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Abstract

Atomic-scale defects can control the exploitable optoelectronic performance of crystalline
materials, and several point defects in diamond are emerging functional components for a range
of quantum technologies. Nitrogen and hydrogen are common impurities incorporated into
diamond, and there is a family of defects that includes both. The N3VH? defect is a lattice
vacancy where three nearest neighbor carbon atoms are replaced with nitrogen atoms and a
hydrogen is bonded to the remaining carbon. It is regularly observed in natural and high-
temperature annealed synthetic diamond and gives rise to prominent absorption features in the
mid-infrared, the strongest of these being its C—H stretch mode at 3107 cm™. Often, it is
observed alongside another feature at 3237 cm’!. This feature is presently unidentified, but
speculated to belong to an N-H stretch. Here, we combine time- and spectrally resolved
infrared absorption spectroscopy to yield unprecedented insight into the vibrational dynamics
of both of these defects, following both infrared and ultraviolet excitation of the C—H stretch.
In doing so, we gain fundamental information about the energies of quantized vibrational states
and corroborate our results with theory. We map out, for the first time, energy relaxation
pathways, which include multiphonon relaxation processes and, in the case of N3VHC,
anharmonic coupling to the bend modes. These advances provide a new route to probe and

quantify atomic-scale defects in diamond.



1 Introduction

1.1 Introduction to diamond

1.1.1 Diamond in history

Throughout history, diamond has been revered as a precious stone of great value. Many
translations of the Book of Exodus refer to diamond as one of the twelve gemstones set in the
priestly breastplate [1]. In Chapter XI of the Arthra-Sastra, details are given regarding both the
source and value of diamonds, in addition to regulations involved in the diamond trade [2]. The
word ‘diamond’ has its root in the Greek ‘@ddpoc’ or ‘adamas’, meaning ‘invincible’, owing
to its extreme hardness. Pliny the Elder describes diamond in glowing terms and refers to its

two common uses — as an object of beauty and as a tool for cutting and engraving [3].

1.1.2 Diamond in science

Diamond is known to be one of the allotropes of carbon. It exists as a giant covalent lattice,
one unit cell of which is shown in Figure 1.1. Each carbon atom is sp* bonded to four nearest
neighbours, creating a rigid tetrahedral structure. The diamond lattice is based on a face-centred
cubic (fcc) lattice arrangement, with an additional two-atom basis filling half of the tetrahedral
holes. This regular repeating pattern of strong, short covalent bonds is what gives rise to many

of the incredible properties of diamond, such as its extreme hardness (10 on the Mohs scale),



high thermal conductivity (up to 2200 Wm™'K™"), high refractive index (~2.4) and high optical

transparency.

3.57A

Figure 1.1 One unit cell of the repeating tetrahedral lattice structure of diamond. Each grey

circle represents a single carbon atom.

1.2 Formation of diamond

Energetically, diamond is a less stable allotrope than graphite at room temperature and
pressure. Conversion between the two structures requires a significant amount of energy. The
conditions required for diamond formation typically follow the Simon-Berman line, shown in
Figure 1.2, which details the relationship between the pressure, P, in kilobars and the

temperature, T, in Kelvin required for equilibrium between diamond and graphite:

P(kbar) = 7.1 + 0.027T(K) (1.1)



This equation was originally extrapolated from thermodynamic calculations, based on the
heats of formation of both allotropes, using data recorded at temperatures of up to 1200 K [4].
Subsequent equilibrium experiments, using a variety of apparatuses and conditions to form
diamond from graphite using metal solvent catalysts, and to directly graphitise diamond

without the presence of a catalyst, supported the conclusions from theory [5].
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Figure 1.2 The phase diagram of carbon, including the Simon-Berman line and showing the
conditions required for the formation of diamond from graphite. If the temperature is too high,

liquid or gaseous carbon is formed instead.

Following the Simon-Berman line, diamond may be produced under conditions of high
pressure and temperature. In the following sections, 1.2.1 through 1.2.3, we describe the
formation of diamond in nature and through the most common synthetic production methods —

high pressure, high temperature (HPHT) synthesis and chemical vapour deposition (CVD).



1.2.1 Natural diamond

The majority of the Earth’s naturally occurring diamonds are formed deep in the subcratonic
regions of the lithospheric mantle, at boundary regions near the asthenosphere [6-7]. When the
lithosphere and the asthenosphere are at roughly the same depth, roughly 200 km, the cooler
temperature of the former allows for a lower pressure requirement for diamond formation,
according to the Simon-Berman line. Thus, there is a window in the deep lithosphere where
diamond production becomes an energetically favourable process.

Diamond crystals form in melts that are found in this window and precipitate out on substrate
rocks. Common substrates for diamond deposition include peridotites, eclogites and
websterites [8]. Traditional models for diamond formation within the lithospheric mantle
invoke either carbonate reduction or methane oxidation, but more recent work suggests that
they may form through isochemical cooling of H2O-rich Carbon-Hydrogen-Oxygen fluids [9].
Once formed, diamonds are subsequently taken up towards the Earth’s surface through
kimberlite pipes [8,10-11]. A significantly smaller proportion of natural diamonds are produced
below the lithosphere in subduction zones underneath oceanic crust [12]. Figure 1.3 shows the

regions of the upper mantle where diamond formation can occur.



100

200

300
Figure 1.3 Schematic showing a section of the crust and upper mantle of the Earth, including
depth below the surface, and pressure (kbar). Regions where diamond formation is
energetically favourable are denoted. Diamond is formed in two regions: in the window deep
in the subcratonic lithosphere, and in deep subduction zones underneath oceanic crust.

Reproduced from [7].

Diamond inclusions have also been found to occur in carbon-rich meteorites, known as
ureilites, that have crashed into the Earth [13]. The origin of these diamonds is not explicitly
known — however, there are several suggested explanations for their formation: (1) through
energy generated by the impact of a collision [14]; (2) through exposure to gases in the solar
nebula that are rich in carbon [15]; and (3) due to high internal pressure inside the ureilites

themselves, which allows diamond formation to become energetically favourable [16].



