is beyond the capacity of

present day computers.

Several approximation however can be made, first one is the adiabatic approximation (a
simplification of Born-Oppenheimer approximation), which assumes that electronic and
nuclear degrees of freedoms are not coupled based on the large mass differences between these
particles and thus allows to significantly simplifying the problem. Another approximation is
treating the electrons as non-interacting quasi-particles thus instead of having to represent one
wave function in 3N dimensions, one only needs to represent N wave functions in 3-dimensions
each. Thus, a dramatic simplification from 101°° to 107 numbers can be made as a result of
making these two approximations. Although the quasi-particle approximation simplifies the
problem, the Coulomb interaction between electrons cannot be ignored, so some other form of
solution is needed and here comes DFT to our rescue. DFT simplifies the problem by mapping

the system of interacting electrons onto a system of non-interacting electron density.

After making the Born-Oppenheimer approximation, a given descriptor of the form

(3.1) governed by the Schrodinger wave equation ihat|’1’) =H |‘P) with Hamiltonian

o h? 1 v e?
—~ o, . 1 e

J=1 j

i#j

can describe the behavior of this system. The first term in equation 3.3 is the kinetic energy of

the electrons, second term is the potential energy experienced by the electron while moving in
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the external potential of static nuclei, and third term is the potential energy due to the interaction
between electrons. Although the Born-Oppenhemier approximation has considerably
simplified the problem compared to the original one it still it is too difficult to solve due to the

third, non-separable, term.

Several methods exists to reduce equation 3.2 into an approximate but tractable one. A
historically very important one is the Hartree-Fock method (HF). It performs reasonably well
for atoms and molecules, but is less accurate for solids, as it does not contain dynamic electron
correlation. Another one is DFT, which performs very well for both molecules and solids, as it
involves dynamic electron correlation effects at about the same computational cost as HF.
However, both HF and DFT are single determinant methods and do not include static electron
correlation. DFT is based on the theorems of Hohenberg and Kohn. In the next section, I
provide a brief description of Hohenberg-Kohn and Kohn-Sham theorems and self-consistent

nature of Kohn-Sham scheme.
3.1.2 Hohenberg-Kohn and Kohn-Sham theorems

The central statement of density functional theory is the celebrated Hohenberg and Kohn
[162] theorem, which for non-degenerate ground states can be summarized in the following

three statements.

e The ground state density n(r) uniquely determines the potential v(r) acting on the

electrons and hence all the physical properties of the system.

e The ground state energy E, of a system can be obtained from ground state density using
the variational principle i.e. the true ground state density minimizes the total energy of

the system.

e There exists a universal functional F[n] for all systems such that the energy functional

can be expressed as

E,,(n) = F[n] + f d3rvy(rn(r) (3.4)
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The functional F[n] is independent of the potential v, (r) of a particular system for a

given electron-electron interaction. F[n] can be defined formally in the following way
Fln] = T[] + ve[n] = (W[n]|T[¥[n]) + (P[] | G [ WD 3.5)

where T and v,, are the functional for kinetic energy and electron-electron interation,
W[n] is that N-electron wavefunction which minimizes the density n(r) w.r. t. the
expectation value of T + v,,. The explicit density dependence of F[n] remains
unknown and hence approximations have to be made. Nevertheless, Hohenberg-Kohn
theorem provides the basic theoretical foundation for single particle formulation which
allows the calculation of ground state density and hence the ground state energy of
system of interacting electrons. The resulting Kohn-Sham equations are at the heart of

DFT and have the form of single particle Schrodinger equation.

VZ
I—? + Us(T)l @i(r) = €9:(r) (3.6)

The density n(r) can be computed from N single-particle orbitals occupied in the Slater

determinant in the following way.

n(r) = X“lgi(mI? = L7 o (Mei(r) (3.7)

The central idea of Kohn-Sham scheme is to construct the single particle potential vg(r)
in a way that matches the density of non-interacting system to the density of interacting

system of interest. To this end one can partition F[n] in the following way

F[n] =T, [n] + U[n] + Eexc[n] (3.8)

Where U[n] = = f d3r [ d3r/ n(r)n(rl RUIMETD) 55 the classical electrostatic energy due to charge

distribution n(r) and E,,.[n] is the exchange correlation energy formally defined as

follows

Eexc[n] = T[n] + Eee [n] - U[Tl] - Ts[n] (39)
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Thus the form of potential entering equation 3.6 is

vg[n](r) = v(r) + [ d3r/

/
D+ Ve [] (1) (3.10)

where, the exchange correlation potential is defined by

SExc
Vexc[n](r) = 20 (3.11)

Since vg[n](r) depends upon density therefore equations 3.6, 3.7 and 3.11 have to be
solved for self-consistent ground state density and this is known as the self-consistent Kohen-
sham scheme of DFT, in which an iterative procedure is adopted. An initial density is guessed,
Kohn-Sham Hamiltonians are setup with this initial density and Eq. 3.6 is solved for the new
density, unless the initial guessed and final densities match. It is worth mentioning here, in the
context of this work, that Kohn-Sham theorem is applicable to closed shell wave functions
only. However, the lowest state of any other spatial and highest spin symmetry can be
calculated by using another theorem called Gunnarsson-Lundqvist [ 163], which is an extension

of Kohn-Sham theorem.
3.1.3 Exchange-Correlational function

The explicit form of exchange correlation potential defined by 3.11 is inexpressible in
a general closed analytic form for real systems and some approximation has to be made for this
quantity. In this section, I describe some of the common approximations made for this quantity
and introduce hybrid functionals that are commonly used. First approximation is the local
density approximation (LDA) which postulates that the exchange correlation energy of any
system of density n(r) can be constructed by dividing the system into infinitesimally small
volumes of constant density each. Each small volume contributes to total exchange-correlation
energy by an amount equal to exchange correlation energy of an identical volume filled with

uniform electron gas. i.e.

ELA = f (M exc(r)dr (3.12)
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In principle, LDA does not perform well for real systems. A natural improvement to
this approximation can be made by taking the contribution of exchange correlation energy not
only from small infinitesimal volumes but also from neighbouring volumes i.e. by taking into
consideration the gradients in electron density in an approximation called generalized gradient

approximation (GGA) and is formulated as follows

B2 = [ ), v (313)

The fundamental difference between two approximations is that LDA is unique because
there is only one definition of exc(n(r)), while there are many proposed forms of GGA
because there are more than one ways to choose density gradients. One can also feed into a
candidate GGA functional, free parameters from a large set of experimental data on atoms and
molecules and get good results for a certain class of solids, while worsening it for others or
making GGA accurate for a set of physical properties and worsening it for other set. In spite of

this GGA has proven to be quite useful in producing accurately the properties of many systems.

Although thousands of functionals have been used in calculations over the last few
decades, I will only discuss those that are relevant to this work. One class of GGA’s called
meta-GGA depend in addition to density and it’s gradient on the kinetic energy of Kohn-Sham
orbitals as well. Because of this orbital dependence, meta-GGA are also termed as orbital

functionals unlike LDA or GGA, which are explicit functionals of electron density only.
EMmeta-GGA — Jf(n(r), V(n(r), T(r))d3r (3.14)

Where, T(r) = %Z?CCW%’ (r)|?

The inclusion of extra variables allow for additional flexibility and thus produce
accurate results for one class of physical properties without worsening others. Thus,
development of orbital functionals or explicit density functionals has been an area of extensive
research work. One of the most familiar orbital functional is exact exchange energy functional

given by
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9cc . *(rY = o, (rNo*
Y _lz Y f f 9109k (r) = 0jo ()™ 15 o, (3.15)

Ir —r/]

The exact exchange energy functional (3.14) is similar to Hartree-fock functional if one
neglects correlation. The only difference is that in exchange DFT methods the Kohn-Sham
orbitals are used rather than Hartree-Fock orbitals. The result is that exact exchange energy
spectra are usually closer to the experiment than Hartree-Fock spectra. Therefore, DFT is a

much better starting point to include correlation effects than Hartree-Fock.

A new class of approximation to exchange-correlation energy are the hybrid

functionals, which include a fraction of exact exchange with GGA exchange
EHYB = qEEXX[n] + (1 — a) ES%4[n] (3.16)

Where, ‘a’ is the empirical mixing parameter. One such hybrid functional which is
widely employed for studying the properties of periodic solids in general and for calculation
of excited state properties of defects in crystals in particular is HSE06 [164,165], for which
a=0.25. HSEO06 has been implemented in many DFT codes e.g. VASP [166,167]. In this thesis,
I benchmark the HSEO6 results with quantum chemistry approaches and identify the

inaccuracies in this otherwise well trusted functional for defect calculations.

Another long-range corrected hybrid functional CAM-B3LYP [168,169] which
comprises of 0.19 Hartree—Fock (HF) plus 0.81 Becke 1988 (B88) exchange interaction at
short-range, and 0.65 HF plus 0.35 B88 at long-range. This functional is routinely used for
molecules in quantum chemistry. In this thesis, I propose on the basis of my calculations on
model compound for defect systems in h-BN that CAM-B3LYP suffer less seemingly random
anomalies and are generally much more reliable compared to HSE06 when applied to defect
states. As the only methods containing correction for the asymptotic potential error should be
applied to defect sites owing to their likelihood of involving charge-transfer spectroscopy,
practical software limitations may limit current applications in periodic systems to uncorrected
functionals like HSE06. The implementation of range-corrected hybrid functionals like CAM-
B3LYP into solid-state DFT codes is therefore highly desirable.
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3.2 Density functional theory for excited states

The extended Kohn-Sham scheme of DFT is applicable to the lowest state of any given
spatial or spin symmetry. For excited state properties many new versions of DFT have been
proposed e.g. ASCF method [170,171], constrained DFT (CDFT) [172], time dependent DFT
(TDDFT) [173] etc. In the following sections, I will very briefly describe TDDFT and ASCF

versions of DFT since these versions are used frequently in the present work.
3.2.1 Time-dependent density functional theory (TDDFT)

The central statement of TDDFT is that for if ¥, is the ground state of a system with
Hamiltonian H at some initial time t, than there is one to one correspondence between ground
state density n(r,t) and external potential v(r,t) at some later time t. In the framework of
TDDFT the single particle like Kohn-Sham equation (3.6) can be written in analogy with the

time dependent Schrodinger wave equation i.e.

[_V?ZJ”’S(T' t)] Pi(r,t) = i5-i(r,t) (3.17)

Hence the expression of density, Kohn-Sham potential and exchange-correlation can be
obtained by inserting an additional variable of time in equations 3.6, 3.7 and 3.11 respectively.
In this work PBE, HSE06 and CAM-B3LYP exchange correlation functionals are used within
TDDFT scheme.

3.2.2 ASCF method

Constrained DFT (CDFT) and ASCF method are two slightly different approaches and
can be considered as small extensions of conventional DFT. In CDFT an additional potential
(to Kohn-Sham) is introduced and varied until a particular constraint on the electron is fulfilled.
In ASCF method, the position of electron is controlled by controlling the occupations of Kohn-
Sham orbitals when system reaches self-consistency. For CDFT the expression for electron
density can be written [172] in analogy to expression for density (3.6) used in conventional

DFT i.e.

n(r) =2 o; Mei(r) + X pa () @a(r) (3.18)
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Where, ¢,(r) is the Kohn-Sham orbital corresponding to LUMO from the ground state
calculations whose occupancy is being fixed. One can clearly see that the Kohn-Sham orbitals
found when solving these modified Kohn-Sham equation will differ from the ordinary DFT
because of the change in the Hamiltonian as a result of change in density, effectively raising
the total energy of the system and hence giving in return the excited state energy corresponding

to that particular occupancy.
3.3  Group theory

Group theory, which describes the abstract mathematics of symmetry operations, is a
powerful tool that helps us to obtain fundamentally important information from a physical
system e.g. allowed and forbidden transitions, inter-system crossings, spin-orbit couplings,
spin-spin interaction etc. without doing any rigorous calculations i.e. purely from symmetry
considerations [174]. Since historically, group theoretical analysis has really been useful in
exploring the properties of Ny! centre in diamond [125], therefore I apply this tool to predict
the optical cycle of various defects in this thesis. All of the symmetry operations that apply to
a molecule or ion or a defect constitute its point group. It is the point group to which the
molecule belongs that designates its symmetry. A multiplication table generally contains the
result of two symmetry operations and each point group has its own multiplication (character)
table. By convention, the rows of a character table correspond to irreducible group
representations, and columns correspond to conjugacy classes of group elements. Since the
important defects e.g. VNNB, VNCp and VBCn studied in this thesis, transform according to Cav
point group symmetry. Therefore, I give below the character table of C2v point group.

Table 3.1 Character table for C,, point group. The two rightmost columns show the functions which transform
under a particular irreducible representation. Here, (X, y, z) stand for a polar vector, while (R4,Ry,R;) for an axial

vector.
Cw |[E|C2| oy | d
Ar [ 1] 1 1 1 z x2,y%,7?
A (1|1 |-11]-1 Rz Xy
Bt |1 ]-1|1]-1|xRy XZ
B |1]|-1]-1]1]yR« Xz

Using the standard axis conventions for planar molecules, the irreducible representations (IR’s)

of the Cav point group are a1 and bz (of o type) and b1 and a2 (of & type) as shown in Table 3.1.
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In Cav point group the electric dipole transforms either as a1, b1 or bz, while each of magnetic

sublevels for triplet state transform as a2, b1 and b2. In Cay point group only those transition
a;

between states (say ‘X’ and ‘Y”’) are allowed for which the product X * (b1> * Y transforms as
b,

totally symmetric IR i.e A1
3.4 Computational parameters

In this section, I present some of the general computational parameters used in this work, more
specific parameters and detail of theory behind different calculations would come later in
chapters wherever necessary. I surveyed a range of likely defects in h-BN and calculated their
ground and excited state (zero phonon energies) properties using PBE [175] version of
generalized-gradient approximation (GGA) as is implemented in SIESTA [176,177].
Calculations were performed for periodically replicated defects in 2-D h-BN nano flakes using
DFT. For calculation of the total energy, electronic structure and ground state geometry (from
a PBE survey) of defects selected according to the criteria in Section 2.4, I used Version 5.3.3
of the Vienna Ab Initio Simulation Package (VASP) [166,167]. For accurate calculation of
electron spin density close to the nuclei, the projector augmented wave method (PAW)
[178,179], was applied together with a plane wave basis set. I utilized the standard PAW-
projectors provided by the VASP package. Pristine single-layer h-BN was first geometrically
optimized using the conventional unit cell and a 21x21x1 Monkhorst-Pack reciprocal space
grid. A large vacuum region of 30 A width was used to separate a single layer of h-BN from
its periodic images and to ensure that the interactions between periodic images are negligible.
The optimized bond length of pristine h-BN is 1.452 A. All the defects were then realized in a
98 atom supercell and allowed to fully relax using a plane wave cut-off of 350 eV for a
maximum force of 0.01 eVA™. I have used the non-local HSE06 functional [164,165] as an
approximation to exchange and correlation. Optimized geometries from VASP were used to
calculate the wave function coefficients of defect states. Zero-field splitting tensors are
evaluated using the method described in Ref. [180]. For the calculation of the spin-spin
contribution to the zero-field tensor, a higher cut-off energy of 600 eV and lower force

tolerance of 10 eVA~! were used. The normal modes were calculated using an energy cut off
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500 eV. Excited state energies in VASP are calculated using constrained ASCF method [181]
using the “FERDO” and “FERWE” commands. This procedure produces spin-contaminated
states that have no first-principles physical interpretation (for states not described by a single
Slater determinant and where the calculation breaks symmetry, i.e. spin polarized). The
methods developed to map the resulting calculated properties onto physical observables are
described in detail later. New software was developed to control the VASP calculations and
hence obtain converged results for arbitrary excited states. Huang Rhys(HR) factor for the
shortlisting of the defects was calculated using ASCF method. HR factor reflect the structural
changes in transition from HOMO to LUMO or to conduction bands; the quantity denoted by
AQ given by equation 3.19 is a good indicator of how much structural re-organisation occurs

upon excitation:

1/
AQ = Zai m, z (Re,ai - Rg,ai (3-19)
Where ‘a’ enumerates the atoms, i = x, y, z, m, is the atomic mass of species a, and Ry /¢ 4; 18

the position of atom ‘a’ in the ground/excited state, respectively.

In order to evaluate the performance of HSE06 for calculations of defect excited states,
I have undertaken ab initio calculations using the CCSD [127], CCSD(T) [128], EOM-CCSD
[129,130], CASPT2 [133], and MRCI [131] methods, performed for a model compound
(shown in Fig. 1b) cut from a 98 atom supercell containing one ring of h-BN atoms surrounding
the defect. Calculations were performed using MOLPRO [182] and Gaussian16 [183]
packages. Additional DFT calculations using the CAM-B3LYP functional [168,169], an
asymptotically corrected functional that was the first density functional shown to be able to
treat charge-transfer transitions correctly [41,42], have also been performed on the model

compound.

The PL line shape for selected transitions were calculated in curvilinear coordinates using
the DUSHIN [184] code based on the vibrational analysis obtained from VASP at the I'-point
of the vibrational Brillouin zone; this analysis included explicit projection-out of the three
frequencies associated with macroscopic translation of the crystal, providing an improved
description of perceived critical low-frequency motions and detection of possible imaginary

frequencies associated with transition-state structures.
34



Chapter 3

Theoretical methods and Computational Methods

35



Chapter 4 A survey of Defects in h-BN

Chapter 4 A survey of defects in h-BN

4.1 Potential defect in h-BN

In order to identify the origin of = 2 eV emission one needs to first survey the likely
defects causing such emission. I performed a survey of many possible defects in h-BN. For
sake of brevity in this chapter, I present the theoretical analysis of 35 most likely defects in h-
BN, using density functional theory (DFT). In particular, I focus on potential quantum emission
candidate defects including intrinsic e.g. vacancies and anti-sites and extrinsic defects e.g.
oxygen (O), hydrogen (H), carbon (C), silicon (Si), sulphur (S), fluorine (F) and phosphorus
(P) defects. I chose the defects based on the most likely impurities during the h-BN growth and
processing. For instance, it is known that intrinsic defects like nitrogen (Nv) and boron (Bv)
vacancies exist and act as paramagnetic centres in h-BN [108], carbon and oxygen are readily
incorporated into h-BN during growth, while annealing of h-BN is performed on a silicon
substrate [113], which may cause silicon diffusion into the h-BN [113]. Annealing h-BN
samples in air is shown to increase the number of emitters, which suggests that oxygen related

defects are important as potential emitters [185] as well.

The atomic structures of the 35 considered h-BN defects are displayed in Fig. 4.1. I
consider several groups of defects: Si/C-defects, Stone—Wales defects (labelled SWCn), C-
based defects, O-based defects, native defects, S-based defects, and complex defects, as well
as a few other defects. I have applied the standard defect nomenclature when possible and
adhere to this throughout the thesis. For all of these 35 defects, the imaginary component of
the dielectric function in Random Phase Approximation (RPA) is calculated, using an optical
mesh of 21 x 21 x 1 (generating 147 x 147 x 1 K-points across Brillouin zone (BZ)) and an
optical broadening of 0.06 eV with different polarization of the optical vector, to check for
linear polarization of the defects (an experimental criterion [11]). Within RPA dielectric
function is calculated using the simplest approach based on the dipolar transition matrix
elements between different Eigen functions of the self-consistent Hamiltonian in the
momentum space. I also calculated the band structure in the ground state (GS) in order to
identify promising defects with a HOMO-LUMO gap of around 2 eV (as per experimental

observations [11]). Although in these calculations (for a crude survey of defects in h-BN), the
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excited states are not relaxed and hence the estimate of defect transition energy is not

completely reliable due to the neglect of the relaxation energy. However, one still can have a

rough estimate of transition energies as PBE is well known to underestimate the energies and

thus underestimation of energy by PBE functional and the neglect of relaxation energy almost

cancel each other [11].
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Figure 4.1 Atomic structures of the defects in Table 4.1. SWX denotes Stone—Wales defects, and VCompX
denotes complex vacancy defects.
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In Table 4.1, the results of the present ground state calculations for these defects are

displayed. The values of E}* correspond to characteristic peaks in the imaginary dielectric

function (effectively, peaks in the optical absorption spectrum) for the spin-up and spin-down

channels, respectively. One can see from Table 4.1 that although many defects have Ef' ~

2 eV, However some of the defects have bulk bands and are not linearly polarized either.

Table 4.1 The calculated electronic transition energy of the spin-up defect state, E%, the spin-down defect state, E%, whether
the transition is from/to the bulk band, and whether the transition is optically allowed (energy reported wherever transition is
allowed), and the polarization of the defects displayed in Fig. 2(a). I determined whether a defect belongs to the bulk bands by
inspecting the defect band structure and observing the proximity of the defect level to the conduction or valence band, as well
as the defect level dispersion. The polarization of the defect is determined by the optical absorption spectrum of the defect
along different polarization axes; an absorption peak that exists in one polarization axis but not in the others is an optically

polarized defect. All energies are reported in units of eV.

Defects El Bulk bands? E} Bulk bands? Polarized
Cs - -
Cxn - -
VisCn 1.93 No 2.67 Yes
VNCs 1.44 No - Yes
VNCsN3p 1.00 No 1.00 No Yes
VNVBPi 341 -
Fs 2.00 No 2.00 No No
Si 2.26 No - Yes
VNVBS; 2.72 No 2.72 No Yes
Sn - -
VNNB 2.02 No - Yes
Vs - 2.31 Yes
A%, 2.08 No - No
ViOn - -
VBOZN - -
VNOB - -
VNO2p 2.39 No - Yes
Vs0:2 2.00 Yes 0.87,2.18 Yes
0O-1 - -
0-2 - -
0-3 - -
SW 3.55 No 3.55
SWCy 2.94 No - Yes
SWCs 2.02 Yes - No
VCompl - 167 YGS
VCompZ - -
Sip - -
SigVN 3.28 No 3.28 No Yes
Sin - -
Si-1 2.21 2.21
Si-2 2.20 -
Si-3 1.83 No 1.99 No
Si-4 0.42,0.96 No -
Si-5 3.44,3.75 -
HN 1.75,2.97 No -
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To select potential emitters, I have applied four criteria (as described above), based on
experimental observations, and in order to narrow down the list of potential defects shown in

Table 4.1 i.e.

1. The stability of the emitters against high temperature annealing [99] imply that the positions

of the defect levels are within the bandgap.

2. The observed emitters are in-plane polarized [11] as discussed earlier.

3. E;p; reported in different experimental papers for defects in h-BN is between 1.3 eV and

2.2eV[11,28,32,75,84,86,99,119,120].

4. In addition, since the observed emission from h-BN emitters is sharp with negligible phonon

side band, meaning that Huang-Rhys (HR) factor (Eq. 3.19) for these defects is small.