1.2.2 High pressure, high temperature synthesis of diamond

HPHT synthesis aims to replicate the conditions required for the natural formation of diamond
[17-19]. Carbon-rich sources such as graphite are dissolved in a molten metal solvent, typically
a transition metal alloy, and heated at a temperature exceeding 1600 K inside a reaction cell,
subjected by a belt [19], cubic [20] or split-sphere [21] press to pressures above 50 kbar. Under
these conditions, the carbon-rich sources can spontaneously precipitate out as diamond,
creating small crystals which begin to grow over time. Alternatively, the reaction cell may be
set up with a temperature gradient. In this case, the upper section of the reaction cell remains
at a high temperature, while the lower section exists at a cooler temperature and contains
individual diamond seed crystals. The reduction in temperature induces precipitation onto and
subsequent growth of the diamond seed crystals. A schematic of the setup required for HPHT

diamond synthesis is shown in Figure 1.4.

Graphite heater
Carbon source

Insulator

Metal solvent

Grown crystal

Diamond crystal seeds
Figure 1.4 Schematic representation of a HPHT diamond press, using the temperature gradient

method to grow diamond crystals.



Since nitrogen gas readily enters the presses, the diamonds produced by HPHT synthesis are
often yellow in colour. Recent advances in impurity control, such as the introduction of
nitrogen-getters (aluminium or titanium) into the synthesis mixture, has enabled the production
of colourless HPHT diamonds [22]. HPHT processes can also be used to anneal both natural

diamonds and those produced by CVD synthesis [23-24].

1.2.3 Chemical vapour deposition synthesis of diamond

CVD growth of diamond is achieved by exposure to free radicals. The most common of these
are the hydrogen radical, H", and the methyl radical, ‘CHs, which form the basis of the
mechanism for CVD growth — abstraction of surface atoms by H' and subsequent addition of

‘CH3 which builds up layers of diamond [25-26], as demonstrated in Figure 1.5.

H H H)

. \_/ R
ot > Hech NN NN
(1) Radical generation

abstraction

(2) Hydrogen l

4 mRCH dion ! y o
C—C C—C¢C C—C C—2C
ANIN NN NN N

/\ /\ /\ /\

Figure 1.5 Mechanism for growth of diamond by CVD. After radicals are generated, hydrogen

abstraction and methyl addition allow for the growth of sp® diamond.
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Inside a CVD reactor, the synthesis gas mixture is passed through onto a non-diamond
substrate seeded with diamond crystals (heteroepitaxial growth) [27], or a pre-existing diamond
film (homoepitaxial growth) [28]. Radicals are generated through thermal activation of the
synthesis gas mixture, which may be achieved in different ways depending on the type of
reactor. A hot filament CVD (HFCVD) reactor creates a high temperature environment for
radical formation [27], whilst a microwave plasma CVD (MWCVD) reactor creates a plasma
above the substrate surface by microwave irradiation [29]. The latter method converts a higher
proportion (~30%) of the synthesis gas into H" radicals. Figure 1.6 shows simplified diagrams

of these two reactors, which are those most commonly used for growth of diamond by CVD.

a b Waveguide

I Tuning
CH,/H .
o/ H, gas Microwave antenna
l generator
|
Quartz window

. CH,/ H, gas ——

Hot filament —4—> - <«—1— Plasma
ENRBER o Substrate,seeded 1, poymmn
with diamond crystals

!

Figure 1.6 Schematic representation of a, a HFCVD reactor and b, a MWCVD reactor.

The CVD synthesis gas is normally a mixture of 1-5% methane in hydrogen, though other
hydrocarbon gases may be used [30]. The addition of other gases such as argon [31], nitrogen
[32-34] and oxygen [35-36] has been shown to improve either the growth rate or the overall
quality of the diamonds produced. However, a high content of hydrogen is almost always
required for the formation of the H and *CH3 radical species required for deposition. H" radicals

are also required for the termination of free dangling bonds in the growing diamond to
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discourage the formation of sp? graphitic carbon, and the etching of any sp? carbon that does
form during growth. H' thus stabilises the diamond surface, ensuring that it remains sp’
coordinated and encouraging growth of sp> carbon only.

Growth of diamond by CVD can be advantageous over HPHT synthesis. Due to the presence
of free radicals, moderate temperatures and significantly lower pressures can be used to form
diamond, in regions where graphite would normally be the energetically favourable allotrope
[26]. Most CVD syntheses use sub-atmospheric pressures, and substrate temperatures in the
range of 1000-1400 K. Additionally, being able to control the synthesis gas mixture offers an
opportunity to directly influence which impurities are doped into the diamond during its
growth. CVD has been used to grow a wide variety of diamonds, ranging from single crystal
[37] to polycrystalline diamond [38], and from high purity, electronic-grade diamond [39] to
quantum-grade diamond doped with specific defects [40]. CVD diamond can also be annealed,
either by HPHT or low pressure, high temperature (LPHT) treatment, to alter its optoelectronic
properties and defect composition [23].

CVD synthesis of diamond does have its shortcomings. In particular, the presence of
hydrogen in the synthesis gas mixture often results in the incorporation of hydrogen defects in
the diamonds [41]. Additionally, though the presence of nitrogen does dramatically increase
the growth rate of CVD diamond, it also reduces its overall quality — a higher growth rate also
encouraging the incorporation of sp? carbon during growth and producing a brown colour [42].
When diamond growth is heteroepitaxial, the seed crystals grow into one another, producing
polycrystalline diamond (PCD) unless the substrate lattice parameter matches that of diamond,
in which case oriented, regular diamond growth is possible. When growth is homoepitaxial,
single crystal (SC) diamond may be produced. However the initial growth matter on the
substrate edges is irregular and polycrystalline and may have to be cut away from the deposited

matter. For the formation of high purity SC diamond, long growth times are typically required.



1.3 Defects in diamond

During the formation and subsequent treatment of both natural and synthetic diamond, defects
become incorporated into the lattice. All defects are classified as either intrinsic or extrinsic.
Intrinsic defects occur due to errors in the diamond lattice itself. The simplest example of an
intrinsic defect is the vacancy, V, shown in Figure 1.7a, which results from the complete
absence of a carbon atom from the lattice [43], leaving its four nearest neighbour atoms with
dangling bonds. Vacancies can exist in different charge states, and in some cases aggregate
together, forming vacancy clusters [44]. Another way of altering the diamond lattice structure
is by the presence of interstitial sites, where a carbon atom sits outside its normal arrangement.
The simplest observed example is the split-interstitial [45], shown in Figure 1.7b. Like
vacancies, interstitials may also aggregate to form more complex defects [46]. More complex
intrinsic defects observed in diamond are dislocations [47], which are caused by a slip in one
plane of the diamond lattice, and platelets [48], which are extended planar defects that are thin

and flat in their appearance.