I then relaxed the excited states after fixing the occupancies and calculated the adiabatic
excitation energies i.e. ZPL for a few defects. I present the results of shortlisted (as per criteria
(1)&(2)) defects in Table 4.2. along with calculated values of AQ and energies of ZPL
calculated using ASCF approach. In the defects in Table 4.2, EX* lies within the bandgap and
criteria (1) and (2) are satisfied. Then, applying criteria (3) and (4) on the defects in Table 4.2,

I found that there are three defect structures that could potentially emit single photons i.e. the
N-anti-site defect (NsVN) (AQ = 0.66 amu /2A), the VnOas defect (AQ = 0.93 amu /2A) and

the VNCs defect for 1°B; to 2°B; transition (AQ = 0.53 amu'/2A). The calculations using
VASP gave values for Ep; that are very close to the values obtained using SIESTA: 2.01 eV,
1.85 eV and 1.33 eV for the VNNB, VNO2B and VNCs defects, respectively. The S, VNCBNSB,
VNVBS;, Si-1 and Si-2 defects, although they satisfy the above four criteria, undergo large
structural changes as quantified by AQ, as defined in eqn. (4.1) (for these defects, AQ = 4.18,

4.91,1.45,9.91 and 5.00 amu'/ 2A, respectively). Such large values for AQ would correspond
to large HR values. The atomic structures of VNNB, VNCs and VeCn defects are zoomed out in
Fig. 4.1. The excited state atomic structures for all these defects are only slightly changed, and
therefore I do not display them. For NV, the main difference between the atomic structure

of the excited and the ground states is that the B-B bond distance drops by 7.7%; for VsCK,
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the N-C distance stretches by 6.3%; for VNCg (1°B1 to 2°B1 transition), which undergoes the

least atomic displacement, the C—B distance stretches by 3.6%.

Table 4.2 The calculated ZPL energy Ep; (in V) and the AQ in amu'/2A for the defects (defined in eqn. (4.1))

Defect ZPL(spin-up) (eV) |  AQ (amu'’2A)
VNVsSi 1.94 1.45
Ss 1.26 4.18
VnSig 0.94 4.00
VNO2B 1.90 0.93
SWCx 2.70 0.30
VsCn 1.11 1.86
VnCs" 1.39 0.53
VnNB 2.12 0.66
Si-1 1.86 9.91
Si-2 2.03 5.00
Si-3 0.62 5.02
Si-5 3.81 5.03
CgNsVn 2.16 491

*The ZPL correpondes to transition between triplet manifold, the true ground state is singlet as is studied in detail in later chapters.

A word on the possiblity of the out of plane distortion of defects VNNB and VNCs is in
order. The defects VNNB and VNCs were thought to have planar Cov symmetry in agreement
with previous calculations [44,73,74,78,118,124]. Although recently a new non-planar ground
state of these defects has been predicted [123] with a lower Ci1 symmetry. To confirm I have
calculated the energy differences between planar and non-planar structures of VNNB and VNCa.
For VNNB the non-planar Ci structure is favoured by only 0.05 eV, while for VNCg Ci structure
is lower in energy by 0.4 eV for singlet ground state, while for triplet state the planar structure
is lower in energy. Moreover, I have calculated using the computational parameters described
earlier the depth of the associated double-well (with details to come in later chapters). In both
cases, the absorption spectra can be broadened by the out of plane distortion. However, because
of the difficulty in assessing reliability of calculations to determine energy difference between
planar and non-planar configuration, I only consider planar geometries. Therefore, I stick with
the planar structure thruoghout the rest of this thesis. All the defects in Table 4.2 have either a
singlet or a doublet ground state. The only defects with a triplet ground state is VsCn and is
exploitable for quantum computation. The defects VNNB and VNCs, for satisfying the criteria’s
for possible emitters and having small HR factors and the defect VsCn having high-spin ground

state, are of interest to us and would be the focus of the thesis from now on.
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Since the basic reasoning behind the suggestion [186] that defects like VNNB, VNCs and
VBCn could be present in h-BN is that impurity atoms will be present in the growth medium,
and that impurity and vacancy defects naturally occur and are likely to be correlated. The
formation energetics for neutral and charged defect species is important to study, therefore. In
the next section, I focus on the formation energetics, thermodynamic and optical transition

levels for VNNB, VNCg and VBCn.

4.2 Thermodynamic charge transition levels and optical transition levels for VNNp,

VNCB and VBCN.

The theoretical studies intended to identify the origin of emission from h-BN so far
have focused on neutral defects [82,186,187]. Consideration of charge states is however,
important as they can become stable as the Fermi energy shifts due to doping (intentional or
native) in the surrounding lattice. As the Fermi level is raised, defect-induced states within the
band gap become filled with electrons and vice versa. In order to check the stability of charge
states of VNNB, VNCs and VBCn defects, I have calculated the formation energies and charge
transition levels (CTL’s) (energies required to oxidize or reduce the defect relative to the Fermi

energy of h-BN).

A word on why the defect formation energy is not used as selection criteria in this thesis
for most probable emitters in h-BN is in order. Indeed previously high value of absolute
formation energy of different defects e.g. VNNB (_8 eV) is used to exclude the possibility of
occurrence of that species in h-BN [118]. Here I briefly highlight the limitation of this
approach. Defects are off course high-energy species however, growth of h-BN and defect
formation is not under thermodynamic control but is instead controlled by the kinetics of atom
deposition. Thus, the atoms come together during formation and may bind into a high-energy
state, but then the barriers to reaction from this may be large enough so the defect stays trapped.
Thermodynamic equilibrium then never occurs, e.g. as in a mixture of H2 and Oz gasses. In
this case, to use energetics to predict composition, one needs to know all of the reaction
intermediates during synthesis. Indeed the experimentally identified defect species in SiC, InN
etc. all have high formation energies [159]. Even in materials formed by van der Waals

heterostructures, kinetically trapped products can dominate, even affording some properties
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that mimic equilibrium [188]. Therefore, I argue that mere calculation of absolute formation
energy cannot determine the probability of occurrence of VNNB, VNCg and VsCn in h-BN as
previously claimed [118]. Therefore, I do not use formation energy as a criteria for predicting

the likelihood of a particular defect species in h-BN in this thesis.

Nevertheless the calculation of formation energy and charge transition levels can give
useful information about the nature of the defects e.g. whether it is a compensating or
recombination center. One should however be careful while applying the standard method of
calculation of formation energy for 3D system to defects in 2D systems like h-BN. For charged
defects the Coulomb energy due to the interaction of charges with periodic images diverge. In
calculations, this divergence is removed by introducing a homogeneous counter charge for 3D
systems to neutralize the supercell. Converged values can be found in the dilute limit, using a
very large supercell. For 2D systems modelled in a 3D cell by introduction of a large vacuum
region, however, this approach is problematic as the counter charge gets distributed across the
entire cell and is therefore not confined within the material [157]. In previous calculations of
defect formation energies for h-BN [78,118,124], this important issue has been ignored, and an
arbitrarily chosen vacuum size leads to errors in values of the charge transition levels or
ionization energies. Wang et al., [157] developed an extrapolation approach to overcome this
problem and applied it to the calculation of ionization energies of a few native defects in h-BN.
In this thesis, I have used the same parameter free approach [158] to overcome this issue of
divergence of Coulomb energy with vacuum size and converged charged transition levels
(CTL) are obtained by an extrapolation of the asymptotic CTL’s expression at large L, (with a
fixed lateral area S) back to the value at L, = 0. This approach has previously predicted the
formation energy of point defects in h-BN very accurately [158].

While for a neutral defect, the definition of formation energy under the Jellium
approximation follows directly from the energy difference between the investigated system and
the components in their reference state. Defect formation energies under different charged
states and transition levels (thermodynamic and optical) are calculated through the following

well established formulism for bulk materials [189].

42



Chapter 4 A survey of Defects in h-BN

VE(a, CI) = E(a, q) — E(host) + Z nip; + CI(Evbm + EF) + Ecorr (4.2)

where, VE (a, q) is for formation energy of the defect @ with net charge q, E(«, q) and
E(host) are the total energies of the defect and pristine supercell, respectively. y; is the
chemical potential of the ith species, n; the number of defects in the supercell, where n; is
negative for number of atoms added to supercell and positive vice versa. In Eq. 4.2 E is the
Fermi energy relative to the energy at the valence band maxima (E,,) in the defect free system
and corresponds to the energy needed to remove (add) an electron from (to) valence band
maxima to (from) a Fermi reservoir. In order to realize different doping conditions, E is varied
from the VBM to the conduction band minima (CBM), of the defect supercell. The last term
of Eq. 4.2 i.e. E;,,, has been added in order to cancel the fictitious interactions between the
periodic images of defects, which may become significantly large for charged defects [190]. In
order to simulate different experimental h-BN growth conditions defect formation energies
have been calculated under N-rich conditions, as it is possible that N2 exists even under typical

vacuum conditions during h-BN synthesis.

In general, the defect formation energy VE (a, q) is a function of E,p,, + Er. This is
owing to the fact that the energy needed to form a positively charged defect (donor) is lower if
Er is close to VBM, as the ejected electrons from defect site has to join electron reservoir
whose energy is Er, while, on the contrary, energy needed to form a negatively charged defect
(accepter) is lower if Ep is close to the CBM. Most point defects can be stable in several
different charge states, depending on the position of the Fermi level. The stable charge state of
the defect is the one with lower formation energy. As the Fermi level is raised; defect-induced
states within the band gap become filled with electrons. The Fermi level positions where a
transition from one charge state to another occurs is technically referred to as “thermodynamic

charged transition levels” given by the following equation,

Ef (q;Er=0)-E” (q/;EF=0)
a’-q

Eq/q/ (Lx,Ly,Lz) = (4.3)

where Ef(q; Er = 0) and Ef(q/; Ex = 0) represent the formation energy of the ¢ and q’
charge states when Fermi level is at 0 eV. These thermodynamic transition levels correspond

to the Fermi-level positions where the formation energies of two charge states of a defect are
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equal. Due to divergence of E,, with ‘L;’, the formation energy of charged defects diverges
and hence the CTL’s diverge too. However, a converged value of CTL’s is obtained by plotting

the quantity E; ./ given by the expression

a

Eq/q/ = Eq/q/(LX,LY; LZ) - m (44)

against the vacuum size and finding the intercept at L, = 0, as shown in Fig. 4.2 for the VNN,

VNCs and VBCn defects. In Eq. 4.4 ‘a’ is a defect-specific Madelung constant. The quantity

13

” remains somewhat constant with different lateral sizes. The converged values of

a
+LxXLy
CTL’s, obtained by extrapolating the asymptotic function of E ./ at large L and finite Ly X

Ly back to the L, = 0 for VNNB, VNCs and VBCl, are listed in Table 4.3.
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Figure 4.2 E .- as a function of vacuum size L.

The optical transition energies (either in absorption or emission processes) differ from
the thermodynamic transition level by the Franck-Condon (FC) shift or E,; as shown in Fig.
4.3. The FC shift can be approximated by the energy difference between a charged defect in its
equilibrium configuration and the same defect when placed in the equilibrium configuration of
an excited charge state. The optical transition levels here, refer to the photoelectron process in

which light is absorbed and electron ejected into the conduction band, and should not be
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confused with the standard defect absorption and emission processes as presented in the later

chapters. These transition levels calculated using HSE06 are listed in Table 4.3.

Table 4.3 Thermodynamic transition levels and Optical transition levels of VNNg, VNCs and VeCn calculated at HSE06
levels.

Defect Transition(q/q/) ETherm. (q/q/) EOpt.Absorb.(q/q/) Erel. EOpt. Emi. (q/q/) Erel.

+1/0 2.82 3.38 0.56 2.17 0.65
VNCB

0/-1 3.18 3.85 0.67 2.87 0.31

+1/0 1.80 2.12 0.32 1.28 0.52
VnNg

0/-1 3.23 3.45 0.22 2.95 0.28

+1/0 1.55 2.12 0.57 0.76 0.79
ViCn

0/-1 1.64 2.41 0.77 0.88 0.76

I EThe™(q/q))

Energy(eV)

Coordinate

Figure 4.3 Configuration co-ordinate diagram showing transition involving capture of a hole (ejection of an
electron) by VxN.

Many of our CTL’s differ from previous calculations [118] as they have used used
different charged correction scheme as discussed in chapter 2. One can note from Table 4.3
many of CTL’S lie in the energy range of interest e.g. the existence of (+1/0) thermodynamic
transition level at 1.8 eV (Fig. 4.3) makes it a potential candidate for observed (_2 eV) emission.

It can be seen from Fig. 4.3 that VNNB'! charge states become stable when the Fermi levels
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moves closer to the valence band. Thus VNNB defect acts as a shallow donor in h-BN, therefore
the level structure of VNNB defect in ‘-1° and ‘+1° charge states is studied in detail in this thesis

(later chapters).

In the coming chapters I investigate in detail the defects VNNB (in neutral, +1 and -1 charge
states) and VNCs in neutral charge state for satisfying the criteria’s for possible emitters and
having small HR factors and the defect VsCn for having a triplet ground state. Since a standard
method of defect identification is the comparison of calculated hyperfine coupling constants
with experimental EPR data, in the next chapter, I present the calculations for hyperfine
coupling (HF) constants for VNNB, VNCs, VBCN and some other important defects and make
comparisons with available experimental EPR data. Since only a few experimental EPR
studies have been reported for h-BN defects. In the next chapters I will also consider the defects
which conform to the models reported in the experimental literature and calculate the HF
constants for the sake of comparison. Therefore, chapter 5 will serve the purpose of proof of
concept and my calculations will fill important gaps in scientific literature and identify the
defect species. Since there is no available experimental data for our shortlisted defects i.e.
VNNB, VNCB, VBCn, our calculations provide useful theoretical data which can be compared

with any possible future experiments.
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Chapter 5 Hyperfine Interaction

As discussed earlier, two types of paramagnetic centres have been identified in h-BN:
(1) three-boron centres (TBC), in which an unpaired electron interacts with three equivalent
boron (B!") nuclei, producing 10-line EPR spectra, and (ii) one-boron centres (OBC), in which
oxidative damage at the centre forces the unpaired electron to interact with only a single B'!,
producing 4-line EPR spectra. The TBC can be deliberately produced either by irradiation [109-
111] or by carbon doping [113], but controllable h-BN oxidation to produce OBCs has not yet
been achieved. Of particular interest is that carbon-doped centres can give rise to intense
photoluminescence [115,116]. Although speculations based on EPR studies have been made

about the form of the TBC and OBC centres [109-114], their exact nature remains uncertain.

A-priori calculations using DFT can provide useful tools for the interpretation of EPR
data such as observed hyperfine tensors. Indeed, such calculations have been helpful in the
identification of point defects in different semiconductors by comparing the experimental and

calculated hyperfine constants [100-104].

To the best of my knowledge, there is no comprehensive theoretical study on the
hyperfine tensors of defects in h-BN and the prospects for their exploitation in quantum
computation. In this chapter, I consider detailed models of the TBC and OBC defects in h-BN,
as well as proposing many new defect centres, particularly defects involving introduced carbon
impurity atoms. Key known properties of the TBC and OBC defects are reproduced including
details of their doublet ground states. Various carbon-related anti-site defects are also
considered in which a nitrogen or boron vacancy is accompanied by a neighbouring carbon-
atom and/or silicon-atom substitution. In particular, defects with possible ground state
conformers of triplet character are searched for, a desirable feature exploitable for quantum

computation.

In the following chapter’s I will combine group-theoretical analysis to guide how such
applications could develop, suggesting new directions for experimental studies for h-BN
defects. These results combined with an analyses of PL properties of h-BN defects would allow

focus on possible quantum qubit applications.

All the calculations presented in the previous chapter involved defects realized in a 98

atom supercell. However, for the calculation of hyperfine coupling constants I embedded these
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optimized supercells in 10x10x1 (136 atoms) supercells using a similar method as described in
Ref. [191] for minimizing the computational cost for large calculations and to ensure no
interaction in planer directions for the calculation of hyperfine coupling (HF) constants. An
increased plane-wave cut-off of 500 eV was used, which was sufficient to obtain a converged
spin density and HF coupling constants (Axx, Ayy, Azz), where Axx, Ayy, Azz are the principle
values of the HF coupling tensor. For these supercells, the I'-point sampling of the first
Brillouin zone sufficed. I have used the non-local Heyd-Scuseria-Ernzerh of hybrid functional
(HSEO06) [164,165], also by taking into account the contribution of the spin polarization of the
core electrons to the Fermi-contact term. This has been shown to produce accurate results for

HF tensor calculation for point defects in semiconductors [101].

I now present the calculated hyperfine coupling tensor and PL data of various defects
in h-BN to make comparisons with the available experimental data. Key results are summarised
in Table 5.1 while expanded results are given in Appendix Table 0.1.

Table 5.1 The average principle values of the HF coupling tensor (AxtAyyt+Az)/3, in MHz, calculated without (with) core

contribution, listing the atoms with dominant spin polarization, for various ground-state (GS) defects in h-BN, with as well as
the nature of a related feasible PL state and its transition energy hv. The Isotope B!! and N'* have been used in this study.

GS PL
Defect Symm. hv (eV) Atoms (AxwtAytAz)/3
Symm. Occupancy” Symm. Occupancy”

Vi Dsp 244 (a)t(e')° 2p (az)°(e’ ) 3.15 B:-B; 32(22)
V! Ds L4 (a})?(az)? - - - -

(oN Ds, 24 (aiH? - - B,-B; -17(-18)¢
VnOas C, 2 (@")*(1a’ )2(a" ) 2y (@")*(1a’ ) (a")? 1.90° B, 554(506)°
VxNg Cay 2B, (a)2(1b,)*(2by)° 2B, (a)2(1b,)°(2b,)* 2.12f N, 66
VnCs Cay L (2a,)%(1b,)°(2b,)° B (2a,)*(1b,)*(2b,)° 2.088 - -
SVNCy® Cay 3 (2a,)*(1b,)*(2b,)° 3B, (2a,)*(1b,)°(2b;)* 1.58¢ C 473
ViCx Cay 3B, (a)*(1b)) (2a,)° 34, (a,)*(1b,)°(2a;)* 1.54 C 28

VsCnSin C, 2y (a”)?(1a’ )'(2a' )° 2y (a”)?(1a’ )°(2a’ ) 2.03" B, 338
VnCsSig C, 2 (1a’' )?>(1a")*(2a")° Zp (1a’' )?(1a")°(2a’" )" 0.62f Si 66

 The ground state is calculated to be '4; and here the results presented are for the lowest-energy triplet state, >B).

® In ref. [114], a signal is observed of magnitude [At+Ayy+4,,|/3 = 22.434+1.4 MHz that is attributed to an N, centre.

¢In Ref. [109], a signal is observed of magnitude |4x+Ayy+A,,|/3 = 117.06 MHz that is attributed to an Ny"' TBC, as well as a signal at 352.70
MHz attributed to an oxygen-containing VxO,z OBC.

4 In Ref. [113], a signal is observed of magnitude |4x+dyy+A4,,//3 = 20.83 MHz that is attributed to the B'' atoms in a Cy TBC.

fFrom PBE calculations, see ref. [44]; est. maximum difference to HSE06 is 0.5 eV.

¢ HSEO6 after correction based on ab initio results, see Figs. 7.1; observed value [11,24,192] of 1.95 eV.

" List of all defect orbitals within the h-BN conduction and valence bands, with their occupancy in the dominant wavefunction configuration.

5.1 Three-boron centre defects (TBC)

Three-boron centre defects are associated with the loss of a nitrogen atom from a site in h-
BN, a site surrounded by three different boron atoms. They are important as they can act as

activation, recombination, absorption, or photosensitivity centres [113,115,116,193]. In
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experiments, they have been observed to display 10-line EPR spectra [109-114], but their
precise chemical nature remains unknown. I consider three possibilities: a simple neutral defect
VN in which the nitrogen atom is just removed from the h-BN lattice, this with an electron
trapped, V!, and its variant in which a carbon atom replaces the nitrogen, Cn. Below I discuss

the results for each of these.
5.1.1 Negatively charged nitrogen vacancy Vn!

It has been proposed that the observed EPR 10-line signal at 117.06 MHz originates
from a negatively charged nitrogen vacancy Vn'! that has a triplet ground state [109]. However,
present and previous calculations [194] predict that V! has D3n symmetry supporting a closed-
shell singlet ground state. Table 5.1 lists this result, labelling the ground state as A} as well
as listing the occupancies in the dominant wavefunction configuration of all orbitals found to
lie in the band gap between the h-BN valence band (VB) and conduction band (CB). In this
case, only two mid-gap orbitals are found in which 4 electrons need be distributed, giving a
simple closed-shell structure expressed in terms of them as (ay’)?(a5)?. All the triplet states
are predicted to be of much higher energy than the ground state singlet. As DFT calculations
of the type I perform have been found to underestimate the stability of closed shell singlet states

1

compared to triplet states [82], this result is likely to be robust. If VN indeed has a singlet

ground state, then it cannot possibly be the source of the observed EPR signal.
5.1.2 Uncharged nitrogen vacancy Vn

This defect has been previously modelled and many key properties determined [195].
In the optimized ground-state structure shown in Fig. 5.1, the three boron atoms surrounding
the vacancy relax towards each other, forming a triangular structure with D3 symmetry; details
of this structure are given in Appendix Table 0.2. The distance between any two of the boron
atoms surrounding the vacancy is optimized to 2.21 A, significantly shorter than the separation
of 2.51 A found between any two N-N or B-B nearest neighbours in pristine h-BN. Such
changes are expected as the atoms surrounding the defect strive to rearrange to eliminate
dangling bonds, possibly liberating a lot of energy, opposed by constraint forces coming from
the surrounding material. Table 5.1 shows the two defect orbitals located within the h-BN band
gap, with the ground state (GS) having, an electronic configuration of (ay)*(e’ )° with A n-

type symmetry and a net spin polarization of 1.0. The calculated spin density is shown in Fig.
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5.1(a), its major contribution coming from the 2p- orbitals of the three boron atoms surrounding
the vacancy (= 0.25 us each), with the remaining contributions arise mostly form the B and N

atoms in the next coordination shell.

Significantly, the appearance of two defect orbitals in the band gap allows for the
possibility of sharp optical absorption and/or emission spectra [44] involving the ground state
and the “E’ excited state, of configuration (ay)°(e’ )?, the emission energy is listed under
column PL in Table 5.I. While such transitions are symmetry forbidden, strong vibronic
coupling associated with Jahn-Teller distortion could provide useful PL spectra. The calculated
PL energy is 3.15 eV as listed in Table 5.1; this value is slightly underestimated as compared
with previous GW calculations [196] as GW overestimates the band gap of h-BN. However,
the excited state is open shell as it contains one electron distributed amongst the two
components of the e’ orbital. This is a different type of open-shell character to that considered
in the high-level ab initio calculations [82] (considered in later chapters) and hence likely errors

in this value are difficult to estimate.

Figure 5.1 Geometrical structure and isosurface of the calculated spin density for the neutral Vy centre in h-BN
shown from (001) plane at isovalue 0.001/°A3. Spin density is concentrated on the labelled atoms, providing
significant hyperfine couplings.

Appendix Table 0.I lists calculated HF coupling constants for various atoms
surrounding VN in its ground state. Table 5.1 lists the average principle value (Axx+AyytAzz)/3
calculated for the HF coupling tensors of the most significant atoms of the defect, Bi-Bs, as 32
MHz when the calculations exclude core contributions and 22 MHz when this effect is added.
An h-BN defect signal has been observed in EPR spectra for the average magnitude of the
principle values of the HF tensor (the Fermi-contact term) at 22.43+1.4 MHz and attributed
[114] to an VN type defect. Present calculations support this conclusion and indicate that the
signal arises from the three boron-defect atoms numbered B1 - B3 in Fig. 5.1, as expected.
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5.1.3 Cnx centre (substitutional carbon impurity)

The optimized structure for the Cn defect obtained when a carbon atom substitutes a
nitrogen atom is shown in Fig. 5.2. The structure has D3n symmetry and is very similar to
pristine h-BN, with neighbouring B-N bond lengths of 1.437A compared to 1.443 A before
substitution. The ground-state electronic structure is predicted to be 24} with, as previously
predicted [194,197] only one orbital in the h-BN band gap. This state has n-type symmetry and
net spin-polarization of 1.0. The calculated band gap of a h-BN sheet (HSE06 method) with a
Cn defect of 5.73 eV is in good agreement with previous studies [194,197]. Fig. 5.2 shows that
the unpaired spin localizes prominently on the pz orbital of the carbon atom. Given the wide
range of values that HF coupling constants can take, the calculated average value of the
hyperfine coupling constant of -17 MHz is close to the observed magnitude of 20.83 MHz (the
sign of HF coupling constant cannot be determined in measurements) [113] in C'-enriched
carbon doped BN. As only one defect orbital lies in the band gap, sharp PL from this defect is

not expected.