Figure 1.7 A unit cell of the diamond lattice showing a, the vacancy b, the split-interstitial.
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Extrinsic defects appear due to the presence of impurity atoms in diamond. In natural
diamond, impurities are omnipresent and can vary from single point defects to larger mineral
inclusions [7,49]. In the production of synthetic diamond, it is possible to heavily control and
limit the presence of defects [S0]. Impurities can also be deliberately introduced by doping the
synthesis mixture [51-52]. Defects may also be produced in synthetic diamond by post-
processing of the diamond through electron irradiation [53], ion implantation [54] or laser
writing [55]. Furthermore, high temperature annealing of diamond may be used to induce the
formation of more complex defect sites [23-24].

The most common impurities in diamond are boron and nitrogen. Due to their similar size to
carbon, they can directly replace an atom in the lattice structure, creating substitutional boron,
(Bs) [56], or nitrogen, (Ns) [57]. More complex defects may form through interaction of
multiple defect centres. For example, the migration of a nitrogen atom to a vacancy site in
diamond generates a nitrogen-vacancy (NV) centre [58]. Impurity atoms that are too large to
directly replace a carbon atom usually exist alongside a vacancy, such as the silicon-vacancy
centre (SiV) [59].

The presence of defects significantly alters the optoelectronic properties of diamond, which
is most clearly displayed in the diamond colour that manifests when there is a significant
population of a specific defect centre [60-61]. Defects produce optical absorption of visible
light and thus manifest a colour from reflected visible light. Figure 1.8 demonstrates some
common defects in diamond and their associated colours in diamonds where they are the
dominant defect. Another example of the change induced by defects is the p-type electrical
conductivity exhibited by boron-doped diamond, which acts as a charge acceptor [56].

For the work in this thesis, the most important impurities to consider are those associated

with nitrogen and hydrogen, which are elaborated upon in Sections 1.3.1 and 1.3.2.
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Figure 1.8 Schematic showing the effect of the presence of common point defects found in
diamond on the overall diamond colour. The operation (s) refers to a substitution — a direct
replacement of a carbon atom with that of another element or a vacancy site, denoted V. The

operation (m) refers to a migration, where two non-carbon sites are grown in together.

1.3.1 Nitrogen in diamond

Nitrogen is a ubiquitous impurity in both synthetic and natural diamond [62], with most (~98%)
natural diamonds typically containing 100-1000 ppm nitrogen. In synthetic diamond, the
concentration of nitrogen can be controlled to within less than 1 ppb in the highest purity
material [50]. The classification of diamond into its different types is predominantly dependent
on their concentration of nitrogen, and the form in which it manifests [63-64]. Diamonds that
contain nitrogen are labelled as type I, while those that do not contain nitrogen are labelled as

type II. Figure 1.9 details how the different diamond types are classified.
12



Diamond Type laB
classification (N,V)

Are N,V
defect Type IaAB

complexes (N2 and N4V)

dominant?

Is nitrogen
present?
(>1ppm)

Is boron
present?

Type lla

Are single Are N,
N centres pairs
dominant? dominant?

Type Ib Type laA
(N) (N;)

Figure 1.9 Flowchart classifying diamond by its different types. Type I diamond contains a

significant concentration of nitrogen, whereas Type II diamond contains negligible nitrogen.

The simplest nitrogen defect is the single substitutional nitrogen centre (Ns), shown in Figure
1.10a, which is the dominant impurity in type Ib diamond. Here, a nitrogen atom directly
replaces a carbon atom in the lattice [57]. This centre, commonly produced through HPHT
synthesis methods, manifests as a yellow colour in diamond. Unlike boron-doped diamond,
doping with nitrogen does not induce electrical conductivity, as its donor levels are too deep to
facilitate n-type conductivity [65]. The migration of point defects, which occurs during
diamond growth and annealing, produces more complex defect centres. The most well-studied
of these is the NV?~ centre, Figure 1.10b, where a nitrogen atom and a vacancy sit next to each
other [58]. Due to its optical and spin properties, the negatively-charged nitrogen-vacancy
centre (NV") has been shown to have great potential in the fields of quantum computing,

simulation and sensing [58,66-67].
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In natural diamond, where synthesis takes place over a considerably long time, nitrogen tends
to aggregate and form more complex defect centres. The most common of these are the A-
nitrogen centre (N2°) [68], Figure 1.10c, where two nitrogen atoms exist in a pair, and the B-
nitrogen centre (N4V°) [69], Figure 1.10d, where four nitrogen atoms surround a vacancy.
Diamonds containing a high concentration of these defects are known as type IaA and type 1aB
diamonds, respectively. Diamond containing a high concentration of Ns’ can be subject to

HPHT annealing to produce N>°, and, subsequently, N4V° [68-69].

Figure 1.10 Common nitrogen-containing defect centres as they appear inside a unit cell of the
diamond lattice. a, The substitutional nitrogen (Ns) centre; b, The nitrogen-vacancy (NV)

centre; ¢, The A-nitrogen centre (N2°), d, The B-nitrogen centre (N4V).
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1.3.2 Hydrogen in diamond

Hydrogen, being the lightest of all the elements and having the smallest size, can be readily
incorporated into a lattice structure of a significantly heavier atom. Its ability to interact with
intrinsic defects [70], impurities [71] and surfaces [72] to change optoelectronic properties has
attracted considerable attention. Hydrogen is known to interact readily with, and passivate,
defects with dangling bonds in similar giant covalent structures, such as silicon. With the
addition of hydrogen, the nitrogen-vacancy centre, NV%~, is converted into the stable nitrogen-
vacancy-hydrogen (NVH?") defect [73-74], shown in Figure 1.11a. When subjected to
annealing, further aggregation of defects including hydrogen creates the more complex centres
of the N,VH,, family, where n + m < 4 [62]. One of the most well-studied of these defects is
N3VH® [75], shown in Figure 1.11b, which is described in further detail in Chapter 3. Due to
its passivating nature, it is of crucial importance that hydrogen in diamond can be quantified,

and that its incorporation into defects can be identified and controlled.

Figure 1.11 The a, nitrogen-vacancy-hydrogen (NVH?") and b, N3VH? defects as they appear
inside a unit cell of the diamond lattice. In NVH?~, the hydrogen atom (red) tunnels through

three different positions.
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Hydrogen impurities are often found in CVD diamond, in concentrations up to 50 ppm, due
to its presence in the synthesis gas mixture [41]. However, the hydrogen concentration can
actually be higher in certain natural (up to 1000 ppm) and HPHT diamonds (200-900 ppm)
[76-77]. Many natural, grey-violet diamonds recovered from the Argyle mine in Australia have
been found to contain a high concentration of hydrogen-related defects [78-79]. Hydrogen-rich
diamonds are most commonly brown in their colour, but can also be yellow, green or violet

depending on the type of defect [61].

1.4 Optical absorption in diamond

1.4.1 Introduction to optical absorption

Electromagnetic waves cover a wide range of wavelengths, A, as shown in Figure 1.12. These
range from radio waves, A > 10° m, to gamma waves, A < 10"'? m. Only visible light, ranging
from 380-740 nm, can be detected by the human eye. The absorption of visible light by matter
generates colour, and the absorption of light across the entire range can be detected using a
variety of optical spectroscopic techniques. For this work, we only consider light within the

infrared (IR) and ultraviolet/visible (UV/Vis) ranges of the electromagnetic spectrum.

Visible

Radiowaves Microwaves

102 10! 100 10t 102 103 104 10 10 107 108 10° 10 101! 10712
Wavelength, A (m)

Figure 1.12 The electromagnetic spectrum of light, and its various designated regions,
corresponding to their wavelengths, A.
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Many different photons may be incident on a chemical species at any given time. Optical
absorption only occurs when the energy of an incident photon is equal to the difference between
two discrete energy levels. This being the case, the photon is absorbed, causing a population
transfer from the lower to the higher energy level. These energy levels may be characterised as
electronic, vibrational or rotational. In the case of a structure such as diamond, there are no
rotational degrees of freedom; as such we only consider electronic and vibrational levels.

Detection of the optical absorption of a chemical species can be achieved using a
spectrometer, which collects light of a certain wavelength range and produces a plot of either
absorption or transmission against those wavelengths, known as an absorption or transmission
spectrum. Subtraction of the spectrum before (the background) and after the sample is
introduced into the path of the light produces an overall spectrum of its optical absorption or
transmission. Provided the spectrum is unsaturated, it can then be compared to known standards
to attain information about the makeup, structure and concentration of the chemical species.
The simplest example is the Beer-Lambert Law [80], which states that the absorbance, 4, of a
specific wavelength of light by a sample may be related to the concentration, ¢, of the absorbing

species by the following relationship:

A=¢(dm3mol™t cm ™) X ¢ (moldm™3) X L (cm) (1.2)

where ¢ is the molar absorption coefficient of the absorbing species and L is the overall optical
path length of the sample. In principle, this equation can be used to determine the concentration
of an absorbing species in a sample, provided that its molar absorption coefficient is known,
and the absorption spectrum is not saturated.

Before discussing the observed absorption spectrum of diamond, we first consider its

electronic and vibrational structure, which enables us to ascertain the origin of its absorption.
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1.4.2 Electronic structure of diamond

An atom of any element contains a set of atomic orbitals (AOs), with corresponding discrete
energy levels, which are filled with its electrons starting from the lowest energy s orbitals.
With six electrons, a single carbon atom includes completely filled 1s and 2s energy levels,
alongside partially filled 2p energy levels. The core s orbitals can be ignored. In the case of a
methane molecule, CH4, overlap may occur between the 2s and 2p carbon AOs and the 1Is
orbitals of each individual hydrogen atom, creating molecular orbitals (MOs). These also exist
as discrete energy levels, filled by electrons starting from the lowest energy level. MOs are
characterised as either bonding, where the electron probability exists in between the atoms, or
antibonding, where the electron probability exists outside the atoms. Bonding orbitals are
always lower in energy than their associated antibonding orbital. In order to form four
equivalent AOs for overlap with the hydrogen 1s AOs, the 2s and partially filled 2p orbitals in
the carbon atom interact strongly with each other and hybridise, forming sp* orbitals which
contain 25% s character and 75% p character. These orbitals require extra energy to be
borrowed for their formation, but are overall lower in energy and contribute to a lower energy
structure for a CH4 molecule. Figure 1.13 demonstrates the process of hybridization, while

Figure 1.14 shows the MO energy level diagram of a single methane molecule.

1xs 3xp 4 x sp3

Figure 1.13 Hybridisation of the 2s and 2p carbon AOs to form four identical sp® hybrid

orbitals, which may bond to each of four nearest neighbours.
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Figure 1.14 MO levels of CHa4, formed from the 2s and 2p AO levels in a carbon atom, which
hybridise to form four sp> AOs, and the 1s AO levels of four hydrogen atoms. The core 1s

carbon AOs are not shown. Blue and orange represent the two different orbital phases.
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In the case of diamond, we are only considering bonds between carbon atoms. As with
methane, the core 1s orbitals can be ignored, and the carbon 2s and 2p orbitals hybridise to
form four sp® orbitals. Instead of overlapping with a hydrogen 1s orbital, each sp> hybrid orbital
interacts with a sp> hybrid orbital from one of four nearest neighbour carbon atoms, forming
both a bonding and an antibonding MO. Each carbon atom thus interacts with four other carbon
atoms, forming a set of four bonding MOs and four antibonding MOs, and creating a large
repeating lattice structure, where the number of carbon atoms and thus the number of energy
levels tends towards infinity. As the number of energy levels increases, the bonding orbitals
grow closer together, as do the antibonding orbitals. Approaching infinity, the spacing between
the energy levels becomes negligible, resulting in continuum bands. Two bands are created: a
band made up of bonding orbitals, the valence band (VB), and one band made up of antibonding

orbitals, the conduction band (CB). These bands are shown in Figure 1.15.

Energy

CB

<IIIIII’-
m
1

VB

Interatomic distance
Figure 1.15 Continuum bands in diamond, formed from the 2s and 2p atomic orbital levels in

each carbon atom, as the atoms get closer together. The core 1s orbitals are not shown.

20



Each of these bands may occupy four electrons per carbon atom. As such, the VB is entirely
filled, and the CB is entirely unfilled. The energy difference between the top of the VB and the
bottom of the CB is known as the band gap, E;. In diamond, the band gap is equal to 5.5. eV,
or roughly 225 nm [81]. Due to the high energy requirement for the promotion of free carriers
(electrons into the CB, leaving behind holes in the VB), pure diamond acts as an insulator.
Furthermore, as it only absorbs UV light of wavelength A < 225 nm, it is also colourless. If
diamond contains defects, these behave akin to small molecules and thus introduce discrete
energy levels inside the band gap, which may act to encourage electrical conductivity, and may

absorb light in the visible range, giving the diamond colour.