Figure 5.2 Geometrical structure and isosurface of the calculated spin density for Cy centre in h-BN shown from
(001) plane at isovalue 0.001/°A3. Spin density is concentrated on the labelled atoms, providing significant
hyperfine couplings.

5.2 One-Boron centre defect (OBC)

Oxidation of mono-vacancies in h-BN has previously been studied with the aim of
investigating the potential degradation of h-BN in the atmosphere and its impact on electronic
and magnetic properties [108]. It has been suggested that oxidized species provides the
paramagnetic centre producing observed OBC 4-line EPR spectra [111,198].
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5.2.1 VnO3s centre

To understand this effect, I consider a possible VNOzs structure in which two oxygen
atoms substitute boron at the defect site, making the simplest-possible oxidized OBC. The
optimized structure for this defect, which has Cs symmetry, is shown along with its calculated
spin density in Fig. 5.3. In Table 5.1 its electronic structure is reported, there being 3 defect
orbitals in the h-BN band gap occupied by 5 electrons in the configuration
(a”)?(1a’ )?(2a”)* to make a 2A” ground state. In this, the unpaired electron is
concentrated on atom Bi and polarizes the oxygen atoms to give them negative hyperfine
couplings. The average value of the HF coupling constant is calculated to be rather large, 506
MHz, in qualitative agreement with the observed magnitude [111] of 352.70 MHz for the OBC
defect. PL from the 24’ is expected at an energy of 1.90 eV [44]. Although the calculated
HF values are not in very close agreement with the experiment, it is worth nothing that the
experiments were performed on a 3D samples [111], and values reported are average of three
HF constants i.e. Axx, Ayy and Azz. Therefore, the overestimation of the HF values in
calculations (on 2D h-BN) are probably due to the unpaired spin density along the vacuum

dimension (as is clear from Appendix Table 0.1), which gives large HF value for Azz.

Figure 5.3 Geometrical structure and isosurface of the calculated spin density for VnOagp centre in h-BN shown
from (001) plane at isovalue 0.001/°A>. Spin density is concentrated on the labelled atoms, providing significant
hyperfine couplings.

5.3 Anti-site defect VNN3

Nitrogen vacancies coupled with nitrogen substitution for boron on adjacent “anti” atomic

sites have been proposed as a likely source of the observed intense room temperature single
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photon emission from 2-D h-BN nano-flakes [11,21]. Recently, very interesting applications
of spin mechanics involving cooling of a mechanical resonator by coupling spin-qubits with
the VNNB defect in h-BN have been proposed. While no experimental EPR data is currently

available for this defect, I simulate its properties so as to aid subsequent spectral assignment.

The calculated geometrical structure and spin density are shown in Fig. 5.4. The structure
has C2v symmetry with a 2B m-type ground state, the unpaired electron density is localized
mainly on the p; orbital of the N1 atom. The ground state electronic configuration of the orbitals
within the h-BN band gap is (a;)?(1b;)*(2b,)° and the PL state also is predicted to have *Bi
symmetry with the (a;)?(1b;)°(2b;)? configuration, as has been previously proposed. PL is
thus predicted to be polarized in-plane along the Cav axis, with calculated adiabatic transition

energy 2.12 eV [44]. This is in agreement with observations and previous calculations [11].

Figure 5.4 Geometrical structure and isosurface of the calculated spin density for VxNg centre in h-BN shown
from (001) plane at isovalue 0.001/°A>. Spin density is concentrated on the labelled atoms, providing significant
hyperfine couplings.

5.4 Carbon and silicon related centres at nitrogen and boron vacancies VnCg, VgCh,

VBCNSiN and VNCBSiB

While VNNB was proposed in the original work [11], many related defects have been
postulated later [44] and here I consider the properties of some feasible defect sites. These sites
are: VNCs (nitrogen vacancy with one of the surrounding borons replaced with a carbon), VsCn
(boron vacancy with one of the surrounding nitrogens replaced with a carbon), VNCsSis

(nitrogen vacancy with one of surrounding boron replaced with carbon and another replaced
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with silicon) and VsCnSin (boron vacancy with one of the surrounding nitrogen replaced with
carbon and another replaced with silicon). For these, optimized structures and ground-state spin
densities are shown in Fig. 5.5. Calculated defect bond lengths are provided in Appendix Table
0.2 and indicate partial stabilization of the dangling bonds present in each defect. Calculated
adiabatic transition energy, ground state and excited state electronic structures are listed in table

5.1

The calculated HF coupling constants for each (as well as the *B1 excited state of VNCg)
are given in Table 5.1 and Appendix Table 0.I. From Fig. 5.5, HF constants are dominated by
the spin densities, which for VNCpg are found to localize on the & orbitals of the carbon and
neighbouring atoms. For VBCh, the spin density is located mostly on carbon and nitrogen n
orbitals, becoming highly delocalized for VsCnSis. Only for VeCnSin, does the spin density

reside on ¢ orbitals, these showing some delocalization.

Figure 5.5 Geometrical structure and isosurface of the calculated spin density for VxCg (isovalue 0.003/°A3 ),
VgChn (isovalue 0.004/°A3), VeCnSiy (isovalue 0.001/°A%) and VnCgSig (isovalue 0.001/°A%) centres in h-BN
shown from (001) plane. Spin density is concentrated on the labelled atoms, providing significant hyperfine
couplings.

Out of all the defects studied, of particular interest is the structure of VNCp which has
been previously predicted to be triplet in character [78,124]. However, I find the ground-state
geometrical structure to be of C2y symmetry and 41 in character. In this thesis (next few

chapters), properties of this defect have been the subject of my comprehensive calculations
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comparing the results of DFT methods including the ones employed here to both ab initio
calculations and various first-principles and empirical DFT calculations using model
compounds to mimic the VNCs defect [82]. These calculations indicate that the presently used
method significantly underestimates the stability of the '41 compared to the lowest-energy
triplet state, B1. Hence, it is clear that the actual ground state should indeed be '4i. The
adiabatic energy difference between these states evaluated by DFT is 0.34 eV, but adding the
correction terms found for the model compound would suggest an energy difference more like
0.74 eV. However, anticipating the possibility that a triplet state is one day observed for VNCa,
results for the *B state are also reported in Fig. 5.5 and Table 5.1. For VsCx, the ground state
is calculated to be of triplet character, whereas for VNCgSis and VsCnSiN, the ground state is

calculated to be doublet (see Table 5.1).

In the next few chapters I will present the present calculations and analysis of level
strcutrues and optical cycles of the most likey defects for single photon emission i.e. VNCs,
VBCx~ and VNNB. Detailed consideration of the available excited states, allowed spin-orbit
couplings, zero-field splitting, and optical transitions will be made and potential application of
these defects in quantum computations discussed. The DFT energies calculated using HSE06
will be benchmarked with high level ab-initio calculations on a representative model
compounds for VNCs and VNNB defects. My results for these calculations and correction

factors are applicable to wide range of systems with considerable open shell character.
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Chapter 6 Benchmarking the applied DFT functionals

Identification of defects in semi-conductors relies on the ability to calculate adiabatic
transition energy within 0.1eV accuracy. This level of accuracy can be achieved only if both
static (for near degenerate states and states involving multi-reference character) and dynamic
electron correlation effects are taken into consideration. In this chapter, I benchmark the DFT
calculations (known to poorly handle the static electron correlation being single reference
method) [199] for the defects VNCs, VBCn and VNNB embedded in periodic structures with

quantum chemistry approaches on a representative model compound.
6.1 Benchmarking the excited states of VNCg

In this section, I benchmark the VNCg defect in 2-D h-NB nanoflakes that occurs if a
nitrogen vacancy has adjacent to it a carbon atom substituting a boron atom. This system is
chosen as it satisfies the criteria (described in chapter 4), also this defect shows considerable
complexity, with many unresolved issues concerning interpretation of experimental data
[73,78,124,200,201], that may form a paradigm for the general understanding of the associated
phenomena e.g. non-magnetic ground state, two groups of emitters etc. [11,21,194,195,202-
205]. DFT and TDDFT results for 25 states of a model compound and for a periodic molecular
layer are compared to each other and to MRCI, CASPT2, CCSD(T), CCSD, and EOM-CCSD
calculations, seeking efficient and reliable methodologies. Features considered include:
relative state energies at vertical and adiabatic geometries, the band widths of photo-absorption
and photoemission spectra, and the effect of choice of density-functional type, all discussed in
a context of the chemical forces operative at defect sites and the open-shell nature of defect

singlet states.

Most DFT calculations use the HSEO6 density functional [164,165] as this hybrid
density functional is the highest-rung functional commonly available in periodic-lattice codes
(this is the case in VASP [166,167]). It has also been shown to be quite successful at
reproducing the bandgap of many semiconductor materials [100,191]. In the present work, |
focus on the application of this functional along with the range-corrected hybrid functional,
CAM-B3LYP [43,168,169]. This functional represents the entry level for calculating
molecular spectroscopy when charge transfer states are important. It is, however, not yet

implemented in any periodic boundary condition code such as VASP; I therefore restrict its use
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to model compounds. TDDFT calculations need to be performed based on a reference

wavefunction and so I focus on the critical importance of this choice.

The structures [124,200] of the VNCs defect in a periodic lattice and in a model
compound are depicted in Fig. 6.1(a) and Fig. 6.1(b), respectively. These structures have all
atoms planar with local C2v symmetry around the defect. Using the standard axis conventions
for planar molecules [94,95], the irreducible representations of this point group are a1 and b2
(of o type) and b1 and a2 (of © type); note that a variant definition is possible that is sometimes
used in which b1 and b2 are interchanged. The ground state or any excited state could show
distortions from Cav symmetry, with the defect perhaps distorting from planarity, forming
structures such as those shown in Fig. 6.1 c-d. Through use of Cav symmetry labels, I present
a simple understanding of the basic spectroscopic properties of this defect and its propensity to

undergo such distortions.

The model compound shown in Fig. 6.1(b) has one ring of h-BN atoms surrounding the
defect. How this ring is terminated determines the overall electronic structure, and in Fig. 6.1(b)
hydrogen atoms are used at all sites. Substitution of BH2 and/or NHz for the hydrogens placed
on the Cay axis would allow variation between possible quinonoid, semiquinoid, and benzenoid
model compounds. This small compound is adequate for the benchmarking studies. Adding
additional rings of B-N around the defect would describe long-range effects more robustly but
rapidly make the quantum chemical calculations intractable. Nevertheless, I find later that
results for the model compound and the periodic structure are reasonably different. Some
calculations are also performed on the expanded two-ring model compound shown in Fig. 6.1e
and further expanded model compounds with more atoms and are shown in Appendix Table
0.3 (showing that the state energies obtained for the model compound tend to converge to the

corresponding 2D energies with increasing the size of model compound).

The electronic structure of the defect is considered in terms of six defect orbitals
interacting with the valence and conduction bands of the h-BN layer [124]. These comprise
one o-type orbital and one 7m-type orbital taken from each of the two defect boron atoms and
the defect carbon atom. In Fig. 6.2. are shown the molecular orbitals calculated with HSE06
with highest defect-orbital character, i.e. orbitals with DFT energies that lie within the band
gap; a feature of immediate note is that these all embody significant delocalization into the
surrounding material and so any classification scheme can be only qualitatively descriptive.

The o molecular orbitals are named 1ai, 2ai1, and bz, whilst the © orbitals are named 1b1, 2bi,
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and az. This notation is adapted, as it is invariant to the number of atoms used to model the

defect, applying to both model compounds and model 2D slabs.

Each set of orbitals takes on a form similar to that found in 3-centre 2-electron bonds,
usually described in terms of “bonding” orbitals (1a1 and 1b1), “non-bonding” orbitals (2a: and
2b1), and “antibonding” orbitals (b2 and a2), but delocalization of orbitals into the surrounding
material significantly distorts their shapes. Further, those labels are misleading as the C-B and
B-B distances are large, possibly beyond the singlet-triplet instability point of the “bonds” that
could be driven by occupancy of the “bonding” orbitals. Hence, the energy differences between
the various orbital combinations are small. The critical orbitals associated with VNCs are shown
in Fig. 6.2. HSEO06 calculations place three of these six molecular orbitals within the band gap
of h-BN, with the lowest-energy orbital (lai) being within the valence band and the two
antibonding orbitals within the conduction band. In neutral VNCs, four electrons are available
to occupy the six defect-site orbitals. Two electrons always occupy the deep lying la: orbital
so that the location of the other two electrons typically defines the nature of the low-energy
electronic states. However, to describe quantitatively all low-energy states of VNCs of possible
current interest, the two high-lying h-BN valence-band orbitals and two conduction-band
orbitals are also included in Table 6.2. The greater character that a transition has of such
orbitals, the less appropriate are defect cluster models. While this situation is quite complex,
the issues raised will be apt for general situations involving defects in 2D materials, making

VNCs a paradigm example.
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(c) AE=- 139eV , (d) AE= zozev v

Figure 6.1 The VNCg defect in which a nitrogen vacancy is neighboured by a carbon substituting boron is
represented as either (a) a lattice of periodic defects or (b) a model compound with C,, symmetry. On relaxation
below C,, symmetry, the model compound forms 3-D structures (c) and (d). An expanded model compound is
(e). Cyan- carbon, blue- nitrogen, peach- boron, white- hydrogen.
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Figure 6.2 Critical orbitals largely associated with the defect site in VnCs

The energies of some 25 low-energy electronic states of the model compound are
compared in Table 6.1, all evaluated at the same test geometry. This geometry was obtained
by optimizing the structure of the 2-D layer for the (1)°B: state, cutting out the model
compound and then adding and optimizing terminating hydrogen atoms. HSE06 predicts that
(1)’B1 is the lowest-energy state at this geometry whilst CAM-B3LYP, CCSD(T) and MRCI
predict instead that (1)!Aj is lower in energy. In the Table, all energies relate to that of (1)'A1.

In Table 6.2, the dominant orbital occupancies for the 25 states considered are listed.
Proper inclusion of the orbitals listed, as well as other significantly coupled ones, is critical to
any calculation. In particular, the choice of active space presents a significant practical issue in
performing MRCI and related calculations, particularly in situations such as this where many
different orbitals contribute to the low-energy states of interest. As detailed in Table 6.2, 5
different active spaces were used in MRCI calculations, with the results in Table 6.1 being the
obtained averages, with the standard deviations of the whole data set being 0.07 eV. This value
provides a basic estimate of the precision of the method. Similarly, two active spaces are used
in the CASPT2 calculations, with the standard deviation increasing to 0.3 eV. That the
difference found between the two methods is so large is indicative of strong electron correlation

within the defect.

DFT calculations are also subject to implementation variations; to investigate this,
results for 6 states are compared in Table 6.2, obtained using Gaussian-09, applying the cc-
PVTZ basis set, and using VASP, applying PAW pseudopotentials and a truncated plane-wave
basis set. On average, the cc-pVTZ calculations place the excited states higher in energy by
0.0620.02 eV. Errors of this order thus represent the basic precision of the DFT calculations

and are similar in magnitude to those associated with MRCI active-space choice.

Table 6.3 provides a comparison of average and standard-deviation differences in

excited state energies obtained by comparing the various computational results presented in
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Table 6.1 to each other. The second column of Table 6.3 crudely summarizes the results,
providing an overall estimate of errors expected from various DFT approaches, standardized
against the ab initio methods. For some states, these error estimates are within the precisions
discussed above for calculation evaluation, whereas in other situations the DFT results differ
on average by up to 1 eV from the higher level methods. I proceed by considering the properties
of the different electronic states involved, as well as those of the different DFT and ab initio
methods used to model them.

Table 6.1 Energies (in V) of various states of the VNCs model compound (Fig. 6.1b) with respect to (1)' A1, evaluated at the
test geometry.?

CCSD EOM- EOM-  HSE06 HSE06 HSE06 HSE06 CAM CAM CAM

State MRCI® CASPT2° CCSD (T) CCSD-S CCSD-T VASP G09 TD-S TD-T TD-S TD-T
2)'A 2.30 273 2.03 2.06 2.11 2.61

(D'B1 145 0.94 1.25 0.63 0.62 0.39 0.91

(2)'B1 2.98 3.44 2.57 261 3.05 3.06

(3)'Bi 4.24 4.65 3.62 428

(4)'B1 4.68 4.96 5.53

(D)'B2 519 422 4.79 3.89 3.96 4.36 4.56

(@)'B2 515 437 4.62 3.79 3.84 4.34 4.40

(D'A2 328 3.03 3.36 2.34 2.22 2.74 3.01

(2)'Az 436 3.37 4.02

(1’A1 3.96 3.50 3.97  3.66 4.01 3.09 3.17 3.14 3.63 3.62
(2yA1 417 425 487 4.92
(3)’A 437 449 5.16 5.23
4y A1 469 481 5.19 5.45
(5’A 5.22 557 5.5 5.07 475 5.05 5.30 5.34
(1B1  0.32 0.02 024 024 0.25 [024] -020 -0.16 -0.59 [-0.16]  0.09 -0.61  [0.09]
(2)°B:1 2.34 2.63 3.01 1.99 2.07 1.80 2.10 2.52 2.20 2.62
(3)’Bi 4.33 3.49 3.57 4.16 4.16
(4)°Bi 4.49 5.00 5.04
(5’°Bi 522 4.49 5.26 5.33
(1)’B2 419 401 421 4.59 3.55 3.35 3.57 3.91 3.75 421
(2B2 496 4.66 474 442 4.60 3.91 3.76 3.95 4.46 432 4.97
(1PA2 327 242 3.01 285 332 3.18 2.23 2.29 2.15 2.26 2.70 2.94 2.83
(2y’Az 433 429 3.29 3.38 3.94 3.89
(3yAz 3.96 525  4.65 4.05 3.96 4.78 4.76

CAM = CAM-B3LYP; EOM-CCSD and TDDFT calculations are preformed from both the (1)'A; reference state (“-S”) and the (1)°B,
reference state (“-T”). ® Average of 5 calculations using different active spaces, +0.07 eV. ¢ Average of 2 calculations using different active
spaces, £0.3 eV.
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Table 6.2 Dominant state occupancies and details of CASPT2 and MRCIC calculations.

Dominant orbital occupancy® CASPT2 MRCIC

State v Ve la 2a Ib 2b b a Ca G 58 69  ae 69 (8 (10 (10102 (10.10b) ave.
a2 2 2 2 0 0 0 0 0 0 [0] [0] [0] [0] [0] [0] [0]
@A 2 2 2 0 2 0 0 0 0 0 233 226 2.30

MmB, 2 2 2 1 1 0 0 0 0 0 09 091 0.94 1.57 151  1.54 1.45 144 145
@B, 2 2 2 1 0 1 0 0 0 0 308 288 2.98

@B, 2 2 2 1 0 0 0 0 0 1 424 4.24

@B, 1 2 2 1 2 0 0 0 0 0 4.68 4.68

MB, 2 2 2 1 0 0 1 0 0 0 407 436 422 5.44 527 511 519
@B, 2 1 2 2 1 0 0 0 0 0 429 444 437 514 515 5.15
Mma 2 2 2 1 0 0 0 1 0 0 304 301 3.03 341 337 342 3.28 327 3.8
@A 2 2 2 1 0 0 0 0 1 0

aya 2 2 2 0 1 1 0 0 0 0 351 349 3.50 398 397 396 3.96 396 3.96
GPA, 2 2 1 1 2 0 0 0 0 0 523 520 5.22

B, 2 2 2 1 1 0 0 0 0 0 -003 007 0.02 0.40 037 041 0.35 028 032
@B, 2 2 2 1 0 1 0 0 0 0 234 234 2.34

@3B, 2 2 2 1 0 0 0 0 0 1 433 433

B, 2 2 1 2 0 0 0 0 0 1 5.22 5.22

(»¥’B, 2 2 2 1 0 0 1 0 0 0

@B, 2 1 2 2 1 0 0 0 0 0 443 488 466025 525 496 497 4.92 500 496
@3B, 2 1 2 2 0 0 0 0 1 0 67 705

ayYa, 2 2 2 1 0 0 0 1 0 0 269 214 24403 362 363 3.60 3.27 326 327
@A, 2 2 2 1 0 0 0 0 1 0

G¥A, 2 1 2 1 2 0 0 0 0 0 366 425 39404

@A, 2 1 2 1 1 0 0 0 1 0 435 435

*The critical defect-dominant orbitals are shown in Fig. 6.2; to describe the above states, to these are added the highest-energy valence band
(V) orbitals of b, and a, symmetry, as well as the lowest-energy conduction-band (C) orbitals of a, and b; symmetry.

6.1.1 Triplet states

Calculations of energy differences within the triplet-state manifold are perhaps the ones
that are least prone to systematic errors, and one would expect the CCSD(T) and DFT results
both to be reliable. For triplet states, according to the Gunnarsson-Lundqvist (extended Kohn-
Sham [206]) theorem [163], DFT energies can be evaluated directly for the lowest-energy state
of any given spin or spatial symmetry. Sometimes higher-energy states can also be identified,
provided that convergence criteria are set course enough. Higher energy states of the triplet

manifold are evaluated using the ASCF approach.

While Tables 6.1 and 6.3 presents state energies relative to (1)'A1, Table 6.4 depicts
the higher-energy triplet states relative to (1)*B1 triplet ground state to focus only on properties
of the triplet-state manifold. Comparisons are made for ASCF calculations using the PBE,
HSE06, and CAM-B3LYP density functionals. HSE06 performs best with an average
difference to CCSD(T) of -0.10+£0.07 eV; CAM-B3LYP shows its customary over-estimation
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[42,43] of energies by ca. 0.2 eV, with an average difference of 0.16+0.12 eV, while PBE
results are very poor at -0.90+0.29 eV. Clearly, PBE is inappropriate to the study of defect sites
and I do not investigate this method further. In addition, comparisons are also made to TDDFT
results obtained using direct calculations with (1)°B1 as the reference state, returning similar
differences of -0.07+0.20 eV for HSE06 and 0.32+0.21 eV for CAM-B3LYP, with the
variability of the results increasing somewhat compared to ASCF calculations for each

individual state.

In addition, Table 6.2 also compares results within the triplet manifold for MRCI,
CASPT2, CCSD, and EOM-CCSD to those from CCSD(T). Average differences are of order
0.3 eV, indicating variability in the quality of the treatments of the 6 excited states considered.
In principle, the CCSD(T) calculations are expected to perform well as they contain a consistent
treatment of triples excitations, but the MRCI and CASPT2 approaches better include any
multi-reference character. In the absence of MRCI calculations including full inclusion of
triples excitations, it is difficult to make an estimate of likely errors based on convergence of
the ab initio results towards the exact answer for the basis set used, but combining the ab initio
and DFT results is suggestive that triples excitations are more important than multi-reference
character amongst the triplet manifold. A conservative analysis is that the CCSD, MRCI and
EOM-CCSD methods can only determine state energies to an accuracy of on average 0.3 eV.