143 Vibrational structure of diamond

Vibrational modes produced in a lattice are known as phonons. These arise due to internal
displacement of the atoms, collectively oscillating about their equilibrium positions. In cases
where there is a difference in polarity between two nearest-neighbour atoms in the lattice, the
vibration of a phonon induces a permanent dipole moment and allows the absorption of a
photon of equal frequency to the phonon. The energy gained from excitation is lost by vibration
— the emission of a number of phonons — to return to equilibrium. Phonons have a resonant
frequency, w, which is dependent on their wavevector, k, being plotted on a dispersion curve
(Figure 1.16). There are two categories of phonons: acoustic phonons, where nearest
neighbours move parallel to each other, and optical phonons, where the atoms move in
opposition to their nearest neighbours. According to the phonon dispersion curve in diamond,
the frequency of its phonon bands ranges between 0-1332 cm™' [82]. Phonons may have a
higher frequency away from zone centres, but the photon does not have sufficient momentum

to absorb there.
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Figure 1.16 The phonon dispersion curve of diamond. Reproduced from [83].

1.4.4 Pure diamond absorption

Pure, type Ila diamond reflects roughly only 30% of incident light and thus displays a broad
transmission window across the UV, visible and IR spectrum [84], shown in Figure 1.17. The
observed intrinsic absorption features are: (1) UV absorption at wavelengths <225 nm; (2) A
small reduction to transmission between 225-500 nm; and (3) IR absorption between 1500 and
4000 cm™'. The occurrence of absorption in each of these cases is accounted for below.

The intense UV absorption at wavelengths A <225 nm is due to the incoming light being of
sufficient energy to exceed the diamond band gap, and thus promote electrons from the VB
into the CB. Any light at wavelengths A > 225 nm is of insufficient energy to excite electrons,
and absorption at these wavelengths must be accounted for by an alternative explanation.
Additionally, the small reduction in the transmission at wavelengths approaching the diamond
band gap, in the range A = 225-500 nm, is due to Fresnel reflection at the diamond surface,

rather than being due to absorption.
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Figure 1.17 Transmission spectrum of pure, type Ila diamond, measured from the UV to the
IR and denoting the three regions of intrinsic diamond absorption and each phonon region (PR)

of diamond absorption. Adapted from [84].

Pure diamond is a highly symmetrical structure and contains only C—C bonds. Therefore, any
movement of an atom in the lattice is counteracted by movement of its neighbours, thus
cancelling out any changes to the polarity. In this case, a dipole moment cannot be set up, and
any incident photon cannot be absorbed. The high transmittance of pure diamond in the IR is
therefore not surprising. The IR absorption features that do appear in pure diamond arise due
to multiphonon absorption. Here, an incident photon interacts with two or more phonons in the
diamond lattice. In this case, one phonon may create the dipole moment in a localized region
of the lattice, and one or more additional phonons subsequently vibrate to allow the absorption
of a photon. Since the maximum phonon vibrational frequency in diamond is 1332 cm™! [82],
the absorption between 1500-5500 cm™ can be accounted for by dividing the bands into the
two-, three- and four-phonon regions (PRs), as marked out in Figure 1.17. As the number of
phonons required increases, the likelihood of interaction of a photon with sufficient phonons

reduces, and thus the bands grow weaker in the four-phonon region and beyond.
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1.5 Defect-induced absorption in diamond

Both intrinsic and extrinsic defects in diamond can induce absorption, since they create new
electronic and vibrational states from and to which absorption may take place. Due to the defect
being surrounded by a regular lattice structure, it has no rotational degrees of freedom and thus
we do not consider rotational states.

Extra electronic states arise because of the differing overlap of carbon AOs with the AOs
belonging to the atoms in the defect. As a defect centre is a localised environment surrounded
by the diamond lattice, its electronic states can be treated in the same manner as a small
molecule: with discrete MO energy levels formed by the combination of AOs. These often
appear inside the diamond band gap, thus allowing UV absorption at longer wavelengths to
either fill or empty these new states.

New vibrational states are created due to the break the symmetry of the diamond lattice that
occurs when a defect is present. These new vibrational modes can be considered as a bond or
interaction between atoms of two different elements, and thus induce the dipole moments
required for IR absorption [85]. Where the frequency of the mode is less than 1332 cm™!, the
one-phonon threshold, it is possible for them to propagate out from the defect and through the
diamond lattice. Thus, their lifetime is comparatively short and they produce broad absorption
features. Defect-induced modes of frequencies above 1332 cm™! are known as local vibrational
modes (LVMs). Where the frequency is below 1332 cm!, the vibrational modes are localised
to the defect itself and cannot propagate. Thus, their lifetime is comparatively long and they
produce sharp absorption features.

For this work, we focus on vibrational transitions responsible for absorption in the IR region,
particularly the region above 1332 cm™ which corresponds to LVMs of defects. Some

electronic transitions associated with defects are considered in our work in Chapter 5.
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1.5.1 Local vibrational modes of defects

The LVMs of a defect can be considered to have discrete vibrational states that can be occupied.
This can be seen most clearly in extrinsic defects, which contain covalent bonds between atoms
of different elements, A—B, that possess a permanent dipole moment.

The electronic potential energy of any bond in a defect centre can be modelled as a function
of the distance » between the two atoms. The simplest model considers the vibrations in a bond
as a harmonic oscillator and produces the potential well shown in Figure 1.18a. This potential
well includes discrete, evenly spaced vibrational states which belong to specific LVMs. The
gaps between vibrational states after the first excited state are known as overtones. In reality,
the harmonic oscillator model is greatly oversimplified and does not take into account the effect
of bond breaking. A more accurate representation is an anharmonic potential well, such as that
shown in Figure 1.18b, which shows a decrease in the energy level spacing as the energy

increases towards the amount required for bond dissociation.