EOM-CCSD(T) is an additional method that should prove useful in these applications [135].
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Table 6.3 Corrections to add to DFT calculated transition energies from (1)'A1 (second column, in eV), determined from
averaged differences in transition energies predicted by the methods listed in the rows compared to those in the later columns,
for the VNCg model compound (Fig. 6.1b), evaluated at a test geometry.

CCSD  EOM-  EOM-  HSE06  HSEO6  HSE06
method — Corr. — MRCL — CASPT2 ~ CCSD (T)  CCSD-S__ CCSD-T _ closed  open trip.
8
CASPT2 0.6+0.3
4 7
cesb S0.150.1  0.5+0.4
CCSD(T 4 7 8
) 20302 01303 —03%02
EOM- 7 10 4 4
CCSD-S S02402 04802 01302 02402
EOM- 3 5 5 5 5
CCSD-T 200401 0403 00803  02:02 01402
HSEOS oo 1 1 I
closed ’ -0.2 0.6 0.1
HSE06 Lo 4 5 5
open ’ -1.1£0.2  -0.5%0.1 —-0.840.1
HSEOS 4 7 7 7 5 6
trip : 08502 0302 08802 —0.5:0.1 —-0.7:02 —0.7+0.3
HSEOS 7 13 4 4 13 6 5 5
TD-S : SL1502 —0.5403  —0.9+0.1  —07+0.1 09401 -1.1+0.2 0.0£0.1  -0.240.1
HSE06 4 8 7 7 6 8 8
TD-T 07  —08402 —03:03 -07+03 05802 —07:02 —0.8+0.4 0.040.1
8 13 8 8 10 6 1 5 8
CAM 03 05502 01£03 -03:0.1 01502 03502 0303 05 04301  0550.1
CAM 0s 7 13 4 4 13 6 5 5
TD-S : 206402 00:04  —04+03 —03%04 04402 —0.6+0.2 05:0.1 02404
CAM o 4 9 7 7 6 8 8
TD-T 2 03502 02403 02802 0102 01303 0302 0.6£0.2
HSEO6  HSE09 CAM
™s 1  “AM  1pg
HSE06 10
TD-T 0.240.1
10 8
CAM 05£0.1  0.4+02
CAM 19 1 10
TD-S 06£02  04+03  —0.1+03
CAM 1 14 8 12
TD-T 08502 0.6£02 01302 0203

Listed are the number of states used in each comparison, the average difference (in eV), and its standard deviation (in eV). CAM = CAM-
B3LYP; HSEO06 direct energy calculations for closed-shell singlets, open-shell singlets, and triplet states are shown separately; EOM-CCSD

and TDDFT calculations are preformed from both the (1)'A, reference state (“-S”) and the (1)°B; reference state (“-T”).

Table 6.4 At the reference geometry, the second column shows the CCST(T) calculated triplet-state energy differences AE
compared to (1)°By, in eV, adapted from Table 6.1, while the remaining columns show the differences from these results

obtained using other computational methods, again in eV.

e COD MRl CASPT2 cesp Eows EowT ML HSEDS FSEDG ¢y TCAM CAM
(1’A, 3.42 0.22 0.06 0.31 0.35 -0.09 -0.12 0.12 0.11 -0.59
(5’°A, 491 0.29 0.42 -0.08 0 0.3 0.3 034 -1.42
(1)’B, 3.77 0.18 0.19 0.58 -0.06 0.17 -0.04 005 0.59 035 -0.82
(2)°B, 4.18 0.46 0.46 0.32 0.17 -0.11 0.17 -0.07 0.19 0.75 0.7 -0.97
(1)*A, 2.61 0.34 -0.21 0.16 0.46 0.33 -0.16 0.13 -0.19 0 094 0.13 -0.67
3)’A, 441 -0.47 0.6 -0.2 -0.29 028 026 -0.95

average 0.34 0.03 0.33 0.27 0.30 -0.10 0.16 -0.07 0.16 0.76 0.32 -0.90
standard deviation  0.12 0.37 0.16 0.16 0.27 0.07 0.02 020 0.12 0.18 021 0.29
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6.1.2 Closed-shell singlet states

Only two closed-shell singlet states are considered, (1)!A1 and (2)'A1. Ofthese, (1)'Ai
is of critical importance as most calculations predict it to be the ground state. Typically, closed-
shell singlet states are the easiest to calculate as they are often dominated by single-reference
character and lead to chemical stability, but this scenario is unlikely to apply to defect states.
In (1)! A1, the 2a; orbital (see Fig. 6.2 and table 6.2) is doubly occupied, whereas, in (2)' A1, 2bi
is doubly occupied instead. Both involve electron delocalization over atomic centers that are
a long way apart, an unusual property that inherently introduces multi-reference character into
wavefunctions. The inter-atomic interactions are barely strong enough to support this
delocalization; to allow the electrons to localize on individual atomic centers, the mixing in of
double excitations, from amongst in particular the critical defect orbitals shown in Fig. 6.2,
must occur. In general in molecules, this issue becomes critical at bond-broken geometries
beyond the singlet-triplet instability point [38], leading to poor results for DFT ground states
and catastrophic failure of TDDFT for excited states. This effect is known as “static electron
correlation” and is a distinctly different phenomenon to the dynamical correlation effects

addressed in different ways by the DFT and ab initio calculations.

Whereas Table 6.4 shows excellent agreement between DFT results and CCSD(T)
calculations for energy gaps within the triplet manifold, Tables 6.1 and 6.3 report energy gaps
with reference to (1)!A1. For HSE06, the average deviation from CCSD(T) for the triplet-state
energies relative to the singlet ground state becomes -0.5+0.1 eV (Table 6.2) compared to -
0.10+0.07 (Table 6.4) for relative energies within the triplet manifold. This is indicative of the
serious issues involved in obtaining a realistic electronic structure for (1)'A;. CAM-B3LYP
performs much better, however, the error with respect to (1)'A1 being just 0.1+0.2 eV (Table
6.2).

All of the CCSD(T) and the DFT calculations are based on single-reference
wavefunctions and so are subject to errors associated with the multi-reference nature of (1)!A.
Insight into the process is obtained by comparing CCSD(T) results to CCSD in Table 6.3:
CCSD(T) systematically includes much more of the multi-reference character than does CCSD,

with CCSD transition energies being on average 0.3+0.2 eV higher in energy.

While CCSD and more so CCSD(T) (asymmetrically) include static electron

correlation to some extent, DFT largely misses it. If the effect is too severe then DFT
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calculations yield open-shell singlet states with lower energies than analogous closed-shell
states. I tested for this effect and found it not to occur, meaning that DFT and TDDFT should
deliver qualitatively useful results, as I find; the question then becomes one of quantitative

accuracy.

An alternative ab initio computational method to CCSD(T) giving results independent
in quality of the degree of multi-reference character is MRCI and its approximation CASPT2.
These method embodies exact treatment of exchange and correlation within selected key
orbitals, coupled to either variational or perturbation treatments of the dynamic electron
correlation. The MRCI calculations that are performed here are truncated at the level of singles
and doubles expansion and hence do not include the triples contributions identified as
significant for the relative energies of the triplet-state manifold, however. The errors listed in
Table 6.3 for HSE06 compared to MRCI are -0.8+£0.2 eV, being also -0.6£0.2 eV for CAM-
B3LYP; these are very much larger than the ca. 0.3 eV magnitude errors associated with neglect

of triples excitations and emphasize the failure of DFT for the closed-shell (1)' A1 state.

Indeed, HSE06 predicts that (1)°B; should be the ground state at an energy 0.16 eV
lower than that of (1)!Ai, owing to its poor treatment of (1)'Ai, whereas MRCI, CCSD,
CCSD(T), and EOM-CCSD all predict it to be ca. 0.25 eV higher in energy. For this result, of
significant immediate concern regarding interpretation of spectral data for h-BN [201], the ab
initio methods yield robust results while the DFT calculations suffer from significant
systematic errors. CAM-B3LYP more realistically predicts the triplet state is less favored by
0.09 eV (Table 6.1), whereas PBE predicts it to be more stable by 0.59 eV (Table 6.3); these
results form a basis for a first-principles understanding of the nature of the density functionals

involved [42,43].

TDDFT calculations based on the (1)'A: reference state provide another way of
calculating properties of the triplet-state manifold. Table 6.4 highlights these in terms of their
ability to predict properties from purely within the triplet-state manifold: HSE06 performs very
well, with average errors compared to CCSD(T) of 0.16%0.2 eV, similar to the ASCF results of
-0.10+0.07 eV and the (1)’Bi-reference TDDFT results of -0.07+£0.20 eV. However, analogous
CAM-B3LYP result fail badly, the error being 0.76+0.18 eV compared to 0.16+0.12 eV
(direct) and 0.324+0.21 eV (triplet reference). The results serve to stress the great danger in

performing TDDFT calculations based on closed-shell reference functions when the ground
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state is actually multi-reference in nature [38]. Such approaches should not be applied to model

defect-state spectroscopy.

Associated with strong multi-reference ground-state character is often the presence of
low-energy doubly excited electronic states. Indeed, (2)'A1 is predicted by all computational
methods to be the second-lowest energy singlet excited state, the lowest-energy singlet excited
state being the open-shell state (1)!Bi for which (2)'A; is the associated doubly excited state
from (1)!A1 (see Table 6.4). The difference between the CCSD(T) energy of 2.03 eV and the
CCSD energy of 2.73 eV (Table 6.1) is very large and suggestive of the much better treatment
of static electron correlation that CCSD(T) affords. HSE06 and CAM-B3LYP predict 2.11 eV
and 2.61 eV, respectively. TDDFT and EOM-CCSD inherently misrepresent doubly excited

states and are not suitable for their search.
6.1.3 Open-shell singlet states

Many examples of open-shell singlets are reported in Table 6.1. Calculation for these
states are even more complex than those for closed-shell singlets as they are intrinsically open-
shell in nature, being represented at the simplest level as an equally weighted sum of two Slater
determinants. This minimalistic treatment of static electronic correlation is provided by the
MRCI, CASPT2, EOM-CCSD, and TDDFT methods but not but by CCSD, CCSD(T), or
ASCF approaches. An ab initio extension of CCSD(T) to include multi-reference effects is
available [141,142], as is a successful empirical extension of DFT[143]; also, methods that
merge the two approaches that are applicable to periodic materials are being introduced [ 144-
154]. However, such approaches are poorly available and rarely applied in practice, despite

their desirability.

In lieu of a first-principles approach, ASCF calculations of open-shell singlet states are
usually performed using an empirical multi-reference ansatz: the energy of spin-contaminated
states calculated by setting the number of spin-up and spin-down electrons to be the same whilst
setting the orbital occupancy (see Table 6.2) of an open-shell excited state is assumed to be the
average energy of the singlet and triplet states [207]. By also calculating the energy of the
triplet state at the same geometry, the energy of the singlet state can thus be estimated. In
principle, forces can be determined using the same ansatz and hence geometries optimized, but
in practice often only the energy of the spin-contaminated state is optimized. As spin

contaminated states violate the Gunnarsson-Lundqvist theorem [163], they are not valid
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solutions to DFT and hence any meaning associated to them is purely empirical. The possible

consequences of this for the complex states manifest at defect sites remains unknown.

Tables 6.1 and 6.2 depict relatively good agreement between MRCI and EOM-CCSD
calculations for all states, but specifically, for the 4 open-shell singlet states treated by both
methods, the average EOM-CCSD difference to MRCI is only —0.26+0.27 eV, despite the
multi-reference nature of the states. This is small compared to the differences between ab initio
and DFT results: 1.2+0.2 eV (ASCF) and 1.1+0.2 eV (TDDEFT) for HSE06, with also 0.6+0.2
eV (ASCF) and 0.7+0.2 eV (TDDFT) for CAM-B3LYP. For both density functionals, the use
of empirical ASCF schemes yields results very similar to TDDFT (0.0+0.1 eV for HSE06 and
0.1£0.3 eV for CAM-B3LYP from Table 6.3), so this approach is not the cause of the problem.
Rather, the problems are intrinsic ones associated with the poor treatment of multi-reference

character in traditional DFT.
6.1.4 Geometry optimization and chemical forces

Some other issues concerning calculation of the properties of defect states are presented
in Table 6.5. In this table, all energies are reported at geometries individually optimized with
most columns referring to the model compound whilst the last two columns are for the 2-D
material. CAM-B3LYP, CCSD(T) and EOM-CCSD single-point energies are also evaluated at
these structures. Geometry optimization is seen to enhance the effects found previously at the
reference geometry. ASCF calculations, TDDFT, and CCSD(T) tell a consistent story for the
triplet manifold, whilst empirical DFT and TDDFT give similar results for the open-shell
singlet states that are far removed from the EOM-CCSD ones. As the ground state of a defect
is determined by the adiabatic differences in state energies evaluated at fully optimized
geometries, reliable DFT predictions of defect properties becomes difficult and human-
intuition dependent. Understanding how the errors in the DFT calculations change with
geometry requires understanding the operational chemical forces and their consequences

concerning the shapes of the potential-energy surface manifolds.
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Table 6.5 Energies (in eV) of various states of the VNCp model compound and related periodic 2-D material (Fig. 6.1),
evaluated at their adiabatic minimum-energy geometries, as well as the HSE06 free-energy correction AGcorr, in eV at 298
K, the nature of any imaginary frequencies, the reorganization energies A depicting the width, in eV, of spin-allowed
photoabsorption (and approximately PL) spectra from either the (1)'A1 (singlet) ground state or the (1)°B1 (triplet) ground
state.

Model compound 2-D
A
Statt HSE06 HSE06  HSE06 HSE06 CCSD(T): EOM- .  Imag. A A HSE06
G09  VASP TpDFT*  Est CcCSDe AU Preq.  HSE0SM  CCSD® B%ﬁls\(/[[;* vasp  HSE06
(D'A (0] (0] (0] -1.2 [0] [0] [0] b [0] [0] [0] [0] [0]
2)'A; 193 2.50 4.28 221 -0.04 ayb," 3.32 246 241 2.46 1.15
()'B, 1.59 1.54 [1.54] 230  0.00 none 0.50 0.43 0.47 1.08
(2)'B, 3.00 2.82 3.97  0.02 by 0.56 0.34 0.35
(D'B, 4.55 4.36 591 020 b, 0.76 0.14 0.25
(2)'B, 3.82 3.53 440 -0.11 b 0.41 0.35 0.31
(D'A, 2.41 247 335 -0.05 none 0.72 0.84 0.81
2)'A, 3.83 4.01 482 -0.17 b 0.77 0.80 0.80
(YA, 401 427 4.00 479 461 011 abiby 068 07 069 300
(1B,  0.77° 0.71 [0.77] [0.77] -0.04 none [0] [0] [0] 0.34 [0]
(2)°B; 2.47 2.70 2.05 1.21 -0.18  byby 0.19 0.30 1.92 0.18
(1B,  3.81 4.02 3.59 4.18 -0.02  ayb 1.03 1.65 1.40
2B,  3.70 4.24 2.76 4.04 -0.16 by 0.63 0.81 0.39
(1°A, 238 2.28 1.7 291 -0.18 none 0.59 0.56 0.59
2)°Az 3.11 324 -0.25 axb,b, 041 0.48
(3)YA, 448 4.47 5.5 -0.13 by 0.46 0.54 0.38

2 singlet states from (1)'A, reference state, triplet states from (1)°B; reference state. ° Crude estimate based on DFT orbital energy differences
at the (1)'A, geometry added to the TDDFT energies of (1)'B; and (1)°B;. ©evaluated at HSE06 geometries optimized using DFT or TDDFT.
4 TDDFT except ASCF for (2)'A;. ¢ EOM-CCSD for open-shell singlets else CCSD(T). f 0.72 eV using 2-ring structure Fig. 6.1e. & also
imaginary for the 2-ring compound in Fig. 6.1e. " local minimum for 2-ring compound in Fig. 6.1e.

Normal-mode analyses were performed at all HSE06 excited-state structures optimized
by TDDFT, with the nature of the optimized stationary points determined. Not all optimized
structures are found to be local minima on the potential-energy surface, and the symmetry of
modes found to break Cov symmetry are listed in Table 6.5. These modes are mostly out of
plane modes that lead to a variety of low-symmetry structures, with most acting to try to rejoin
bonds to heal the defect. Most significantly, the lowest-energy state found at Cov symmetry,
(1)'A1, undergoes a displacement in a b1 model leading to a structure of Cs symmetry with a
HSEOQ6 energy change of AE =-0.27 eV, followed by a second displacement to a C1 symmetry
(Fig. 6.1c) at AE = -1.39 eV. However, relaxation of (2)'A1 leads instead to a lower-energy
structure at AE = -2.02 eV (Fig. 6.1d) that is the lowest-energy structure found by HSE06 for
the model compound. In these structures, the molecular plane buckles to bring defect atoms

close enough together to form bonds.

The chemical forces driving these transformations will also occur for VNCg defects in

2-D and 3-D materials but will be opposed by constraining forces coming from the h-BN layer
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and the surrounding environment. In considering defect sites, in general, strong chemical forces
of this nature will arise and the strength by which they are opposed will control the structural
and spectroscopic properties of the defect. Optimization of 2-D layers containing the VNCs
defect results in various states all of which display Cav symmetry, indicating that in this case
the restoring forces overpower the bond formation forces to lock in the defect. Under such
circumstances, calculations on model compounds are best performed using the full symmetry

of the 2-D material, as is done herein.

Some test calculations performed using the expanded 2-ring compound shown in Fig.
6.1e indicate that the (2)' A1 state becomes stable to both a2 and bi distortions compared to the
one-ring model, but even in the expanded system (1) A1 remains unstable to bi distortion. How
large a model compound needs to be thus remains a key question. In practical calculations on
2-ring models, it may be advantageous to freeze the outer ring atoms at their geometry extracted

from a periodic model.

Another feature of note is that real 2D monolayers are subject to buckling that is not
represented in small-scale periodic models (e.g., Fig. 6.1a). How such buckling interacts with
the restorative chemical forces will always be a question of interest concerning defect
modeling. Nevertheless, a consequence of the action of restoring forces is that the wide
variation in the quality of DFT results as a function of geometry reported for the one-ring model
compound in Table 6.3 will be reduced somewhat. As the reference structure used in the
calculations reported in Tables 6.1 and 6.2 is typical of that found in other defects [200], I
anticipate that the perceived errors in DFT found at this structure will be typical of what could

be expected in general applications to defect spectroscopy.

How the chemical forces act to heal the defect in its various electronic states is revealed
through measurements of photoabsorption and photoluminescence spectra. To model such
spectra, calculations need to properly represent both these forces and the restoring ones

operating in 2-D and 3-D structures.

While high-resolution spectra provide detailed information concerning the motion of
all atoms, the width of the spectral band alone provides the most important qualitative
information, specifying the reorganization energy associated with the transition. Large atomic
motions in high-frequency modes results in broad bands; alternatively, if the bonding is

insensitive to nuclear motion, then the spectra will be sharp. Broad spectra are also produced
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if orbitals from the valence or conduction bands of the h-BN are involved as interactions within
these bands create a multitude of electronic transitions out of a single one. Sharp transitions are
typically easier to observe and hence dominate experimental studies. Amongst defects, there is
a search for those that have defect orbitals lying within the bandgap that have allowed
spectroscopic transitions [200]. Photoluminescence usually becomes the focus as it easier to
observe than photoabsorption as defects are usually present only in low concentration, with an
added bonus often arising if the emitting state is different to the absorbing state and has

different symmetry such that the absorption and emission polarizations vary [75].

Using the harmonic-oscillator approximation to the ground-state and excited-state
potential-energy surfaces, the reorganization energy A corresponds to the difference between
the average absorption frequency and ZPL. It is specified by

[ hva(v)dv

A= hVOO - fo(W)av

(6.1)

Table 3 compares results from TDDFT (HSE06 and CAM-B3LYP functionals) with
those form EOM-CCSD (singlet states) and CCSD(T) (triplet states) for the bandwidths of
photoabsorption spectra originating from either (1)!A1 or (1)°B1. These widths are given as the
reorganization energies A calculated as the energy change of the excited state in going from its
adiabatic minimum-energy geometry to that when vertically excited from the ground state.
This corresponds to the second moment of observed absorption spectra. In the harmonic
approximation to the ground-state and excited-state potential energy surfaces, if the form of
the normal modes does not change then the bandwidth for photoemission corresponds to that
for photo-absorption, a commonly good approximation in molecular spectroscopy but one that
can also fail badly, e.g., for chlorophylls [208,209]. In practice, reorganization energies become
susceptible to vibronic coupling effects that can dramatically change the shapes of excited-state
potential-energy surfaces. This occurs as the influence of vibronic coupling depends strongly
on the energy gaps between excited states, demanding global accuracy across the excited state

manifold if computational methods are to satisfactorily predict absorption and emission

bandwidths [210].

The results presented in Table 6.5 show wide variations between reorganization
energies calculated using HSE06 and either EOM-CCSD/CCSD(T) or CAM-B3LYP. Small
numbers occur whenever the singlet/triplet excited state has a similar geometry to the

singlet/triplet ground state. For (2)'Ba, the difference is stark: 0.76 eV for HSE06 vs. 0.25 eV
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for CAM-B3LYP and 0.14 eV for EOM-CCSD, indicating that the vibronic environments of
this state is being perceived very differently by HSE06. For (1)°B2, HSE06 deviates by the
same magnitude but opposite sign, with the largest deviation for HSE06 being 0.9 eV for
(2)'A1. For HSE06, averaging 12 states gives an error of 0.06+0.38 eV whereas for CAM-
B3LYP this is only -0.07+0.14 eV.

Most significantly, agreement between all 3 methods within 0.1 eV is found for the low-
energy states (1)'B1, (2)’B1, and (1)*Az of greatest relevance to the interpretation of observed
PL spectra [200]. Further, the neglect of restoring forces in these calculations on a model cluster
means that the calculated reorganization energies and their sensitivities to the global details of
the electronic structure will be overestimated. To explore these effects, HSE06 reorganization
energies calculated for the 2-D material are also shown in Table 6.5. For (2)°B1, the model
compound and the 2-D material have reorganization energies of 0.19 eV and 0.18 eV,

respectively, indicating the similarity of the chemical properties of these two model systems.

Insight into the difficulties in modelling the widths of higher-energy transitions comes
from noting that, for (2)'A1, the 2-D material has a large HSE06 reorganization energy of 1.15
eV, indicating that strong chemical forces come into play, but in the model compound this
increases to 3.32 eV! Understanding the shapes of excited-state potential-energy surfaces
comes down to understanding the conical intersections that these surfaces have with other
surfaces. The nature and location of these conical intersections are controlled by subtle
differences in energy gaps and state orderings [210,211]. A serious problem with GGA density
functionals like PBE and hybrid functionals like HSEO06 is that they are incorrect in the
asymptotic limit [212]. The error in the asymptotic potential is state dependent and adds to the
transition energy, with errors becoming large when significant charge-transfer occurs during
an electronic transition. In general, excited-state charge-transfer band energies are predicted to
be much too low in energy compared to the charge-neutral states, with this effect having severe
consequences as the transition energy increases. Consequences include the prediction by GGA
and hybrid functionals that polyacetylene has a triplet ground state [41], as well as their
inability to describe the spectra of porphyrins, chlorophylls, and other systems allowing for
extensive charge transfer [41]. Movement of charge to/from defect sites can indeed induce
significant long-range charge transfer and so defect sites are susceptible to it. Functionals like

CAM-B3LYP correct for the errors in the asymptotic potential and hence do not suffer from
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the chaos that sets in at (nominally) high energies when GGA or hybrid functionals are used,

allowing spectral properties of charge-transfer systems to be determined using DFT [42,43].