>
T
>
T
o /
L
0

r(A)
Figure 1.18 a, Harmonic and b, anharmonic potential wells of a covalent bond in a diamond

defect, A-B, including discrete vibrational states.
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When an incident photon is resonant with a LVM of the defect, it is absorbed, exciting the
mode into a higher vibrational state. This causes the LVM to vibrate, until it has lost this energy
through relaxation back to its vibrational ground state. A LVM may only be IR active if it has
a non-zero electric dipole moment. Whether a vibrational mode is IR active or not depends on
the structure of the defect site or molecule. For example, in a linear AB> molecule, four LVMs,
shown in Figure 1.19, are possible: a symmetric stretch, an asymmetric stretch, an in-plane
bend and an out-of-plane bend. The symmetric stretch has zero dipole moment and is therefore

IR inactive, whereas the other three modes have non-zero dipole moments and are IR active.

O0——0O C—o—0

1 1
O——0 G——¢

Figure 1.19 Possible LVMs in a linear AB; molecule. a, symmetric stretch b, asymmetric

stretch ¢, in-plane bend d, out-of-plane bend.

In a nonlinear AB; molecule, shown in Figure 1.20, three LVMs are possible: a symmetric
stretch, an asymmetric stretch and a bend. In this case, all three LVMs change the overall dipole
moment, therefore meaning that all three modes are IR active. As the structure of a defect
becomes more complex, the change in dipole moment can become more difficult to determine.

This is aided by considering the symmetry elements of the defect.
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Figure 1.20 Possible LVMs in a non-linear AB> molecule. a, symmetric stretch b, asymmetric

stretch ¢, bend.

When the energy of an incoming photon is sufficient to excite it to the higher vibrational states
of a higher electronic level, the transition is often given the term vibronic, which groups the

electronic and vibrational energies. Transitions of this nature are only considered in Chapter 5.

1.5.2 Examples of defect-induced absorption in diamond

Many of the defects previously discussed in Section 1.3 include C—N or C—H bonds, often
surrounded by other impurity atoms. As such, they contain IR active LVMs, the most
commonly observed of which are detailed in Table 1.1 [57,68-69,73-74,86]. Nitrogen being of
similar mass to carbon, the C—N related modes are found in the one-phonon region and thus
generally have a complex band structure. Since hydrogen is lighter, the C—H modes are usually
located in the two-, three- or four-phonon region and are characteristically sharp features.

Of these features, we draw particular attention to the C—H stretch mode at 3107 cm,
belonging to the N3VH" defect, and the unknown stretch mode at 3237 cm™!, which will be the
focus of our studies in Chapters 3-5. The characteristic absorptions of the A- and B-nitrogen
centres, N2° and N4V° will also be important in our discussion during Chapter 4. Figure 1.21
shows the normalised absorption from each of these defects.
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Table 1.1 Absorption features associated with nitrogen and hydrogen-related defects in
diamond. The wavenumber (w) of each absorption peak is as reported in the literature [57,68-

69,73-74,86].

Absorption region| w (cm™) Description Vibrational Defect
mode
1130 Broad band C-N band Ng?
One-phonon 1280 Broad band C-N band N4V
region 1282 Broad band C—N band N°
1332 |Sharp, single feature C-N N4V°
Two-phonon 1344  |Sharp, single feature C-N Ng?

region 1405 |Sharp, single feature C-H bend N;VH’
3107 |Sharp, single feature| C—H stretch N3VH?
3123 | Sharp, single feature| C-H stretch NVH°
3237 |Sharp, single feature |Unknown stretch| Unknown

Three-phonon
region

3107 cm’” 3237 cm’”
(N,VH?)

Normalised absorption

LW

T T T T T T T
1000 1100 1200 1300 3000 3100 3200 3300 3400
Wavenumber (cm™)

Figure 1.21 Normalised characteristic absorption spectra observed in diamond that contains a
high proportion of A- and B-nitrogen centres, N3VH and the unknown defect associated with

the LVM at 3237 cm™.
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1.5.3 Symmetry of local vibrational modes

A determination of the symmetry character of a defect centre provides a gateway to predicting
both its energy level structure and its possible relaxation mechanisms. Symmetry is especially
important when considering the relaxation of an excited vibrational state, as coupling between
vibrational states is only allowed when the two states contain an overlap in their symmetry
elements [87-88]. Thus, knowledge of the symmetry character of each vibrational level in a
system allows each transition between levels to be classified as either allowed, where the
symmetry character overlaps, or forbidden, where there is no overlap.

The symmetry character of individual vibrational levels is determined by first considering
the symmetry of their associated molecule. Depending on the symmetry operations that can be
carried out on a molecule, it may belong to one of a number of point groups. Defect complexes,
being surrounded by a regular, repeating lattice, also have specific point groups. For example,
the N3VH defect can be subject to the following symmetry operations: the identity (E)
operation, 2 Cj; rotations and 3 oy mirror planes. It therefore belongs to the Csv point group,

the character table of which is shown in Table 1.2.

Table 1.2 Character table for the C3v point group.

Csv E 2C;3 (2) 3oy
Ay +1 +1 +1
A, +1 +1 1
E +2 -1 0

A character table is used to determine the symmetry of LVMs of defect complexes that

belong to its point group, according to the following three rules [89]: (1) When a vibrational
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mode is nondegenerate, the symmetry character of its n'" overtone is equal to the n™ exponent
of the fundamental; (2) When a vibrational mode is degenerate, the symmetry character of its

nth overtone is equal to Y7 (R):

1
HER) = 5 DE ®xp(R) + 2 (RM)] (1.3)

where yg(R™) is the symmetry character of the operation R carried out n consecutive times;
and (3) The symmetry character of a combination band is the direct product of the symmetry
of the individual levels.

A phonon-mediated transition between two vibrational energy levels in a system is allowed
only if the two levels in question contain overlapping symmetry character. In the case of a
system in the C3v point group, its 1% excited stretch mode has A; symmetry character and its
1*" excited bend mode has E symmetry character. As there is no symmetry overlap, population
transfer between these two levels is forbidden. Following Equation 1.3, the 2" excited bend
mode is determined to have A; + E symmetry character. Since both it and the 1% excited stretch

mode contain A; symmetry character, population transfer between these two levels is allowed.

1.5.4 Isotopic effects of local vibrational modes

Assuming a harmonic oscillator, the frequency, w, of a vibration varies according to the

following equation:
. (1.4)
w= |- .
U

30



where k is the spring constant of the oscillator and u is the reduced mass of the atoms involved
in the bond causing the vibration. Thus, the presence of an isotope of an atom in a LVM changes
both its mass and its frequency. In nature, the majority of carbon is '*C, with a small but
substantial 1.1% being *C. LVMs that include carbon will always have a smaller
accompanying feature that accounts for the presence of 1*C, with the ratio of intensity between
the two features matching the ratio of '*C:'?C in nature. For example, the 3107 cm™' C-H LVM
of N3VH? has an accompanying '*C—H mode at 3098 cm™! [90]. Checking for an isotopic shift
is thus an excellent way of identifying the constituent elements of a LVM. Diamonds can also
be specifically grown to have a high proportion of 1*C or other isotopes, to observe these shifted

features with greater clarity.