I conclude this section on the following note: Hybrid functionals like HSE06 work very
well for excitations within the triplet manifold of the VNCs defect, with an accuracy equivalent
to or perhaps exceeding the accuracy of the ab initio methods used. However, HSE06
underestimates triplet state energies by on average 0.7 eV compared to closed-shell singlet
states, while open-shell singlet states are predicted to be too low in energy by 1.0 eV. Since
VBCn has a triple ground state and, as discussed for triplets, HSE06 work well, therefore I
tentatively assign the correction factors deduced for VNCs for closed and open shell singlets to
VBCn to save the computational time. The level structures of both VNCgs and VBCn with the
correction factors applied are discussed in Chapter 7. In the next section, I benchmark the

excited states of VNNB.
6.2 Benchmarking the excited states of VNNp

In this section, the spectroscopy of the VNNB defect in h-BN is studied in detail. VNNB could,
in principle, account for the observed emission if it existed naturally in h-BN in either its
neutral, cationic, or anionic forms. The recent experimental evidence showing insensitivity of
the spectra to external Stark effects, coupled with extreme shifts of 1 eV found in different h-
BN centres, seems difficult to reconcile, but one possibility is that the defect actually involves
two oppositely charged defects that are closely paired. This puts focus on the possibility that

one or more charged VNNB defects could be involved.

Two other observed properties of the spectra of h-BN defects are also relevant to the
assessment of proposed defect sites. As discussed earlier, polarized in-plane emission is
observed after in-plane polarized light absorption, but the absorption can be either polarized
parallel or else in-plane at some angle, e.g., 60° [75]. In principle, this could arise following,
for one polarization, Franck-Condon allowed [91] transitions, and for the other polarization,
Herzberg-Teller-allowed [92] vibronic transitions, all within the same electronic state [93].
However, the wide and variable energy spacing between the absorptions of different
polarization imply that instead two states are involved, supporting Franck-Condon allowed,
differently polarized, in-plane absorptions. This places strict requirements on the properties of

defect states, especially those that are nominally of high symmetry such as VNNB.
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In its most symmetric form, VNNB would display C2v symmetry, with all spectroscopic
processes then restricted to those that this symmetry allows. Using the standard axis
conventions for planar molecules [94,95], the irreducible representations of the Cav point group
are a1 and b2 (of o type) and b1 and a2 (of & type). Electronic excitations of A1 symmetry are
polarized in-plane along the defect Cz axis, while those of B2 symmetry are polarized in-plane
orthogonal to this and allowed out-of-plane transitions have Bi: symmetry. Hence the observed
properties demand of VNNB that its two lowest transitions be of A1 and B2 symmetry. Either
spectral overlap of the two states, or else vibronic coupling between them, could modify the
expected Cav-based pure orthogonal polarization of the second state into some mixed

polarization, accounting for the observed 60°-polarized absorption [75].

Second, the observed emission is very sharp with strong ZPL and weak PSB’s,
indicating that the emitting excited state has almost the same geometry as does the ground state.
This effect can be quantified by determining the spectral reorganization energy from observed
spectra. Some representative spectra [75,200] are shown in Fig. 6.3. Using the harmonic-
oscillator approximation to the ground-state and excited-state potential-energy surfaces, the
reorganization energy A (Eq. 6.1) corresponds to the difference between the average absorption
frequency and the spectroscopic origin. Assuming that absorption and emission spectra are
symmetric, the same reorganization is expected in emission as in absorption. It is sensitive to
assumptions made concerning the baseline, the availability of the slow vibrational band
structure, and isolation from interfering spectra. For a typical Group-1 emitter (Jungwirth and
Fuchs [75] Fig. 2b), reproduced in Fig. 6.3a, this yields A = 1400 cm™ = 0.17 eV slightly larger
values are also feasible based on variations in the apparent emission baseline and the low-
frequency cutoff for the integration. However, for the Group-2 emitter shown in Fig. 6.3b
(Tawfik et al. [200], Fig 3(b)), A reduces to 0.09 eV, with other examples returning values as
low as 0.04 eV. All of the numbers are very small, given that calculated reorganization energies

for proposed h-BN defects can be as large as 2 eV.

Note that only the emitting state is required to have such a low reorganization energy.
This state presumably corresponds to the lowest-energy of the two orthogonally polarized
states to which absorption occurs, but in principle, the higher-energy state could have a much
larger reorganization energy. Detailed mapping of fluorescence excitation spectra would allow

the absorption reorganization energies of both states to be measured.
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Figure 6.3 Some of the observed emission spectra [75,200] of defect sites in h-BN used to estimate reorganization
energies A: (a) red- from Jungwirth and Fuchs [75], L = 0.17 eV, (b) blue- from Tawfik et al. [200], A = 0.09 eV,
and (c) green- simulated for the (2)'A; — (1)'A; calculated transition of VN\Ng™!, A =0.11 eV.

To date, calculations have only been performed considering neutral VNNB defects
[123]. A critical result was the prediction that the ground-state of this defect distorts out of
plane via a mode of b1 symmetry [123]. Using the present computational methods, I predict
that the depth of the associated double-well is 0.05 eV. While this result seems small, the well
is deeper than the zero-point vibrational level and hence it is indicative of significant
geometrical distortion. Naively [210,213], this distortion would add four times the well depth,
or 0.2 eV, to the reorganization energy of any transition involving a planar excited state; in
most circumstances, this contribution would be expected to be much more for a transition to
any non-planar excited state. In either case, this contribution would make the state out of the
realms of feasibility for accounting for the observed h-BN spectra, given that observed total

reorganization energies range from 0.04 — 0.17 eV (see Fig. 6.3).

To put his result in context, one must be able to estimate the reliability of the
computational predictions-are these results expected to be robust. They depend on how
accurately a computational method is likely to be able to describe conical-intersection seams
amongst the excited-state manifold, a complex property indeed. Of relevance, it is found that
for the VNCs defect, errors of many eV can be made using standard approaches to estimate
excited state energies and the reorganization energies associated with their in-plane and out-of-
plane relaxations [82]. These errors were extremely dependent on the nature of the state
considered. One conclusion from the VNCs work [82] is that it is difficult to estimate
computational uncertainties by considering just a single state; rather one should consider

properties of the excited state manifold, focusing on states of analogous type to the state of
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greatest interest. Considering the excited-state manifold will also allow other independent

criteria to be used in judging the suitability of any proposed state.

Most investigations are best performed constraining the system to high symmetry, in
this case Cay, as this provides a broad qualitative overview and makes calculations much easier
[11,78,124,200,214]. The geometrical structure of the VNN [22,32,200] defect in the
considered model compound and periodic lattice are depicted in Fig. 6.4a and Fig. 6.4b,

respectively.

The model compound shown in Fig. 6.4a has one ring of h-BN atoms surrounding the
defect. A similar approach adopted for VNCg [82] has proven to be adequate for benchmarking.
However, cluster results approach those for 2D samples only slowly as the cluster size is
increased [82], and both cluster models and small periodic models like that shown in Fig. 6.4
will not be able to include long-range screening effects to any charge-transfer band energies

arising from the somewhat unique nature of infinite 2D materials [215].

The basic electronic orbital structure of VNNB has been discussed elsewhere [214], with
the key features being generically characteristic of most h-BN defects in C2v symmetry: at each
defect site, one ¢ and one 7 orbital produce dangling bonds. For the case of neutral VNNB, five
electrons need be distributed in these six orbitals, reducing to four for VNNg*! but increasing
to six for VNNB™!. The three ¢ atomic defect orbitals combine to make molecular orbitals that
are represented in Fig. 6.5, one of an apparently “bonding” nature (named 1ai), one of a “non-
bonding” nature (named 2ai), and one of an “antibonding” nature (named bz). Similarly, the
three © orbitals combine to make the orbitals 1bi, 2bi, and a2, respectively. The “bonding”
orbitals are typical of 3-center 2-electron bonds but the interatomic distances are so large that
in reality no bond exists (Fig. 6.5), and it is this feature that DFT methods find difficult to
accurately model [38,82]. I find that 1a; lies below the valence-band (VB) maximum of h-BN
and so is always doubly occupied, 2ai, 1b:1 and then 2bi, shown pictorially in Fig. 6.5, fall in
the VB to conduction band (CB) gap becoming the primary focus of attention, while az and b2
fall inside the CB. Transitions amongst these orbitals dominate the low-energy spectroscopy of
the defect, with transitions involving orbitals localized within the h-BN valence-conduction
band gap being the most likely ones for producing sharp absorption and emission spectra. |
consider up to 14 electronic states for neutral VxNB, 13 for VNNB'!, and 13 for VNNB~!. These
states are listed in Table 6.6 in terms of their dominant configuration in terms of the key defect,

valence-band (V), and conduction band (C) orbitals.
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Figure 6.4 The geometrical structure of the VNN defect, in which a nitrogen vacancy is neighbored by a nitrogen
substituting boron, is represented as either (a) a model compound constrained to C», symmetry or (b) a rectangular
(6 x 4\3)R30° unit cell representing a periodic 2D lattice of such defects; N- blue, B- peach, H- white. Allowed
in-plane spectroscopic transitions may be polarized along the indicated a; and b, axes, while b, transitions are
polarized out-of-plane and a; transitions are forbidden. Dashed red lines indicate defect B-B distances of 1.92 A
and 2.53 A, respectively, for its (1)?B; ground state, both much larger than the BN bond length of 1.44 A.

Figure 6.5 Shown for the example of neutral ViNg in 2D h-BN are: (central) defect orbitals localized within the
h-BN valence-conduction band gap, and (flanks) key DFT orbitals from the (1)?B; ground-state electronic
structure of VNNp, constrained to planar Cy, symmetry.
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Table 6.6 Considered state symmetries, their dominant orbital occupancies, and their transition polarizations from the ground

state.
State Trans. Dominant orbital occupancy Spin
pol.? Vaai Vapr Via lay Voo Ve 235 Vig 1by 2by Cip Coz Coi Cia Cou Ch2 Comp-b
VaNg (1’B, - 2 2 2 2 2 2 2 2 1 0 0 0 0 0 0 0
(2)’B, A 2 2 2 2 2 2 2 2 0 1 0 0 0 0 0 0
(1A, B, 2 2 2 2 2 2 1 2 2 0 0 0 0 0 0 0
(1A, B, 2 2 2 2 2 2 2 2 0 0 1 0 0 0 0 0
(2)*A; B, 2 2 2 2 2 2 2 1 2 0 0 0 0 0 0 0
2)PA, B: 2 2 2 2 2 2 1 2 1 1 0 0 0 0 0 0 D3
(3)A, B, 2 2 2 2 2 2 2 1 1 1 0 0 0 0 0 0 D3
4)A, B, 2 2 2 2 2 2 2 2 0 0 0 1 0 0 0 0
(1)*A, - 2 2 2 2 2 2 1 2 1 1 0 0 0 0 0 0
(3)°B, B, 2 2 2 2 2 2 2 2 0 0 0 0 1 0 0 0
(3)A, A 2 2 2 2 2 2 1 2 1 1 0 0 0 0 0 0 DI
(5)*A, Ay 2 2 2 2 2 2 2 1 1 1 0 0 0 0 0 0 DI
(4)%A, A 2 2 2 2 2 2 2 2 0 0 0 0 0 1 0 0
(6)*A, A, 2 2 2 2 2 2 2 0 2 0 1 0 0 0 0 0
VaNs™  (1)'A, - 2 2 2 2 2 2 2 2 0 0 0 0 0 O 0 0
(1)'B, B, 2 2 2 2 2 2 2 1 1 0 0 0 0 0 0 0 S
1)'B, B, 2 2 2 2 2 2 1 2 1 0 0 0 0 0 0 0 S
@)'A, A 2 2 2 2 2 1 2 2 1 0 0 0 0 0 0 0 S
(2)'B; B: 2 2 1 2 2 2 2 2 1 0 0 0 0 O 0 0 S
(2)'B, B, 2 2 2 2 2 2 2 1 0 0 0 0 0 0 0 S
(3)'B, B, L2 2 2 2 2 2 2 1 0 0 0 0 0 0 0 S
(3)A, A, 2 1 2 2 2 2 2 2 1 0 0 0 0 0 0 0 S
(1)°B, - 2 2 2 2 2 2 1 2 1 0 0 0 0 0 0 0
(1)°B, Ay 2 2 2 2 2 2 2 1 1 0 0 0 0 0 0 0
(1A, B, 2 2 2 2 2 1 2 2 1 0 0 0 0 0 0 0
(2)°B, A, 2 2 2 2 2 2 2 1 0 0 0 0 0 0 0
2)B, A 2 2 2 1 2 2 2 2 1 0 0 0 0 0 0 0
2)A, B, 2 2 2 2 2 2 2 1 2 0 1 0 0 0 0 0
VN~ (D)'A, - 2 2 2 2 2 2 2 2 2 0 0 0 0 O 0 0
(1)'B, B, 2 2 2 2 2 2 2 2 1 0 1 0 0 0 0 0 S
@)'A, A 2 2 2 2 2 2 2 2 1 1 0 0 0 0 0 0 S
(1)'B; B 2 2 2 2 2 2 2 2 1 0 0 0 0 1 0 0 S
D'A, A, 2 2 2 2 2 2 2 2 1 0 0 0 1 0 0 0 S
(2)'B, B, 2 2 2 2 2 2 2 2 1 0 0 0 0 0 1 0 S
(2)'B, B, 2 2 2 2 2 2 2 2 1 0 0 1 0 0 0 0 S
(1A, - 2 2 2 2 2 2 2 2 1 1 0 0 0 0 0 0
(1)°B, B, 2 2 2 2 2 2 2 2 1 0 1 0 0 0 0 0
(1)°B; B, 2 2 2 2 2 2 2 2 1 0 0 0 o0 1 0 0
(2)°B, B, 2 2 2 2 2 2 2 2 1 0 0 1 0 0 0 0
2)A, A 2 2 2 2 2 2 2 2 1 0 0 0 1 0 0 0
(1A, A, 2 2 2 2 2 2 2 2 1 0 0 0 0 0 0 1

* A, transitions are polarized in-plane along the symmetry axis, A, transitions are forbidden, B, transitions are polarized perpendicular to the
layer, while B, transitions are polarized in plane and orthogonal to the symmetry axis. Transition symmetries to/from the lowest-energy state
of each spin multiplicity and ionization level are listed.

b Spin components for open-shell calculations not satisfying the Gunnarsson-Lundqvist theorem [163]: S- singlet energy from Eqn. (3), D3
and D1- tripdoublet and singdoublet energies from Eqn. (6).

While TDDFT methods allow for the first-principles determination of all of the excited
states listed in Table 6.6, more computationally feasible approaches, especially for 2D

materials, involve the direct solution of the DFT equations with the electron occupation
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constrained to match the dominant configurations listed in the table i.e. ASCF method [181].
This approach is well defined for the lowest-energy state of each possible spatial symmetry for

the highest spin multiplicity available for any set of open-shell orbitals [163].

For neutral VNNB, the states (2)*A1, (3)?A1, (3)*A2 and (5)*Az listed in Table 6.6
involve three unpaired electrons in three different orbitals, with the spin multiplicity (doublet)
being less than the highest-possible value (quartet). For each of these, 8 determinants contribute
to the various states involved, as sketched in Fig. 6.6a. Four determinants, named 1a-4a, have
more spin-up electrons than spin-down ones, while the others named 1b-4b, are symmetrically
equivalent determinants obtained by interchanging spin-up and spin-down. In the absence of
an applied magnetic field, the two sets of determinants have equal energies and are non-
interacting, meaning that just one set, here taken as 1a-4a, need be explicitly considered in most
discussions. The 8 determinants depict 3 electronic states, one quartet state with four spin
components, and two doublet states each with two spin components. Within a state, all spin
components have the same energy. Two components la and 1b of the quartet state are
immediately apparent in Fig. 6.6a, but the other two components and all components of the

doublet states arise from complex linear combinations of determinants 2a-4a and 2b-4b.

o

quartet 2 doublets+ quartet quartet 2 doublets+ quartet

+ +++ + + 4+ +
W+ + + 4+ + 4+ 4+ +
+ + 4+ 4+ + ++ +
la 2a 3a 4a 1b 2b 3b 4b

triplet singlet + triplet triplet

+ 4+ +
+ 4+ 4+ +

5a 6a 6b Sb

(b)

Figure 6.6 Possible occupancies (a) when 3 unpaired electrons distribute into 3 orbitals (resulting in two doublet
states and one quartet), and (b) when 2 unpaired electrons distribute into 2 orbitals (resulting in one singlet state

and one triplet).

Determining energies for this type of state involves severe challenges to DFT as it
involves strong static electron correlation, something not provided for by the Kohn-Sham
theorem [206] or its enhancement to non-singlet states, the Gunnarsson-Lundqvist theorem
[163]. Determinants 1a and 1b decouple from the others and satisfy the Gunnarsson-Lundqvist
theorem, meaning that DFT calculations setting these occupancies return properties that
correspond to physical observables, properties of the quartet state. However, the other

determinants are strongly coupled and have no first-principles relationship to observables. In

78



Chapter 6 Benchmarking

multi-configurational DFT approaches [215,216] (MC-DFT), empirical schemes are devised
that facilitate use of these states in calculations of observable properties. They are designed to
be universal approaches that show consistency with DFT treatment of dynamical electron
correlation. However, such approaches are under development and are currently not available

for application to defect-site spectroscopy.

This situation also arises in DFT descriptions of systems involving two unpaired
electrons in two orbitals (Fig. 6.6b), as occurs during allowed optical excitations from closed-
shell ground state molecules and materials (see Table 6.6 for examples involving VNNB ions).
It also is involved in antiferromagnetic couplings in molecules and materials. As Fig. 6.6b
shows, four determinants can be constructed depicting one singlet state and one triplet state.
Determinants 5a and 5b each have two electrons of the same spin and so provide easy
computational access to the properties of the triplet state. In contrast, determinants 6a and 6b
with one electron of each spin do not satisfy the Gunnarsson-Lundqvist theorem and need to
be coupled together to make singlet and triplet state components. Ignoring dynamic electron
correlation between these electrons and the others, the energy of the mixed-spin determinants

must be the average of the energies of the triplet and singlet states:
ES + ET = E6a + E6b (62)

where Es and E are the observable energies of the singlet and triplet states, while E¢,
and Eg, are the energies coming from DFT calculations made by setting occupancies to
correspond to each individual determinant. As E¢, = Egj, in the absence of a magnetic field,
and as the Gunnarsson-Lundqvist theorem yields E; = Es, = E5), this allows the singlet state

energy to be approximated by
Es = 2E¢q — Esq (6.3)

Such an approach could be thought of as being the simplest-possible empirical MC-
DFT scheme. When considering antiferromagnetic interactions in materials, the electrons being
correlated are typically large distances apart making dynamical electron correlation small, and
this approximation has successfully led to vary many important results in the field. In defects,
the neglect of dynamic electron correlation is questionable, but I have found that in VNCs
model compounds, the associated errors are small compared to the accuracy required in order

to make qualitative assignment of defect properties [82]. While gradients for geometry
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optimizations should be taken from Ejs, instead I simply optimize Eg, and then apply the

correction from Eqn. (6.3) as the computations are much more likely to complete successfully.

An analogous approach applied to the case of three electrons in three orbitals is
insufficient to convert calculated properties into experimental observables, however. This is
because two doublet states and one quartet arise from the 8 calculable determinants, whereas
only one equation is available that links them. This equation, like before, conserves the total

energy (trace of the Hamiltonian matrix) for the states:
EDl + ED3 + EQ = EZa + E3a + E4a = Ezb + E3b + E4_b (6.4)

where Epq, Epsz, and Ej, are the physically observable energies of the two doubled states and
the quartet state, respectively, in the absence of a magnetic field. The labels “D1” and “D3”
indicate singlet-coupled “singdoublet” and triplet-coupled “tripdoublet™ states, respectively
[217]. As the Gunnarsson-Lundqvist theorem yields Ey = E;, = Ejp, this allows the average

energy of the two doublet state to be approximated by
Epy + Eps = Epq + E3q + E4q - E1q (6.5)

Performing standard DFT calculations on the single determinants in Fig. 6.6a therefore
cannot reveal the energies of the two doublet states, only their average. TDDFT calculations
explicitly embody all terms in a first-principles way and hence do not suffer from this problem,
but they are currently not feasible to apply to large periodic solids containing defects. Hence,
I proceed by evaluating the energy splitting VE;p3 using TDDFT calculations for the model
compound, applying this to ASCF calculations for both it and the analogous state in the 2D

defect model. The state energies are then approximated by:
Eps = (Ezq + E3qt Esq — E1rq — VEp1p3)/2
Epy = (Ezq + E3qt Esq - E1q + VEp1p3)/2 (6.6)

Table 6.7 shows all of the quantities required to evaluate the energies of tripdoublet and
singdoublet state pairs (2)’A1 and (3)*A1 (singly occupied orbitals 1ai, 1bi, and 2b1), as well
as for the pairs (3)?A2 and (5)*Az (singly occupied orbitals Via, 1bi, and 2bi1). The

approximation

Eps = min(Eyq, E3q,E4) (6.7)
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provides an uncontrolled upper bound to the state energy. It has previously been applied to
consider properties of (2)?A1 for the 2-D material using HSE06 [73], yielding results close
enough to those from Eqn. (6.6) that are hence useful for assigning observed defect

spectroscopy. Such an approach needs to be applied with extreme caution, however.

Gradients for geometry optimization should be taken from Ep; or Ep;. However, | take
the simpler approach of optimizing the three individual configuration energies E,,, E3,, and
E,q, applying Eqn. (6.6) after the optimizations complete. This yields three different
approximations for the state energies Ep; or Ep; and their associated optimized geometries.
I find that the different results are all in good agreement, suggesting that this approach is
successful, showing the minimum energy obtained at any geometry in Table 6.7. The same
interpretations of ASCF calculations are applied independent of whether the calculations are

performed on the model compound or on the 2D material.
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Table 6.7 Energies of the singdoublet state Ej, tripdoublet state Ep3, and quartet state E, extracted from combinations (Eqn.
6.4) of energies determined for single-configurational wavefunctions specified in Fig. 6.6, E1 4, E,,, E3,4, and E,,. Geometries
are obtained by optimizing the energy of the single determinants only, with the final results for the singdoublet and tripdoublet
states taken to be those for the minimum found at the three structures.

geometry energy (2)2A1 and (3)2A1 (3)2A2 & (5)2A2
model 2D model 2D
PBE HSEO6 | PBE HSEO06 | PBE HSE06 | PBE HSEO06
2a E,, 362 434 | 285 3.37 379 480 | 3.77 447
£, 366 537 | 278 3.40 | 4.08 577 | 4.04 5.16

4a 372 452 | 2.89 364 | 449 470 | 4.03 5.19
o =L, | 3.28 397 | 246 295 3.97 5.17 3.75 4.42
Epips 0.66 0.50 0.66 050 | 0.10 0.60 0.10 0.60
Ep, 3.53 4.88 2.70 348 | 4.15 4.75 4.00  4.90
Ey, 4.19 5.38 3.36 398 | 425 5.35 4.10 5.50

3a £y, 362 521 |3.03 339 [380 492 |379 455
E;, 3.65 422 | 278 338 |440 573 | 402 499
E,, 372 432 | 289 364 |416 497 | 401 508

E,=E, | 328 357 | 247 296 |374 518 |377 451

Eyps [ 066 050 | 066 050 |0.10 060 |010 0.60

Ep, 3.53 484 | 279 348 | 426 492 3.98 4.76
Ep 4.19 5.34 3.45 398 | 436 552 | 4.08 5.36
4a E,, 3.71 470 | 2.85 3.49 3.69 5.03 379  4.56

E;, 3.62 424 | 279 353 | 440 604 | 402 504
E, 3.66 431 | 289 3.68 |401 435 | 401 508
E,=E, | 328 355 | 246 306 |394 547 |377 452
Eyps [ 066 050 | 066 050 | 010 060 |010 0.60
Eps 353 460 | 271 357 | 403 468 |398 478

E, 419 510 | 337 407 | 413 528 | 408 538
Final Ey 353 460 | 270 348 | 403 468 | 398 476
E, 419 510 | 336 398 |413 528 | 408 536

6.2.1 New methods for determining defect excited state geometries and energies using

VASP.