1.5.5 Relaxation processes of local vibrational modes

When a LVM vibrates at a frequency resonant to an incoming photon, it absorbs it and moves
from its ground state to an excited state, the difference of which is the energy of the photon.
Once in this excited state, the LVM does not remain populated indefinitely. Instead, it relaxes
back to its ground state, returning the system back to equilibrium. The energy gained through
photon absorption is lost through non-radiative emissions, typically the emission of phonons.
The lifetime for the overall population relaxation of an excited LVM is known as the excited-
state lifetime, T;. At low temperature, in an otherwise uniform crystal, T; can be related to the

linewidth ', of the characteristic absorption line from a LVM by the following relation:

1
'= 2, (1.5)
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There are two additional contributors to this linewidth that must be considered: (1) pure
dephasing, whereby elastic scattering of the LVM reduces its phase coherence. The lifetime
for recovery from pure dephasing is defined as T,; and (2) Inhomogeneous broadening of the
absorption line, which occurs when the defects responsible for the LVM are subjected to
localised environments in the diamond lattice that contain slight differences, due to the
presence of defects in different positions across the sample. The extent of inhomogeneous
broadening tends to be larger when there is a higher concentration of defects in the diamond
sample. Effects due to inhomogeneous broadening are termed [jj,.

The overall linewidth, I, of the characteristic absorption line from a LVM can thus be

determined using the following equation:

+ Ty (1.6)

where T, is the overall relaxation time, containing all contributions to the linewidth. Separating
out these three components is therefore crucial to the use of the linewidth to estimate for the
excited-state lifetime, T;. One of the primary goals of this thesis is to directly determine T;
through the use of ultrafast pump-probe spectroscopy, which enables us to comment on the

extent of broadening caused by contributions from dephasing and inhomogeneity.

32



1.6 Thesis outline

In this work, we report that time- and energy-resolved IR absorption spectroscopy can access
the potential energy landscape of atomic scale defects and can determine the rate of vibrational
coupling to their surroundings. We specifically focus on the 3107 cm™ C—H LVM of the N3VH
defect in diamond and the unknown defect associated with the 3237 cm™ X-H LVM. These
two defects were chosen for three reasons: (1) The high intensity of their IR features, especially
in comparison to other diamond defects, whose absorption intensity in the FTIR is often below
1 em’!; (2) The presence of their IR features in a wavenumber range that is easily accessible
(2000-6000 cm™); (3) The relative isolation of their IR features from other features of diamond
absorption, and from each other. These factors make these two defects ideal starting points for
the first time-resolved IR pump — IR probe measurements on diamond. Successful experiments
on these defects will pave the way for further application of the same technique to other defects.
Obtaining information about the vibrational dynamics of these defects following IR
excitation of their stretch modes provides information about the energies of quantised
vibrational states and allows mapping out of the energy relaxation pathways. These pathways
vary, and may include multi-phonon relaxation, or anharmonic coupling to the analogous bend
modes. Additionally, the use of UV excitation provides another avenue to probing vibrational
states — this time as the system relaxes back down from electronic excitation, which opens up
the possibility of observing higher vibrational states of the electronic ground state.
Employment of time-resolved spectroscopy also allows the anharmonicity of the potential
wells associated with these defects to be determined. This opens up a new route to

quantification of impurities (in this case both nitrogen and hydrogen) incorporated into IR
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active defects. This is vital to the characterization of diamond and feeds back into an
understanding of synthesis, response to treatments and impurity incorporation.

Chapter 2 details both the experimental setups used in this work: Fourier transform infrared
(FTIR) spectroscopy, ultraviolet/visible (UV/Vis) spectroscopy and transient vibrational
absorption spectroscopy (TVAS). Additionally, we supply details of the diamond samples used
for this work, explain how the FTIR linewidths and TVAS lifetimes can be related to draw out
the individual components to the linewidth, and detail the model of the Morse potential used
in the following Chapters.

Chapter 3 includes our study of the C—H stretch mode belonging to N3VH?, observed in the
IR at 3107 cm™'. We map out its relaxation dynamics and anharmonicity, account for its
observed linewidth in each of our samples and determine a relationship between its intensity
in an IR spectrum and its concentration in any given sample.

In Chapter 4, we apply the same methods as in Chapter 3, this time to the X—H stretch mode
observed in the IR at 3237 cm™'. This mode is not yet assigned to a defect. As such, we were
able to comment on its potential origin and relationship with the B-nitrogen centre.

In Chapter 5, we carry out a study of the behaviour of the two modes at 3107 cm™ and 3237
cm’! when excited with UV light. We compare the effect of a significant concentration of
defects on the free carrier relaxation of diamond, and the effect of electronic excitation of a
defect on its vibrational states.

In Chapter 6, we detail the conclusions that can be made from our studies, and offer an

outlook into the future applications of using ultrafast spectroscopy to study diamond defects.
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2 Experimental and theoretical method

In this section, the experimental techniques and theoretical models used in this work are

detailed, alongside information about each of the diamond samples that were studied.

2.1 Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a steady-state technique used to collect
absorption spectra in the infrared (IR) range. IR radiation, usually in the wavenumber range
10-12800 cm™!, is passed through a sample before detection. The resulting spectrum of signal
against wavenumber can be analysed for spectral features produced by the absorption of light
of specific wavelengths. Since a local vibrational mode (LVM) associated with a solid-state
defect has a resonant frequency similar to that of IR light, it absorbs the radiation. This
manifests as an absorption feature in the IR spectrum. In reality, these features are measuring
the difference between absorption and stimulated emission, where light interacting with a
sample causes more light to be emitted. However, in the range we are particularly interested in
(1000-6000 cm™), the level of stimulated emission is low. Additionally, due to the low light
intensity used in FTIR measurements, the resulting spectra are usually unsaturated. Absorption
features can therefore be used to calibrate between the concentration of a species responsible
for a spectral line and the intensity of its line. FTIR spectroscopy has been greatly used in the
past to detect the presence of vibrational modes attributed to impurities in diamond [1-11].
The key component of an FTIR spectrometer is the Michelson interferometer, shown in
Figure 2.1 [12-13]. Broadband IR radiation strikes a beamsplitter, where it is split evenly