Many of the states listed in Table 6.6 involve orbital occupancies that differ from Fermi
distribution or Aufbau distribution produced by default in VASP. To access such states, VASP
implements the “FERDO” and “FERWE” commands that allow the occupation of each spin
orbital to be individually set. These settings apply to not only the initial wavefunction but also

to all subsequent wavefunctions obtained during the SCF procedure, as well as during geometry
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optimization. As they are not updated to match the changing nature of the orbitals during these
procedures, extreme care needs to be taken using this approach to ensure that the calculation

converges to the desired electronic state.

To help with this, VASP allows the “LDIAG = FALSE” command to be used to override
the default (“LDIAG = TRUE”) protocol to ensure that the final wavefunction has similar form
to the starting wavefunction. However, the wavefunction so produced becomes distorted and
the energy reported is not actually the true energy for that wavefunction. As a result, VASP
results can be misleading, as for the case of the VNNg defect in h-BN where the second excited
state was missed entirely [73]. Also, states can appear normal both in terms of their electronic

and geometric structure, yet are really just unconverged mimics of lower-energy states [82].

A software is developed in the present work that allows VASP to be automatically
controlled and its output analyzed to produce a mostly reliable computational method. The
centerpiece in this involves the processing of the VASP “WAVECAR” file to determine the
point-group symmetry of each orbital of each spin. This embodies code taken from a MRCI
package based on semi-empirical HF theory [217,218]. The wavefunctions are first
transformed from their intrinsic momentum-representation into the position-space
representation using WaveTransPlot [219]. Standard projection methods are then applied to
determine the symmetry operators and hence the point group that underpins the space or plane
group of the 2D or 3D sample considered. Poorly converged wavefunctions may be identified

and rejected based on the accuracy with which they depict expected symmetry relationships.

Besides plotting of the orbitals, another feature of this code is that it can form the
overlap between the wavefunction calculated at one state and geometry with that obtained for
another state and/or geometry. Wavefunctions for different states at the same geometry must be
orthogonal. States that VASP may converge using the “LDIAG = FALSE” option that may just
be misrepresented versions of lower-energy states can be readily recognized by their strong
overlap with the lower-energy state. In principle, any high-energy state that display non-zero
overlap with a lower energy state of the same spin and symmetry occupancy can, as the SCF
procedure proceeds, transform smoothly to the lower-energy state. Most of the time, the
standard termination conditions of the SCF loop in VASP stop the procedure well before such
a transformation occurs, giving excited states having little overlap with lower-energy states.
However, I did find some states for which the adiabatic transformation proceeded too quickly,

making the desired state inaccessible (e.g., (2)'B2 for VNNB™!, see later in Table 6.12). While
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the computational procedure does not guarantee that all desired states can be found, it provides

full knowledge of the properties of any state that is actually optimized.

Armed with this facility, the second program is used to control VASP calculations. Its
input is the description of the excited state in terms of spin and symmetry dependent orbital
occupancies. Table 6.6 lists the inputs required to generate optimized states for VNNg~! and

VNN,

A starting WAVECAR file is required to run the procedure. This may be obtained in
many ways, setting orbital occupancies for any state that may be useful; it does not have to
depict the state of final interest. The program first runs a cycle of “LDIAG = FALSE”
calculations, to set the desired state, followed by “LDIAG = TRUE” calculations, to get a
realistic energy for that state. Each time through this loop, the FERDO and FERWE inputs are
set to reflect the current WAVECAR file. This procedure is terminated either when the
“LDIAG= TRUE” calculation delivers the required state, or else the wavefunction diverges to
something unphysical. Indeed, states of very high multiplicity and open-shell character can
result from this procedure. While their energies seem to be a few eV higher than typical states
of interest, that this can happen indicates the extremely complex nature of the excited-state
manifold of defects. Failure of the procedure to converge demands that a new starting

wavefunction, or, if possible, geometry, is found.

If geometry optimization is required, it is then commenced. During this, “LDIAG =
FALSE” is used to ensure that the calculations always refer to the desired state. However, the
wavefunction at the end of this procedure will be distorted and the reported energy too high.
So the calculation then returns to its beginning, seeking a wavefunction and energy depicting
the desired state obtained using “LDIAG =TRUE”. The procedure is then repeated, performing

new geometry optimizations, until this energy converges.

Normal completion of the procedure ensures that an optimized geometry and valid
energy is obtained pertaining to the initially specified excited state. Most significantly, I find
that, for all the test cases studied, the final results are independent of starting geometry and
wavefunction. This provides a significant and widely applicable advance to VASP

methodology for investigating excited states.
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6.2.2 Ab Initio and DFT calculations for the neutral VxNg model compound.

The relative energies to the ground state, obtained using 11 computational methods for
13 low energy excited states, of the model compound (Fig. 6.4a) are compared in Table 6.8
evaluated, at a test geometry. This test geometry was obtained by optimizing the structure of
the (1)?B1 ground state of the VNNB defect embedded in a 2-D layer of h-BN, then cutting out
the model compound (Fig. 6.4a), adding and optimizing terminating hydrogen atoms. In Table
6.6, the dominant orbital occupancies of all involved states are listed. The included states were
chosen based on TDDFT and EOM-CCSD evaluations, selecting all low-energy states plus
also a few other of particular relevance. Note that this systematic search procedure identified
some low-energy states such as (2)*Bi1 and (1)?A: that have not previously been considered

[73].

Application of the CASPT2 and MRCI methods requires specification of active spaces.
A range of active spaces are used, as listed in Table 6.11, where results for each are compared;
only the most reliable results obtained are listed in Table 6.8. In principle, the smallest active
space used, with 9 electrons distributed fully amongst 8 orbitals, is sufficient to embody all key
features of interest. Expanded active spaces up to 13 electrons in 13 orbitals are used to include
more effects and increase accuracy. However, as a guide to the convergence of the calculations
with respect to active-space expansion, I calculate the standard deviations between the results
listed in Table 6.11. For the entire data set, I obtain 0.13 eV for MRCI and 0.15 eV for CASPT?2,
using these as precision estimates for the methods. These values are small and indicate that
electron correlation effects are less important for this defect than they are in VNCs (described
earlier) [82], a system with an even number of electrons for which much larger variability was

found.

The basic precision of the DFT methods is also considered in Table 6.11 where results
obtained using very different implementations, Gaussian-09 applying the cc-PVTZ basis set,
and VASP applying PAW pseudopotentials, is reflected by an average difference of 0.04 + 0.01
eV in the state energies. This result is similar to that found for VNCs [82] and reflects the high

quality of the different computational approaches.

Table 6.9 provides a comparison of average differences and standard-deviation in
excited state energies obtained by comparing the various computational results presented in

Table 6.8 to each other. First I consider comparisons between results obtained using the ab
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initio MRCI, CASPT2, CCSD, EOM-CCSD and CCSD(T) methods. Each method has its own
set of advantages and disadvantages in terms of feasibility and comprehensiveness. MRCI
treats static electron correlation the best with CASPT2 providing a more computationally
efficient approximation, CCSD(T) includes static electron correlation in an asymmetric fashion
but contains the best description of dynamic electron correlation, while CCSD is a more
computationally efficient alternative that in this application will be more approximate than
MRCI. EOM-CCSD embodies any deficiency in the treatment of its reference state (here
(1)’B1) and has a less accurate treatment of dynamic electron correlation, but it properly

includes the static electron-correlation effects addressed empirically through Eqns. (6.2)-(6.7).

The results show excellent agreement between the best methods, MRCI and CCSD(T),
predicting an average excited-state energy difference of 0.0+0.3 eV. The CCSD, and EOM-
CCSD results differ from these by 0.3 eV, suggesting that the enhanced treatment of dynamic
correlation present in CCSD(T) is able to include the enhanced treatments of static correlation
present in MRCI, with other correlation effects not being important. That CASPT2 agree well
with MRCI and CCSD(T) results supports this conclusion, suggesting that it provides an
efficient and accurate ab initio approach for studying the spectroscopy of this defect. This
situation is very different to that found for the VNCp [82]. Its singlet ground state leads to
dramatic effects associated with static electron correlation, with reduced internal consistency
between the different ab initio results. This result here suggests that, for VnCg, the MRCI

results provide the most reliable description of the spectroscopy.

Next, I compare those ab initio results to analogous ones from DFT, with the second
column of Table 6.9 providing correction energy shifts for each method in a crude summary.
HSEQ06 preforms very well, with an average error of -0.3+0.2 eV compared to MRCI and -
0.3£0.1 eV compared to CCSD(T) and hence has an accuracy similar to that of CCSD. PBE
performs poorly in absolute terms, with related errors of 0.8+0.3 eV and 1.0+0.3 eV,
respectively, but the standard deviations remain low and hence relative state orderings are
maintained. CAM-B3LYP, which contains corrections affecting the charge-transfer
contributions to the states, performs best with related errors of 0.0+0.3 eV and 0.1+£0.2 eV,
respectively. These DFT results parallel those for VNCs [82], except that the errors here are
much reduced in magnitude: for VNCs, only CAM-B3LYP provided a realistic description, with
large errors reported for HSE06 and PBE.
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As CAM-B3LYP is not available for periodic solids, I focus on the HSE06 results. For

VNNB, from Table 6.9 it would seem that a simple shift of all calculated HSE06 energies by 0.3

eV should lead to accurate predictions of excited-state energies. Note that this correction

applies to both one-unpaired-electron in one-orbital traditional doublet states, states for which

first-principles DFT calculations can be routinely applied, as well as for the three-unpaired-

electrons in three-orbitals situations that I empirically approximate using Eqn. (6.6). Also, a

general feature of relevance, for aromatic molecules with traditional closed-shell ground states,

is that CAM-B3LYP typically uniformly overestimates excited-state energies [42,43,82].

Table 6.8 Energies (in eV) of various excited states of the VNN model compound (Fig. 6.4a) with respect to (1)?Bi,
performed at a reference geometry determined for (1)?B1, depicting calculated vertical excitation energies.

State  MRCI CASPT2 CCSD (T) CCSD EOM-CCSD CAM;I?LYP H%% PTBIE Hglggé \f’fsp }\I,?Solf
(2)*Bi 3.35 3.99 3.69 3.04 223 246 338
(12A1 319 3.50 326 335 3.34 3.18 300 247 296 254 2093
(12A2 361 3.5 315 343 3.57 3.48 310 238 306 255  3.00
(2?A2 381  3.89 421 488 4.59 4.34 384 274 387 310  3.60
(22A1 437 410 448 4.16 482 399

(3)*A2 431 498 478 446 419

(4)’A2 4.58 521 5.05 461 384 442 374 439
(1)*A1 436 420 438 448 428 389 352 394 355 388
(3)Bi 5.03 5.57 531 476 387 417

(3)%A1 4.95 525 554 5.43 5.12 532 418 448 517
(5)%A2 4.83 5.52 5.35 506 429

(4)A, 5.27 5.57 5.63 521 436 4.59
(6)°Az 452 6.25 531 553
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Table 6.9 Corrections to add to DFT calculated transition energies from (1)?Bi (second column, in eV), determined from
averaged differences in transition energies predicted by the methods listed in the rows compared to those in the later columns,
for the VNNB model compound (Fig. 6.4a), evaluated at a test geometry.”

thod c MRCIC ™ cspry  cosp EOM- aspra CAM- HSEO6  PBETD
metho OIT.
(13,13) CCSD B3LYPTD
4
CCSD(T)
0.0£0.3
4 5
CCSD
0.3£0.5 0.3+0.2
4 4 4
EOM-CCSD
0.3+0.3 0.3£0.1 -0.0+0.2
5 5 5 11
CASPT2
-0.1£0.3  -0.0+0.2 -0.3+0.4 -0.5+0.2
; 5 5 5 11
CAM-B3LYP 6103 13 0.4+0.4
TD 0.0£0.3 0.1£0.2 -0.240.2 -0.2+0.1
4 4 4 3 4 4
HSE06 -0.3+0.2
-0.3+£0.2 -0.3+0.1 -0.6+0.3 -0.5+0.1 -0.2+0.2 -0.4+0.1
5 5 5 11 13 4
HSEO6 TD  -0.2+0.4 13 0.1+0.4
-0.1£04  -0.2+0.2 -0.5+0.3 -0.5+0.3 -0.3+0.4 0.0£0.0
5 5 5 11 13- 13 4 13
PBE TD -0.9+0.3
-0.8+0.3 -1.0£0.3 -1.2+0.5 -1.240.4 0.6+0.6 -1.0+0.4 -0.7+0.3 -0.7+0.4

“calculations are performed at a geometry optimized for the (1)?B, reference state, see text.

Table 6.10 Energies with respect to the (1)'B1 ground state of various excited states of the VNNB model compound and
related periodic 2-D material (Fig. 6.4), evaluated at their adiabatic minimum-energy geometries, oscillator strengths in
absorption calculated using TDDFT, and the absorption reorganization energies A depicting the width of the bands.

Adiabatic excitation energy® / eV Osc. Strength reorganization energy® A / eV
Stat model 2D material model model 2D material
ate
HSE06 HSEos CAM HSE06 HSE06 CAM
PBE PBE HSE06 HSE0O6 CAM PBE PBE HSE06
Go9  VASP 1D G09 VASP TD
(2)’B1 2.14 2.86 237 2.04 239 0.0877 0.0985 0.31 0.52 054 049 0.73

(1)’A1 2.03 244 2.41 193 129 1.8l 0.0001 0.0002 0.52 0.53 052 048 060 0.53
(1)’A2 2.17 250 2.51 223 280 3.36 0.0023 0.0019 038 0.56 051 047 032 045
(2)*A2 2.84 3.5 3.27 225 285 3.82 0.0003 0.0007 026 032 033 0.15 021 0.24

(2)’A1 3.53 4.60 3.63 270 3.48 0.0001 0.0002 0.25

(3)*A2 4.03 4.68 412 398 476 0.0126 0.0066 0.12

(4)A2 343  4.06 4.00 370 3.02 4.14 0.0564 0.0639 031 0.36 039 057 039 0.62
(1)*A1 327 3.60 3.54 246 277 0 0 028 034 034 0.29 0.26
(3)’B1 3.80 4.47 440 299 395 0.0121 0.0388 0.37 0.19 0.13 036 0.16
(3)*A1 4.19 5.10 428 336 398 0.0066 0.0085 0.06

(5)°A2 4.13 5.28 499 4.08 536 0.0460 0.0601 0.42

(4’ A1 3.72 4.56 296 3.56 0.0006 0.0012 0.03

a: Observed values in a VyNg defect[75] are transitions of A; and B, symmetry, often near =2 eV but found over 1 range of 1 eV in energy,
with the emission reorganization energy of 0.04 to 0.17 eV, see Fig. 1 and text; calculated reorganization energies are for absorption.

88



Chapter 6 Benchmarking

Table 6.11 Energies (in eV) of various states of neutral VNN (both the 2D periodic structure and the model compound, see
Fig. 6.4a) with respect to (1)’B1.

State Dominant orbital occupancy® CASPT2 MRCI H§§9(16 V}issli’ﬂ
Vaoi Viar Vaaz Vibi 2a1 Viaz 1bi 2bi Cia2 Caa2 Co1 Car (9,8) (11,11) (13,13) (9,8) (11,11) (13,13)

(B 2 2 2 2 2 2 1 0 0 0 0 0 [0] [0 [0] [0l [0] [0] [0] [0]

@B 2 2 2 2 2 2 0 1 0 0 0 0 349 3.35 3.21

A 2 2 2 2 1 2 2 0 0 0 0 0 339 309 350 307 322 3.19 2.96 2.93

A2 2 2 2 2 2 2 0 0 1 0 0 0 29 278 315 383 353 3.6l 3.06 3.01

A 2 2 2 2 2 1 2 0 0 0 0 0 414 372 38 396 357 381 3.87 3.84

@A 2 2 2 2 1 2 1 1 0 0 0 0 441 417 410 415 442 437

GPA2 2 2 2 2 2 1 1 1 0 0 0 0 425 431

4PA 2 2 2 2 2 2 0 0 0 1 0 O 427 458 4.39

(I¥Aa, 2 02 2 2 1 2 1 1 0 0 0 0 450 420 445 454 436 3.94 3.88

3B 2 2 2 2 2 2 0 0 0 0 1 0 507 5.03 4.66

G¥Ar 2 2 2 2 1 2 1 1 0 0 0 0 5.14 495

G5¥A2 2 2 2 2 2 1 1 1 0 0 0 O 4.83

4¥Ar 2 2 2 2 2 2 0 0 0 0 0 1 514 527 4.59

6¥A2 2 2 2 2 2 0 2 0 1 0 0 O 481 452

2 calculations are preformed from (1)?B; reference state.

Table 6.10 lists the HSE06 adiabatic energies of 13 excited state of VNNB, along with the
reorganization energies A depicting the band spectroscopic width, for both the model
compound and the 2D material. Some results are also presented using the PBE and CAM-
B3LYP density functionals. Large differences are predicted between the excitation energies of
the model compound and the 2D material of up to £ 1 eV. This occurs for both PBE and HSE06
calculations, though the magnitudes sometimes differ. Using HSEOQ6, the low-lying excited
states (1)°A1 and (2)?Bi relevant to the interpretation of h-BN spectra, are predicted to be
stabilized by ca. 0.7 eV in the periodic solid, while for the other relevant low lying states (1)*A2
and (2)?A2, destabilizations by 0.6 eV are predicted. For VNNB, the used model compound is
clearly too small to be realistic, and the errors associated with its use well exceed the errors
associated with the use of DFT. I will discuss the key low-energy states of interest for VNNB

in Chapter 7.
6.2.3 The +1 and -1 charged states of VNNg.

Consideration of charge states is important as they can become stable as the Fermi

energy shifts due to doping (intentional or native) in the surrounding lattice. As the Fermi level
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is raised, defect-induced states within the band gap become filled with electrons and vice versa.
In order to check the stability of charge states of the VNNB defect, I have calculated the
formation energies and charge transition levels (Chapters 4). I found that VNNB charged states
become stable when the Fermi level moves closer to the valence or conduction band. Thus, the
VNNB defect acts as a shallow charge donor or acceptor in h-BN. I found [189,190] that the
oxidation potential needed to form VNNg™! is 1.8 eV (see Fig. 4.3 & Table 4.3), with the
reduction potential needed to make VNNg~! being 3.23 eV (see Table 4.3).

Table 6.12 shows properties of the VNNB*! and VNNB~! defect states, evaluated on the model
compound using HSE06 and CAM-B3LYP, as well as on the 2D material using HSE06 ASCF
calculations. Both ions are predicted to have (1)' A1 ground states in both the model compound
and the 2D material, arising from closed-shell electronic configurations. A (1)'A1 ground state
was also previously predicted for VNCB, a system isoelectronic to VNNg'! that also has Cav
symmetry [201]. These closed-shell ground states depict covalent bonds forming between
defect atoms, but the associated bond lengths far exceed those typical of covalent bonding (see
Fig. 6.4). As a result, the ground state has in reality large open-shell character, meaning that
single-reference computational approaches such as those applied in Table 6.12 can introduce

large errors.

For VNCs (earlier discussion in this chapter), I found that CAM-B3LYP calculations
appeared to give the most reliable results, but computational methods are presently not
available to allow this to be applied to 2D materials [201]. For HSE06, I found that the
corrections of 0.7 eV are needed for triplet states compared to closed-shell singlet states and
1.0 eV for open-shell singlet states. For the isoelectronic species VNNg*!, applying these
corrections bring the HSE06 and CAM-B3LYP results in Table 6.12 into line, whereas they
already agree well for VNNB! without correction. These corrections therefore do not appear
universal but rather depend on the nature of the frontier orbitals. The tentative level structure

of VNNB*!and VNN calculated at HSE06 level is presented in the next chapter.
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Table 6.12 Energies of various excited states of the VNNg*!' and VNNp™! model compound and related periodic 2-D material
(Fig. 6.4a), with respect to their (1)!A1 ground states, evaluated at their adiabatic minimum-energy geometries, oscillator
strengths in absorption, and the reorganization energies A depicting the width of the bands.

Adiabatic excitation energy / eV Osc. Strength reorganization energy® A /eV
Defect State
model 2D material model TD model 2D material
HSE0O6 TD CAM TD HSEO06 CAM HSE06 HSE06 TD CAM TD HSEO06
(1)'B2 0.72 1.84 2.32 0.0014 0.0006 0.81 0.83 0.48
(H)'B: 1.9 3.27 0.86 0 0 0.82 0.53 1.82
(2)'Ai 2.68 3.35 2.44 0.0886 0.0552 0.60 0.68 0.25
(2)'Bi 3.33 3.6 3.70 0.0046 0.0029 0.21 0.26 0.32
(2)'B: 3.11 3.88 2.75 0.0454 0.0116 0.36 0.35 0.45
(3)'Bi 4 4.42 427 0.0057 0 0.19 0.20 0.24
VNNB'!
(1)’Bi 1.55 2.13 0.60 - - - 0.31 -
(1)°B: 1.09 1.96 2.20 0 0 0.66 0.77 0.54
(1)’Aq 2.24 2.99 2.33 0.0000 0.0000 0.75 0.93 1.31
(2)’B2 2.71 3.48 2.76 0.0000 0.0000 0.29 0.28 1.36
(2)’B: 2.770 32.17 3.78 0.1038 0.0760 0.54 0.75 0.51
(2)’Ai 2.93 3.96 2.78 0.0001 0.0001 0.45 0.55 1.24
VaNg! (1)'B2 1.27 1.53 1.66 0.0001 0.0014 0.74 0.73 0.79
(2)'A: 2.13 2.24 1.66 0.2766 0.2689 0.27 0.31 0.11
(D)'B: 2.73 2.76 1.10 0.0011 0.0008 0.21 0.22 0.27
(D)'A2 2.8 3.23 1.71 0 0 0.42 0.48 0.26
(2)'B1 2.93 3.44 1.52 0.0006 0.0001 0.37 0.39 0.29
(2)'B: 3.29 3.39 collapsed 0.2237 0.2070 0.32 0.35
(1A 1.67 1.11 0.76 - - - - -
(1)’B2 1.48 1.06 1.89 0.0095 0.0018 0.33 0.69 0.67
(1)°Bi -0.13 1.10 0 0.0001 0.85 0.39
(2)°B: 3.08 2.66 1.98 0.0347 0.0364 0.21 0.15 0.47
(2’ A1 3.59 3.08 1.50 0.1306 0.1515 0.15 0.17 0.39
(1)’A2 3.46 2.99 1.71 0 0 0.22 0.21 0.34

a: for relaxation from the (1)'A; ground state for all singlet states and for the lowest triplet state, (1)°B; for Vx\Ng*! and (1)*A, for Vx\Ng ™, else
for excited triplet states for relaxation from the lowest triplet state, as is appropriate for triplet to triplet spectroscopy.

A brief discussion on the limitation of the model compound approach is in order, the
benchmarking approach adopted in this chapter is carried on a small model compound of h-BN
flake and the errors in the static correlation by DFT functional are tested. The small model compounds
might not completely embed the point defect. Indeed the TDDFT calculations performed on larger
model compounds (Appendix Table 0.3 ) clearly reflect this. One problem of using small model
compound is that dynamic correlation effects of the periodic systems might not be fully in cooperated.
Another problem with this treatment is that the electrons of larger h-BN flakes would interact with these
localized electrons via exchange and correlation effects that can effectively screen the static correlation
interaction. Therefore, the error estimate might not be that accurate. It is very difficult to estimate the

strength of this screening effect. This issue can be sorted by applying larger and larger models, however,
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this can be computationally prohibitive (and therefore beyond the scope of this thesis, but is a subject

of future studies).
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Chapter 7 Level Structure of VnCg, VBCn and VN

In h-BN, a narrow emission band has been observed with a ZPL transition at 1.95 eV
[11,24,192] but the origin of this emission is unclear. In the previous chapters based on a broad
examination of possible defect sites in h-BN using DFT with the PBE functional, 1 have
reasoned that VNCg, VBCn and VNNB form likely candidates as the origin of this emission and
benchmarked the HSE06 calculations against exact quantum chemistry approaches. In this
chapter, I present my calculations for the detailed level structures of VNCs, VBCn and VNNB. |
use group theoretical analysis to predict the optical cycles of these defects. The calculated PL
line shape (best matched with experimental PL spectra) of dipole allowed transition (2)°B1 —
(1)3B1 for the defect VNCg is presented and a comparison with available experimental literature

1s made.
7.1 Level structure of VNCp and VgCn

In this section, I discuss the detailed level structure of two related defects i.e. VNCg and
VBCn. The electronic structure of VNCs has been discussed in detail elsewhere [124], with the
effects seen being generically characteristic of most h-BN defects. Basically, at the defect site
one ¢ and one 7 orbital on the two defect boron atoms and the carbon atom are left with
dangling bonds. For the case of VNCs, four electrons need be distributed in these orbitals. The
three ¢ atomic defect orbitals combine to make the molecular orbitals depicted in Fig. 7.1(a),
one of an apparently “bonding” nature (named lai), one of a “non-bonding” nature (named
2a1), and one of an “antibonding” nature (named bz). Similarly, the three © orbitals combine to
make analogous orbitals named 1b1, 2bi, and az, respectively. The “bonding” orbitals have the
shape of bonding orbitals found in say 3-centre 2-electron bonds but the interatomic distances
are so large that in reality no bond exists, and it is this feature that DFT methods find difficult
to accurately model [38]. It is seen here that 1ai lies below the VB and so is always doubly
occupied, 2ai1, 1bi1 and then 2b; fall in the VB-CB gap of h-BN, while a2 and bz fall inside the
CB. Transitions amongst these 6 orbitals dominate the spectroscopy of the defect, with
transitions involving orbitals localized within the h-BN valence-conduction band gap being the

most likely to produce sharp absorption and emission spectra. Visualizations of wave functions
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corresponding to key molecular orbitals (MOs) are shown in Fig. 7.1(a) (mid band-gap orbitals
for the 2-D layer).
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Figure 7.1 (a) Orbitals localized within the h-BN valence-conduction band gap from the periodic VxCs. (b) Key
DFT orbitals from the (1)!A; closed-shell ground-state electronic structure of VnCg. The states are labelled
according to the symmetry of Irreducible representation as per Ca, point group. x(y,z)-axis are perpendicular(in
the) to the plane of defect. (b) HSE06 adiabatic energies of low lying states of VNCg as calculated by DFT, with,
in (), these energies corrected according to ab initio CCSD(T), EOM-CCSD, and CASPT?2 calculations for a model

compound [82]. Allowed transition polarizations d, spin-orbit couplings A driving non-radiative transitions and
zero-field splittings are also indicated.

In the light of the ab initio calculations (presented in the Chapter 6) using the CCSD(T)
[127,128], EOM-CCSD [129,130], and CASPT2 [155] and MRCI [156] methods to calibrate
the calculated HSEO6 energies for the states of VNCsg [82], I discuss its level structure here and

make realistic predictions of photoluminescence energies.

A search of 18 excited states of VNCa [82] identified the only ones likely to contribute
to the observed 1.95 eV photoluminescence to be (1)!B1 and (2)!4; if the luminescence occurs

within the singlet manifold, and (1)*B1 and (2)°B if intersystem crossing leads to population
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of the triplet-state manifold. These states and their properties are sketched in Fig. 7.1 (b) and
are interpreted in terms of the orbital energies for the (1)'41 ground state shown in Fig. 7.1 (a).
The energies shown in this figure include those calculated using DFT, as well as those corrected
using ab initio calculated corrections [82]. The lowest-energy adiabatic transition within the
singlet manifold is predicted to be (1)'B1 — (1)'41 at 2.08 €V, close to the observed value,
while the lowest-energy transition within the triplet manifold is predicted to be about the same,
(2)’B1 — (1)’B1 at 1.58 eV. The singlet-manifold transition is very weakly allowed with an
oscillator strength calculated by TDDFT for a model compound to be 0.0002 [82]. By
symmetry, this transition will have its dipole-oriented perpendicular to the plane of the h-BN
layer and emission would therefore be in the plane. There is also a singlet manifold transition
with its dipole in the plane at 2.46 eV involving the doubly excited (2)'41 state. While its dipole
strength will be very small, emission with a reasonable lifetime could result following
intersystem crossing to (1)>B1 state. While the best estimate of the state energies after correction
has this process endothermic by 0.16 eV, it is feasible that the reaction is exothermic instead,

making it also feasible that this transition produces the observed photoemission.

As the observed single photon emission from h-BN defects [75] is thought to be in the
plane of h-BN sheet. Therefore, I have calculated the photoluminescence line shape of (1)*B1
— (2)*B1,as it is the only electric-dipole allowed in-plane transition with an energy lying within
experimental window as shown in Fig 7.1. I have used normal modes produced by VASP and
used the methodology implemented in Dushin [184] code to calculate the line shape. A general
feature is that no negative frequencies are found for ground and excited state triplets, hence the
structure remains planar and Cav symmetry is preserved. The calculated reorganization energy
is 0.17 eV, which matches well the experimental reorganization energy of 0.14 eV. The
calculated spectrum does not follow the fine details of the experimental spectrum, however
high energy feature around peaks A, B and C in Fig 7.2 are somewhat reproduced. Thus, VNCs

can be a possible emitter in h-BN.
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Figure 7.2 The calculated line shape for (1)°B; — (2)°B; transition for VNCg superimposed on exp. Line shape
for ref. [44].

Now I present the results for VsCn, which is the only defect predicted to have a triplet
ground state, making it feasible for use in quantum spin devices. The electronic orbitals
energies of this defect are shown in Fig. 7.3 and are analogous to those shown in Fig. 7.1 for
VNCs, except that the involved o orbitals are now ordered lai < b2 < 2ai, while the m orbitals
are ordered 1h1 < a2 < 2b1. Its ground state is B2 with the lowest-energy singlet state calculated
to be '41 at an adiabatic transition energy of 1.23 eV as calculated by DFT, changing to 0.53
eV applying likely corrections based on the ab initio calculations for VNCgs. This energy
difference is sufficiently high such that the prediction of a triplet ground state is likely to be
robust. For VBCn, three defect orbitals (Fig 7.3(b)) fall within the VB of h-BN, making them
doubly occupied, while the remaining three orbitals fall in the band gap between VB and CB

and are occupied by two electrons.

Although there is not a very good resemblance between the experimental and
theoretical line shapes, and non-reproduced features may imply that, this defect might not have
any relationship with emitting sources of h-BN. The non-reproduced features may be due to
substrate effects or coupling of the vibrational modes with impurities or other defects centres
etc which have not been considered in the calculations. Nevertheless, out of all the defect

studied in this work only the PL line shape of VNCs for the (1)’B1 — (2)’B1 transition have
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some resemblance with experimental PL line shape. Therefore, this result is not ideal but still

is quite a significant achievement.
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Figure 7.3 (a) Orbitals localized within the h-BN valence-conduction band gap from the periodic VnCs. (b) Key
DFT orbitals from the (1)°B, ground-state electronic structure of VgCy (the axis conventions are same as for
VnCg). (c) HSEO06 adiabatic energies of low lying states of VgCy as calculated by DFT, with, in (), these energies
corrected according to ab initio CCSD(T), EOM-CCSD, and CASPT2 calculations for a model compound of
VnCs. Allowed transition polarizations d, spin-orbit couplings A driving non-radiative transitions, and zero-field
splittings are also indicated.

Now I discuss in detail the nature of the spin-orbit interactions [220], zero-field
splitting, and allowed intersystem crossing and optical transitions for defect VNCs and VBCh.
A summary of the results is presented in Fig.7.1 & Fig. 7.3, highlighting the allowed in-plane
and out of plane transitions, corresponding HSE06 adiabatic energies of these transitions and
the possible paths of relaxation to the ground state. The key conclusion reached is that through
appropriate optical pumping and relaxation cycles, ground-triplet-state spin polarization can be
achieved for the VBCn defect in h-BN, making it of possible use in quantum information
devices [221,222]. Thus, I discuss below how long-lived quantum memory in h-BN can be
achieved for VNCs owing to the lifetime differences of the first and second order transitions
from different triplet sub-states to the singlet ground state. The result for VsCn is most

significant as for this defect the triplet state is predicted to be the ground-state of the system.
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Thus in subsequent optical cycles ground state spin-polarization can be achieved for the VeCn
as inter-system crossing results in preferential filling of mg = +1 spin sub-levels of triplet
ground state.

Finally, a word on the possible electron-phonon coupling which can cause inter-system
crossing is in order. The electron-phonon coupling is a very important aspect of studying the
optical cycle of defects. However, because of lack of clear experimental evidence about inter-
system crossing and the corresponding rates, only qualitative analysis of defect’s optical cycles

1s made.

7.1.1 The spin-orbit Hamiltonian

The spin-orbit interaction is expressed in terms of the Hamiltonian [220]

_zk 1/2

where, V = e¢ is the nuclear potential, m, the mass of electron and Pk (Sk) is the momentum

(VkV X Pg). ( ) (7.1)

(spin) of the electron. Since the potential transforms as the totally symmetric representation (a:
in Cov symmetry), V.V X Py transforms as a vector V(V,, V, V;). Since Py also transforms as a
vector, it is possible to find the irreducible representation to which orbital operator 0= ViV x
Py belong and, using group theory, predict the non-vanishing elements of spin-orbit
Hamiltonian. The only non-vanishing element of O is that for which ((p f|5 |<pi> D A;. For the
ground and excited states of VNCs, the spatial part of the wave function transform like either

Bior Ai. Similarly, for VBCN, the spin-orbit interaction occurs between the ground state triplet

and the first higher energy singlet with spatial symmetries of B2and A1, respectively. The non-

vanishing elements of 0 can therefore, be determined and are summarized in Table 7.1 for both

VNCs and VBChn.

Table 7.1 The Non-vanishing components of spin-orbit interaction for VNCg and VeCn. The quantities in rows and columns
represent the symmetry of the spatial part of wave function for ground and first excited states of VNCs and VaCn.

VNCB | Q41 |A; B, 0% |A, B, ©0B1|A, B, 084, B
A, | x 0 A, |0 0 A, |0 x A, |0 0
B; | 0 X B, |0 0 By | x 0 B, 10 O
VeCn | Q41 |A, B, 042 |A, B, ©0B1|A, B, 0B82|A, B,
A [ x 0 A, [0 0 A, |0 0 A | 0 x
B, | 0 x B, |0 0 B, |0 0 B, | x 0
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Since angular momentum transforms like an axial vector and has no A; component, one can
conclude from the above table that the only non-vanishing component of 0 for ground and first
excited state of VNCg (VBCN) is the y(x)-component. Therefore the simplified form of the spin-

orbit Hamiltonian can be written like
HSO(VNCB) = zk 83" Slj(/lljé

HSO(VBCN) = Zk 6x S;(Cllgg
Where 8,,(6,) is the strength of interaction. By the same argument as stated above spin mixing
of the triplet and singlet (2) *B; & (2) *4,( 34, & (1) *4;) for VNCs (VBCN) is caused by

8, (6,) component of spin-orbit interactions as shown in Fig.7.1(c) (Fig.7.3(c)).
7.1.2 Spin-Spin interactions

In general, a S = 1 electron spin system is described by a spin Hamiltonian of the
following form: H = g,BBS + SDS. Here g, is the electronic g-factor (g, = 2.0028 +
0.0003); B is the external magnetic field and D is the zero field splitting tensor. This tensor
comprises the anisotropic dipolar interaction of the two electron spins forming the triplet state
averaged over their wave function. This tensor is traceless and thus characterized by two
parameters, D and E, i.e. the axial and rhombic zero-field splitting parameters, respectively.
This spin-spin interaction arising owing to the non-spherical shape of molecular orbitals lifts
the degeneracy of multiplets. Therefore, I have calculated the spin-spin contribution towards
zero field splitting parameters ( D and E) for high spin ground states of VNCs (VBCn) as shown
in Fig.7.1(c) and Fig.7.3(c). As spin-orbit coupling links these singlets and triplets states, which
possess same total wave function symmetry. Therefore, a large value of D for VNCs (VBCN)
means that spin selective intersystem crossing (1) *B; < (1) '4,( 3B, & (1) '4;) can
preferentially fill state of mg; = 0 (mg = £1) spin projection. In addition, the first order spin-
orbit interaction would link states of mg = +1 (ms = 0) spin projection of (2) 3B ( 34,) with
singlets (2) '4;((1) A4, ) for VNCs (VBCn) as shown in Fig.7.1(c) (Fig.7.3 (c)). Based on
these arguments I discuss the possibility of achieving spin dependent photo luminescence and

ground state spin-polarization for VNCs (VBCn).
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7.1.3 Dipole allowed transitions and ground Triplet-State spin Polarization

In this section, I first study the effect of dipole allowed spin-preserved transitions. Such
transitions may happen via dipole interaction. Hy; = ), j Yu d]-“ Ej“, where d = e(x,y,z) is the
dipole moment of the electron and E is the electric field vector. These allowed transitions are
induced either by the axial component of the dipole moment d; = d,, d,, or it’s out of plane
component, i.e. d, = d,. For the VNCs ground (excited) state triplet (1) *B;((2) 3B,) is split
by virtue of spin-spin zero field splitting and transformed into sub-states |B; ,S Z) with
symmetry B, and |B; ,SY>, | B, ,SX) with symmetries A;and A, respectively. For VsCx, the
ground (excited) state triplet 3B, ( 34,) is transformed into sub-states |B,, Sz)(|45, Sz)) with
symmetry B, (A, ) and sub-states |B,, Sy )(|A3, Sy)), | B2, Sx)(|A3, Sy)) with symmetries A,(B,)
and A, (B;), respectively. For VNCs (VBCn), the spin preserved transition (1) *B; & (2) °B;
(3B, & 3A,) between respective magnetic sublevels occurs for the in-plane, i.e. d; = d,
(out of plane i.e. d, = d,) component of the dipole moment. For VNCg after excitation from
singlet ground state ((1) *4;) to the phonon sideband of the optically allowed (2) 14, state,
the system can relax directly to (1) *4; or vibronically to 'Bi and then to (1) *4; with the
emission of a photon. Alternatively, the inter-system crossing due to spin-orbit mixing (5 y) as
a first order endothermic process can take place resulting in relaxation of (2) A, population
to (2) 3B;. The transition to m; = +1 spin sub-states of (2) B, is a spin selective process as
only y-component of spin-orbit mixing can couple these states. One can note that the spin
sublevels of the triplet split even at zero magnetic field that is caused by the electron spin -
electron spin dipolar interaction (zero-field splitting) because of the low-symmetry crystal
field. The population of (2) *B; can decay to (1) ®B; and then inter-system crossing can result
in preferential emptying of m;= %1 sub-states of (1) B; to singlet ground state. On the other
hand decay of the mg = 0 spin sublevel of (1) ®B; to the singlet ground state is a second-order
process. Therefore, in subsequent optical cycles, ODMR contrast can be achieved by
microwave excitation (green arrows), owing to the lifetime differences of first and second order
transitions from the different triplet sub-states to the singlet ground state. This behaviour is
similar to N2V defect in diamond [223]. Thus VNCa, can be exploited to realize a long-lived

quantum memory in h-BN, as has also been proposed for the N2V defect in diamond. This is
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an exciting result, as in our recent DFT computational work, several potential single photons
emitting defects in h-BN are studied and, amongst them, the VNCg defect is shown to best fit
the experimental photoluminescence (PL) line shape [200]. Also, as the energies of the two
ZPL’s for VNCs (i.e. (1) *4; & (2) '4; and (1) *4; & 'B,) are matched to the energies of
the group-1 and group-2 emitters reported in recent experimental work [21]. Therefore, present

results might trigger many future studies on VNCg in h-BN for exploring its spin-physics.

For VaCn the excitation from the ground state triplet 3B, to the 2" excited state triplet A, is
forbidden due to symmetry constraints. However, not only spin dependent photo-luminescence
can be achieved for VsCn for excitation to 34, excited state but also in addition ground state
spin polarization can be realized as shown in Fig.7.3. As z-component of spin-orbit coupling
would link states of mg= 0 spin projection with singlet (1) *4; and then relaxation takes place
to (2) *4;, followed by relaxation allowed by inter-system crossing (ISC) to the (m,= 1) sub-
state of >B,. Thus one can have preferential filling of (m,= +/) sub-state of 3B, for excitation
from m,= 0 of the same in subsequent optical cycles. Therefore, ground state spin polarization
can be achieved for VeCn. Thus, one can conclude that both VNCs and VBCn can potentially

be exploited for spin qubit operation [221,222].
7.2 The level structure of VNNg defect (neutral, +1 and -1 charge state)

In this section, I present the calculated level structure of VNNB in its neutral, +1 and -1 charge
states and argue on the basis of experimental observations (e.g. ZPL energies, re-organization
energy, paired in-plane emission with orthogonal dipole moments etc.) the possibility of single

photon emission from this defect.
7.2.1 VnNp defect

In Fig. 7.4(c), 1 depict the key low-energy states of interest, showing their adiabatic
transition energies as determined by HSE06 for the 2D model, and those adjusted by the
appropriate correction identified above for the model compound. Relevant transition intensities
predicted for the model compound are shown in Table 6.10 (previous chapter). Independent of

the application of these model-compound corrections, under experimental conditions, only the
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(1)*A1 and (2)?B1 states appear relevant to the interpretation of observations. The predicted
excited state energies and intensities are inconsistent with the observation of two close-lying

intense absorptions of, by necessity, A1 and B2 symmetry [21,22,75].
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Figure 7.4 (a) Orbitals localized within the h-BN valence-conduction band gap from the periodic (b) Key DFT
orbitals from the (1)’B; ground-state electronic structure of VNNp. The states are labelled according to the
symmetry of Irreducible representation as per C,y, point group. x(y,z)-axis are perpendicular to (in the) plane of
defect. (c) HSEO6 adiabatic energies of low lying states of VnNp as calculated by DFT, with, in (), these energies
corrected according to ab initio CCSD(T), EOM-CCSD, and CASPT2 calculations for a model compound.
Allowed transition polarizations d are also indicated.

In principle in-plane excitation can result in a PL peak at an energy of 2.69 eV, moreover
UV excitation at energy of 3.78¢V can populate 2'A1 state and then intersystem crossing can

result in filling of the quartet 1A state.

I hereby, consider the calculated reorganization energies listed in Table 6.9 for
relaxation within Cav symmetry to make comparison with experiment. The HSE06 values for
the reorganization energies of (1)?A1 and (1)*A1 in the 2D material match well with previous
calculations [73]. Values obtained for the model compound typically agree with those for the
2D material to within 0.2 eV, a much smaller difference than that found for VnCs; also the
reorganization energies are at most 0.7 eV, smaller than the largest values found for VnCs.
Comparing calculated results for the neutral VNNg defect in the 2D material to experimental

observations for h-BN, I see that only the (2)?’A2—(2)' A1 transition is likely to have a calculated
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reorganization energy (0.21 eV) small enough to be feasible in describing the experimental
data. However, this state is predicted to be far too high in energy, far too weak in intensity, and
to incorrectly emit with out-of-plane polarization. Of the low-energy states of appropriate
polarization and intensity, the (2)’B1—(1)!B transition has a very large reorganization energy
(0.73 eV), as calculated by HSE06, even larger than that found here and previously [200] for
PBE.

The reorganization energies listed in Table 6.9 include only the contributions from in-
plane relaxation within Cay, excluding any that may arise from in-plane or out-of-plane
distortions. As is known [123], the (1)'B1 ground state is predicted by HSE06 to undergo a
distortion in a b1 mode, and I find that the same also applies to (2)!B1 by normal-mode analysis

of its Hessian matrix at Cov symmetry.

Earlier, concerns were raised as to whether the prediction of out-of-plane distortion to
a well depth of just 0.05 eV is sufficiently robust to, in itself, eliminate neutral VNNB as a
serious contender for explaining the observed h-BN emission. The prediction of a distortion of
a B1 state by a b1 mode indicates strong vibronic coupling between the Bi state and an A state
[93], presumably here the close-lying (1)?A1 state. Clearly, the presence of a double-well in a
b1 mode depends strongly on how a particular computational method perceives the conical
intersection between the (1)°B1 and (1)?A states [213]. In this case, spectral predictions cannot
be made with confidence using standard approaches, even those utilizing curvilinear
coordinates [224], as the strong vibronic coupling will invalidate the Born-Oppenheimer
approximation upon which these methods are based, demanding full quantum treatment of the
coupled electron-vibration problem [213]. Tables 6.9 provide enough information to access
how reliable HSEO6 is expected to perceive the conical intersection seam. If it yields similar
vertical and adiabatic excitation energies, and therefore reorganization energies, as does the
reference methods used, then realistic predictions of the presence and depth of the double well
may be expected. While Table 6.10 shows good agreement at relaxed geometries, Table 6.8
indicates large differences for vertical excitation, leading to large reorganization energy
differences in Table 6.10. Hence, the prediction of a shallow double well by HSE06 may not

to be robust to improvements in methodology.
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However, through a consideration of a wide range of properties of the excited-state
manifold of VNNB, it is clear that this defect cannot account for the observed emission.
Nevertheless, the reliance of the prediction of an out-of-plane distortion may not, in itself, be

sufficient to eliminate this and other possible defects.
7.2.2 The +1 and -1 charged states of VNNg.

For VNNB™!, the calculations predict the lowest-energy singlet excited state to be (1)'Bi1. This
state would have an out-of-plane transition with the ground state that is inconsistent with
observed h-BN defect spectra. It is predicted to have a very large reorganization energy of A =
1.82 eV in the 2D material, and hence an extremely broad spectrum, with very low calculated
oscillator strength, additional features all inconsistent with experiment. Within the triplet
manifold, the low energy transitions are predicted to be either forbidden or else very weak and

out-of-plane polarized, again inconsistent with experiment.
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Figure 7.5 HSE06 adiabatic energies of low lying states of 2D VyNp'! (left) and VNNp™! (right), as calculated by
DFT, with, in () for VNNg*!, these energies corrected according to ab initio CCSD(T), EOM-CCSD, and CASPT2
calculations for the model compound. Allowed transition polarizations in the a;, by, and b, directions (see Fig.
6.4) are also indicated.

For VNNB™!, the calculations again predict the lowest-energy singlet excited state to be
(1)'B1, having a weak and out-of-plane polarized transition to the ground state, but this time
with only a small reorganization energy of 0.27 eV. However, above it by just 0.5 eV are

predicted to be the (1)!B2 and (2)' A1 states, states with symmetries consistent with the observed
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dual in-plane absorption polarizations [75]. It could be that the calculations have just
misrepresented the energy of (1)'Bi, and that in reality the other states are of lower energy.
Indeed, the (2)'A1 state shows all the required properties: intense, with a very small
reorganization energy of just 0.11 eV, but (1)'B2 appears insufficiently weak. Therefore, while
some required features are present, overall it would seem unlikely that these states could
explain the observed h-BN emission. The triplet manifold of VNNg™! is predicted to have many

low energy transitions and is clearly inconsistent with the observed h-BN defect spectra.
7.2.2.1 Spin-spin interactions and possible applications to quantum information.

While none of the defects studied appear to closely relate to observed h-BN defects, it
could be possible to engineer these defects deliberately. One of the driving forces for research
into h-BN defects is the possibility that they may prove useful as qubits in quantum information
processing systems. I proceed by examining how useful the calculated defects are likely to be

in this regard.

Spin-orbit coupling can mix the triplet and singlet spin states, generating intersystem
crossings, while spin-spin interaction lifts the degeneracy of spin-multiplets. In case if
sophisticated experimental data is available for a particular defect species, the calculation of
spin-orbit energy can provide useful information about a defect’s optical cycle and it’s potential
usage as a qubit.[225] Clearly, so far such data is not available for h-BN defects, therefore
quantitative analysis of spin-orbit coupling is beyond the scope of present work, however to
predict the possibility of inter-system crossing we have performed a qualitative analysis.
Specific patterns are required for defects to be useful as qubits. For neutral VNNB, the calculated
splitting patterns are indicated in Fig. 7.4, whereas for charged defects they are shown in Fig.
7.5. Here I present a detailed discussion on the nature of the spin-orbit interactions [220], zero-

field splitting, allowed intersystem crossing and optical transitions [220].

The key conclusion reached is that, in subsequent optical cycles, Optically Detected
Magnetic Resonance (ODMR) contrast can be achieved by microwave excitation for VNNg*!
and VNNB™!, owing to the lifetime differences of the first and second order transitions from the

different triplet sub-states to the singlet ground state. This behaviour is similar to N2V defect
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in diamond. Thus VNNg*!' and VxNB!, should be exploitable to realize a long-living quantum
memory in h-BN, as has also been proposed for the N2V defect in diamond [223]. Because

VaNB*! and VNNB! have similar level structure to N2V defect in diamond.
7.2.2.2 The spin-orbit Hamiltonian

For both ground and first excited states of interest for VNNg™! and VNNg'!, the spatial part of

the wave function transform like either 4;, B; or B2. The non-vanishing elements of 0 can
therefore be determined and are summarized in Table 7.2.

Table 7.2 The Non-vanishing components of spin-orbit interaction for VNNg!. The quantities in rows and columns represent
the symmetry of the spatial part of wave function for ground and first excited states of VNN,

|64 |4, B B, ©O%|A B B ©% |4 B B 0% |4 B B
A, | x 0o o0 4]0 o0 0 4 |0 x 0 4 |0 0o x
B, |o x o B |o o x B |x 0 0o B |0 0 o0

B, |o o x B |0 x 0 B |0 0 O B |x 0 0

Since the angular momentum transforms like an axial vector and has no A; component, I can

conclude from the above table that the only non-vanishing component of 0 for ground and first
excited state of VNNB™! and VNNB™! is the y&x-component. Therefore, the simplified form of

the spin-orbit Hamiltonian can be written like

— y(x) ;¥ (x)
Hsowyngty = zk Sy Sic Lk (7.2)

where 8,4 is the strength of the interaction.

7.2.2.3 Spin-spin interactions

The calculated spin-spin contribution towards zero field splitting parameters ( D and E)
for high spin ground states of VNN and VNNB*!is shown in Fig. 6. The spin-orbit coupling
links those singlets and triplets states which possess same total wave function symmetry,
therefore a large value of D for VNNe! and VNNB'!' means that spin selective intersystem
crossing (1) *B; & (1) *4;can preferentially fill state of m; = 0 spin projection. In addition,
the first order spin-orbit interaction would link states of my = +1 spin projection of 3B;with

singlets 'A;for VxNg! and VNxNg*! as shown in Fig. 7.5. Based on these arguments, we
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discuss the possibility of achieving spin dependent photo luminescence and ground state spin-

polarization for VNN and VNNB™!.

7.2.2.4 Dipole allowed transitions and possibility of achieving long lived quantum

memory from VaNg! and VyNg'!

In this section, we first study the effect of dipole allowed spin-preserved transitions for
VaNB! and VNNB*!. For the VnNB™! (VNNB') ground (first excited) state triplet
(1) B, ((1) 3A,) is split by virtue of spin-spin zero field splitting and transformed into sub-
states |B; ,SZ)(|A1 ,SZ)) with symmetry B,(A,) and |B; ,SY)(|A1 ,Sy)), | B, ,SX)(|A1 ,SX))
with symmetries A;(B;) and A,(B,), respectively. The spin preserved transition (1) *B; <
(1) 3A; between respective magnetic sublevels occurs for the out of plane ie. d; = d,
component of the dipole moment. Thus, for the VNNB*!, after excitation from singlet ground
state ((1) *A;) to the phonon sideband of the optically allowed (1) B, state, system can relax
directly to (1) *A; with the emission of a photon. Alternatively, the inter-system crossing due
to the spin-orbit mixing (0x) as a first order process (exothermic) can take place resulting in
shift of (1)'B2 population to (1) 34;. The transition to my = +1 spin sub-states of (1) 34, is
a spin selective process as only x-component of spin-orbit mixing can couple these states. One
can note that the spin sublevels of the triplet split even at zero magnetic field that is caused by
the electron spin-electron spin dipolar interaction (zero-field splitting) because of the low-
symmetry crystal field. The population of (1) *4; can decay to (1) >B, and then inter-system
crossing can result in preferential emptying of ms = +1 sub-states of (1) 3B, to the singlet
ground state. On the other hand, decay of my = 0 spin sublevel of (1) B; to the singlet ground
state is a second order process. Therefore, in subsequent optical cycles, ODMR contrast can
be achieved by microwave excitation, owing to the lifetime differences of first and second
order transitions from the different triplet sub-states to the singlet ground state. This behaviour
is similar to the N2V defect in diamond.[223] A similar procedure resulted in the preferential
emptying of ms= =1 sub-states of (1)*A1 to the singlet ground state for VNxNg™\. However, the

I'is small (but not zero) compared to VNxNs'!. For

possibility of spin polarization for VNNB"
VNNB! spin-orbit mixing (8x) as a first order process (exothermic) can take place resulting in

shift of the (1)'B2 population to (1)’A1. The population of (2)°A1 can radioactively decay to
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(2)’A1. In principle, the spin-orbit interaction cannot connect the lowest energy triplet (1)*A1
and the singlet (1)!A1 ground state. However, participation of phonons allows this connection
in the second order. This has been recently shown to be possible for Nv'' where the spin-orbit
interaction cannot couple the triplet (1)>A2 ground state and the lowest energy 'E singlet state,
but participation of phonons allows intersystem crossing in the second order.[226] Thus for
VNNg!, phonons of bi symmetry can mix (1)°B1 into (1)*A1 that would result in shorter lifetime
for the |4, ,Sy> state than for |B; ,Sy), where the latter can only decay to the ground state by
a third-order process. Thus although the decay of (1)*A1to (1)'A1 is not allowed in the first
order, a second order process could lead to such a decay. Hence VNNg!and VNNB*!, can be
exploited to realize a long-living quantum memory in h-BN as has been achieved for

N2V defect in diamond.
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Chapter 8 Conclusion

There is currently great interest in the spectroscopy of point defects in 2-D and 3-D
semi-conductors. The use of DFT computational schemes to examine the geometrical and
spectroscopic properties of defect sites in materials is widespread, with many successes
attained. However, here I conclude that a priori calculation of properties of defect states in 2D
materials remains a daunting challenge. Primarily, this work is an attempt to identify the source
of SPE in h-BN, however many key issues regarding the application of standard DFT
computational approaches to defect sites are identified and possible solution is presented. In
this thesis, I perform a detailed survey of likely defects e.g. potential defects responsible for
single photon emission from h-BN. In particular, I focused on potential quantum emission
candidate defects including intrinsic e.g. vacancies and anti-sites and extrinsic defects e.g.
oxygen (O), hydrogen (H), carbon (C), silicon (Si), sulphur (S), fluorine (F) and phosphorus
(P) defects. A few defects were shortlisted based on the energy level structure and then based
on calculated HR factor I outlined three potential defects for observed single photon emission
from h-BN, i.e. VNCs, VBCn and VNNB. I look at VNCs, VBCn and neutral and charged states
of the VNNB defects in h-BN in detail. I calculate the formation energy and CTL’s for these
defect species. Since a standard method of defects identification is calculation of HF coupling
constants and compare with experiment EPR values. Therefore, I calculated the hyperfine
coupling parameters for many h-BN defects and was able to identify a few defect species based
upon comparisons with available experimental data. Because of limited available experimental
data, my HF coupling calculations for the other defects may serve as useful theoretical data

that can be compared with possible future EPR experiments.

I calculate the level structure of my shortlisted defects i.e.VNCs, VBCn and VNNB. 1
benchmark the DFT calculations for the spectroscopy of these defects with ab-initio approaches
on an equal model compound and some of the key conclusions of this benchmarking approach
are as under. The defect VNCg and the charged states of VNNB have an even number of electrons
and hence leading to singlet ground states, with VNNB*! being isoelectronic with VNCs [82].
Both of these defects result in very large errors when DFT methods are compared to ab initio
ones for model compounds, the cause being the intrinsic open-shell nature of the ground state
and other key defect states. Comparison of DFT-based results to accurate ab initio ones for a
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model compound indicate that the PBE density functional is unsuitable, that for certain
properties HSE06 predict very accurate answers but for others may involve large systematic
errors of up to 1 eV in magnitude, and that results from CAM-B3LYP suffer less seemingly
random anomalies and are generally much more reliable. While only methods containing
correction for the asymptotic potential error should be applied to defect sites owing to their
likelihood of involving charge-transfer spectroscopy, practical software limitations may limit
current applications in periodic systems to uncorrected functionals like HSEO06. The
implementation of range-corrected hybrid functionals like CAM-B3LYP into solid-state DFT

codes is a priority as defect-state spectroscopy is currently a very important research field.

Generally, when using DFT, serious problems occur when states involve significant
multi-reference character, especially when comparing the energies of states, which differ
markedly in this regard. Errors are most pronounced for closed-shell singlet states with
“bonding”-type wavefunctions spanning broken bonds. If such a state is used to describe the
excited states in a TDDFT calculation, then these errors in the ground state transfer to the
excited states produced. I found that for VNCg at the test geometry, the HSE06 energies of
triplet states are predicted to be too low by ca 0.7 eV compared to the energies of closed-shell
states, while the energies of open-shell singlet states are underestimated by ca. 1 eV. For CAM-
B3LYP, the errors are less, 0.3 eV for triplets and 0.5 eV for open-shell singlets, with an average
error of 0.4 eV. The use of TDDFT to calculate triplet state energies based on a triplet-state
reference function works well, but closed-shell singlet states with significant multi-reference
character cannot be used reliably. Charge states of VNNB suffer similar issues, whenever open-
shell character is involved, with different magnitudes of errors. The problems with the open-
shell nature of key states is less for VNNg™! than it is for VNNB*!, owing to the change in the

nature of the key HOMO orbital.

For the neutral VNNB, a system with an odd number of electrons, I find here that the
errors in DFT are much reduced, with state energies for model compounds being in error on
average by 0.0 £ 0.3 eV for CAM-B3LYP, -0.3 + 0.2 eV for HSE06, and, as expected, very
poor for PBE at -0.9 £ 0.3 eV. Thus, I conclude that universal corrections for DFT calculations

cannot be obtained: at least every isoelectronic system needs to be treated independently.
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In general, the errors found appear to be minimal when the defect singlet states contain
minimal covalent character. Geometrical relaxation tries to heal defects by forming covalent
bonds, leading to possible significant enhancement of the error magnitudes described above,
with calculated bandwidths for absorption and emission spectra being subject to the same
effect. However, in 2-D and 3-D materials, strong restoring forces oppose these chemical
forces, minimizing errors anticipated in DFT calculations towards the more basic results
observed at the test geometry. Errors of order 0.3 eV in calculated state energies can be
introduced through neglect of zero-point energy and entropy contributions at 298 K. While
these are small compared to the other errors in DFT calculations considered, these effects will

need to be included in accurate calculation.

At present, it would appear that the only commonly available reliable approaches for
calculating defect states in 2-D and 3-D materials are ab initio methods such as CCSD(T),
EOM-CCSD, CASPT2 and MRCI applied to model compounds chosen large enough so that
they adequately represent the extended system in which the defect is found. The recent
development [136-141] of efficiently scaling techniques of this type gives potential for
expanded applications. However, these methods are still not as accurate as is desired, with
variations of on average 0.3 eV being found between different approaches. Improved
approaches treating well both multi-reference character and triples excitations are therefore
required (and will be the subject of my future studies). On the other hand, the DFT functional
found most reliable, CAM-B3LYP, is still not robust enough for general use. However, HSE06
calculations should be adequate for evaluating free-energy contributions and for optimizing
geometries. Ifused without external calibration by ab initio methods, DFT results are expected
to be very accurate when only triplet states of defects are involved, with the next best scenarios
being when either only closed-shell singlet states or else only open-shell singlet states are

involved.

A related issue for studies of model compounds or periodic 2-D samples is the need to
use systems large enough to minimize errors. Based on the results and the identified strong
competition between chemical and restorative forces in controlling defect structure, model
compounds intended for accurate modelling should include one or more rings of atoms outside

the ring that minimally describes the defect. Use of model compounds that are too small will
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introduce artefacts owing to the propensity of defect sites to close on themselves to optimize
covalent bonding. In addition, while typically transitions of interest are defect-localized, this
may not always be the case and the appropriateness of cluster models to transitions involving
conduction or valence band transitions will always be questionable. The small model
compounds might not completely embed the point defect. One problem of using small model
compound is that dynamic correlation effects of the periodic systems might not be fully in
cooperated. Another problem with this treatment is that the electrons of larger h-BN flakes
would interact with these localized electrons via exchange and correlation effects that can
effectively screen the static correlation interaction. Therefore, the error estimate might not be
that accurate. It is very difficult to estimate the strength of this screening effect. This issue can
be sorted by applying larger and larger models, however, this can be computationally

prohibitive (and therefore beyond the scope of this thesis, but is a subject of future studies).

Another significant issue concerning DFT calculations is the need, for computational
purposes, to apply the ASCF procedure. This method often requires physical observables to be
connected to calculated properties using an empirical ansatz. Improved future computational
methods will, in the short term, bring significant advances to this situation. One advance will
be the implementation of long-range corrected methods like CAM-B3LYP into periodic-image
codes (future work). Such methods represent the entry level for DFT calculations on defect
states as only they can correctly describe charge transfer, a critical aspect of defect
spectroscopy. Both here, for VNNB, and VNCs [83], I find CAM-B3LYP delivering useful
results in unusual chemical situations for which HSEO06 fails significantly. A second
forthcoming advance will be the widespread deployment of MC-DFT schemes [143,215].
Schemes that will in a systematic fashion handle the strong electron correlation aspects critical

to defect spectroscopy.

Presented herein are also a range of computer programs that can interpret and control
VASP calculations. These convert laborious human effort in searching for excited states into
an automated procedure that mostly works, reducing human and computer time to only a few
days to complete significant searches of excited-state manifolds. These methods are generally

applicable to excited states far beyond the field of defect spectroscopy.
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I also calculate the photo-luminescence line-shapes for some transitions within the
manifolds of these defects and make comparison with experimental line shape. Concerning,
the possibility that VNNB defects could contribute to the observed defect spectroscopy of h-
BN, from the calculations performed it is clear that this is unlikely. Only one possible transition,
the (2)!A1 — (1)'A1 transition predicted in VNNB™!, presents an intense, narrow-band of the
correct polarization, in about the right region of the spectrum. While the predicted band is
exceptionally narrow and consistent with observed bandwidths, the shape of its PSB is quite
different to observed shapes. Further, a second required excited state of only slightly higher
energy, of symmetry (1)'Bz, with absorption intensity that is also intense, was not predicted,
and further its (1)!B; state, which cannot lie below the other states, was predicted to be 0.5 eV
lower in energy. For VNCs the transition (2)°B1 — (1)°B1 appears to be in the energy range of
observed single photon emission and the calculated photo-luminescence line shape resembles

with experimental line shape, making this defect a strong candidate of potential emitters.

Decisions as to the likelihood that a certain defect contributes to the observed h-BN
spectroscopy should not be made solely on the grounds of calculated energies. As previously
mentioned, energies are difficult to reliably predict. However, band-intensity and bandwidth
information is more likely to be robust, and, given the certainty by which the experimental
results depict polarization, intensity, and bandwidth, with in particular the observed bandwidth

being extremely low (A =0.04 to 0.17 eV), this information becomes critical.

A critical feature of any prediction is as to whether or not any state is predicted to distort
out of plane [123,143]. Such a distortion will add significantly to the reorganization energy
provided that the well depth significantly exceeds the zero-point energy of the displacing mode.
Such distortions may be difficult to predict reliably, however, as they flow from the nature of
the conical intersection seam that links the state of interest to nearby states of the required
symmetry. While DFT methods are likely to accurately reproduce the non-adiabatic vibronic
coupling constant that determine the shape of the conical intersection seam, critical also is the
accurate prediction of the energy gaps between excited states. This may not be done with
sufficient accuracy, leading to improper predictions of symmetry breaking distortions. Only

through careful examination of the excited-state manifold can estimates be made as to the
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reliability of such predictions. Preliminary searches for defect states that could explain the

observed h-BN emission are therefore best done ignoring this (eventually crucial) effect.

Finally, I note that out of all the defects examined; only VsCn was predicted to have a
triplet ground state. I show that the available combination of excited-state energetics, spin-orbit
coupling and zero-field splitting parameters leads to a scenario in which ground-state spin
polarization and long-lived quantum memory in h-BN can be achieved for VsCn and VNCs
respectively, by optical means, making these defects of interest for use in quantum
computation. Also, the calculations predict that if by some means VNNB defects could be
engineered into h-BN and charged states +1 and -1 can be realized, then these defects can be
used for quantum computing applications by accessing different defect states e.g., VNNs™! and
VNNB, can be exploited to realize a long-living quantum memory in h-BN as has also been

proposed for N2V defect in diamond.
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Appendix

Appendix

Table 0.1 The calculated principle values of HF tensor on nearby atoms at distance d from the defect centre, in MHz, for
various ground-state (GS) defects in h-BN, with also the average principle values of the HF coupling tensor (AxxtAyy+Az)/3.

Key interatomic distances d are also listed.
Defect  Symm.

Vx Dsp,
V! Dsp,
Cx D3,
VnNO2p Cs
VxNg Cy
RN Cy
VsCn Cy
VeCxSiy C,
VnCsSip Cs

Atoms
B1-Bs
B4-B5
Ni-Ng
B1-Bs

C
B1-Bs
B4-By
Ni-Ng

B:
B,-B;
B4-B5

Bs
Nl-Nz
N3-N4
01-02

Ny
Nz-N}

Ny
B:-B;
B3-B4

C
B:-B;
B3-B4
B5-B5
NI-NZ
N3-N4

C
B:-B;
B3-B4
Nl-Nz
N3-N()

d(A)
1.27
2.88
242
113

0
1.49

2.89
2.53
1.41
3.77
2.86
2.90
242
2.61
141
1.37
2.40
425
1.37
3.73
1.35
1.35
3.70
273
236
2.62
1.37
2.58
2.54
1.37
3.64
3.04

0
277
2.23
2.08
427
4.64
2.69
2.89
4.14
1.74
273
2.87
337

0
1.91
1.79

29
479
2.65
3.54

AXX
19
6
2
0
40
-16
2
1
529
21
12
3
22
4
215

-31

AY.V
19
5
-1
0
40
-14
-1
0
519
21
12
-2
21
4
-209
29
-1
1
0
0
418
64
12
4
5
7
6
-5
-1

2

AZZ
57
14
-3

0

208

-22
-2

5

615
27
16

(AxxtAyy+Azl3)
32(22)°
8
2
OC
96
-17(-18)¢
2
2
554(506)°
23
13
3
25
4
213
66
3
2
4
-1
473
70
14
8
7
8
28
-6

® The values reported are for B'', N'¥, C'* and O' isotopes, with only atoms with signal great than 2 MHz listed. Contributions from atoms
interpreted as accounting for observed signals are highlighted in bold. The Fermi contact terms are listed without (with) core contribution.

® In ref. [114], a signal is observed of magnitude [A+4yy+4,,|/3 = 22.434+1.4 MHz that is attributed to an Nv centre.

¢In Ref. [109], a signal is observed of magnitude |4x+Ayy+4,,|/3 = 117.06 MHz that is attributed to an V' TBC, as well as a signal at 352.70
MHZz attributed to an oxygen-containing VO, OBC.

4 In Ref. [113], a signal is observed of magnitude |4x+Ayy+A4,,//3 = 20.83 MHz that is attributed to the B'' atoms in a Cy TBC.

¢ The ground state is calculated to be '4; and the results presented are for the lowest-energy triplet state, *B).
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Table 0.2 Bond lengths around VaNB, VNCs, VBCn, NvBcBsi and BvNcNsi centres.

Bond
Length(Ang)

VNg AN ViCy NvBcBsi ByNcNsi
B-N 2.57 B-C 2.60 B-C 1.55 Si-N 1.82 1.74
B-B 1.94 B-B 1.92 N-N 2.65 Si-B 1.96 2.08
N-N 1.36 C-N 1.35 C-N 2.38 Si-c 1.91 1.72

Table 0.3 Comparison of HSE06 energies of VNCg defect with size of the model compound (MC), MC’s
consisting of 25, 57 and 101 atoms are compared with periodic structures of VnCag.

HSEO06 Energies
State 25 Atom MC 57 Atoms MC 101 Atoms MC 2D
(D'A [0]
@'As 246
()'B, 1.54 1.07 0.96 1.08
(2)'B; 3.00 1.92
()'By 4.55
(2)'B, 3.82
(D'A, 2.41 2.14
2)'A; 3.83 2.51
(1°A, 4.00 1.69 2.00 3.00
(1)’B; [0.77] 0.43 0.32 0.34
(2)°B; 2.70 1.56 1.80 1.92
(1)°B, 4.02
(2)°B; 4.24
(1)°A, 2.28 1.68
2)°Az 3.11 2.07
3)’Az 4.47 2.44
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