between two paths. Each component is directed towards a mirror at a zero degree angle of
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incidence. The two beams are both reflected back onto the beamsplitter and recombined before
passing through the sample. During this process, one, moveable mirror translates at a constant
velocity, changing its position relative to the beamsplitter. This creates an optical path
difference (OPD) between the two beams [14-15]. As they arrive at the detector, summing the
light from each beam together creates an interference pattern for intensity. A plot of this
intensity against OPD is known as an interferogram. The intensity peaks at zero path difference
(ZPD), where the two beams constructively interfere with one another. As the OPD increases
in either direction, the beams begin to destructively interfere, and the intensity reduces. An
interferogram is taken once before (the background) and once after the sample is inserted, and
each is subsequently Fourier transformed to produce an absorption spectrum. Subtracting the

sample spectrum from the background thus yields the overall IR spectrum of the sample.

Fixed sy
Mirror
v
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IR light PV S
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Mirror
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-

Detector

Figure 2.1 Schematic representation of a Michelson interferometer, the primary component of

an FTIR spectrometer.
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Using an FTIR spectrometer provides advantages over a dispersive IR spectrometer [16-17].
These are: (1) The Fellgett or multiplex advantage — all the wavenumbers of light are measured
at the same time, which enables a quicker scan time; (2) The Jacquinot or throughput advantage
— the lack of slits being used for entrance and exit of the beam means that light has a higher
energy throughput, resulting in an improved signal to noise ratio of between 10-100 times,
when directly compared with other IR techniques [18]; and (3) The precision advantage — the
wavenumber scale of the spectrometer is calibrated by using a reference laser beam of known
wavenumber, giving improved precision over dispersive spectrometers.

A Perkin Elmer Spectrum GX FTIR spectrometer was used to obtain FTIR spectra at room
temperature. For measurements at 100 K and 10 K, a Bruker IFS66 FTIR spectrometer was
used instead, so that the samples could be mounted inside an Oxford Instruments MicroStatHe,
subsequently placed in the sample compartment. For these cryogenic measurements,
temperature control was achieved using an Oxford Instruments ITC503. For both FTIR
spectrometers, the spectral resolution was set to 0.25 cm™'. Calibration of the signal to an
absorption coefficient value was achieved by setting the absorption coefficient of diamond at
a wavenumber of 2000 cm™ to its known literature value (12.3 cm™) [19]. The room
temperature FTIR spectra scanned a wavenumber range between 370 and 7800 cm™.
Absorption of the crystalline quartz windows of the MicroStatHe limited the spectral window
to the 3000-3500 cm! range for the cryogenic experiments. Detection of light was achieved

using a conventional deuterated triglycine sulfate (DGTS) detector.
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2.2 Ultraviolet/visible (UV/Vis) spectroscopy

Ultraviolet/visible (UV/Vis) spectroscopy is a steady-state technique, used to obtain spectra of
samples in the ultraviolet (UV) or visible (Vis) range, 100-700 nm or 12800-100000 cm™.
Many diamond defects produce features in this region, as their electronic states exist in the
diamond band gap (above 225 nm) [9, 20-25]. The operation of a dispersive UV
spectrophotometer can be simplified to the following key components, shown in Figure 2.2
[26]. Broadband light, sourced from a lamp, is diverted into a monochromator, which collects
and spreads out light using a diffraction grating. A specific wavelength is selected for using a
slit that adjusts during the scan, allowing data to be collected for each wavelength in turn. Light
then proceeds to the sample compartment, to be absorbed or transmitted by the sample, before
detection. Signal is recorded for each wavelength and the data is compiled together to create

an overall spectrum.
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P — — Adjustable Sllt
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Figure 2.2 Schematic representation of the key components of a dispersive UV/Vis

spectrophotometer.
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A Perkin Elmer Lambda 1050 spectrophotometer was used to record spectra in the
wavelength range A = 200-850 nm, at a spectral resolution of 0.5 nm. This spectrophotometer
included several extra optics that increase both its overall performance and the quality of
spectra it generates. It contained a second monochromator to ensure minimalisation of stray
light reaching through to the sample compartment. Additionally, a common beam depolariser
corrected for depolarisation inherent to the instrument itself, and a common beam mask was
used for precise adjustment of the beam height relative to samples of different sizes. An indium

gallium arsenide (InGaAs) detector received the light after it had passed through the sample.

2.3 Transient vibrational absorption spectroscopy (TVAS)

Transient vibrational absorption spectroscopy (TVAS) is an ultrafast pump-probe technique
that detects the differences in vibrational absorption created following IR photoexcitation, at
different snapshots in time [27]. Two beams, the pump and probe, are required for a TVAS
experiment. The travel distance of the probe beam is varied for each measurement, allowing
snapshots to be taken of the system at various times (typically in steps of 100 fs close to the
time-zero, and longer timesteps thereafter up to times ~1000 ps) after excitation. The
appearance and subsequent relaxation of absorption features is observed, allowing lifetimes to
be recorded, and the dynamics of corresponding vibrational modes to be mapped out. TVAS
has previously been employed for the study of solid-state defects [28-33].

For TVAS, the individual pump and probe beams were firstly created from the originating
laser pulses. A MKS Newport-SpectraPhysics MaiTai SP Ti:sapphire laser was used to produce
a pulse train of wavelength A = 800 nm (84 MHz repetition rate, average power >400 mW),
with horizontal polarisation. One pulse in every 84000 was subsequently amplified (the

repetition rate of the main, amplified output at 1 kHz, see below) by two regenerative
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amplification stages within a Spitfire ACE. Each amplification stage is pumped by an Ascend
laser (527 nm light, 1 kHz repetition rate, average power P > 35 W). This produced 800 nm
laser pulses, at a repetition rate of 1 kHz and a pulse duration of <40 fs, and an average power
P of > 13 W. Two portions of this beam were used to pump two tuneable optical parametric
amplification systems (TOPASSs), creating IR pulses with peak wavenumber w tuneable in the
range 700-10000 cm™, and a pulse spectral bandwidth of roughly 500 cm™. A third portion was
used to pump another TOPAS to create UV pulses with peak wavenumber tuneable in the
spectral range 235-1600 nm. These different pulses are then fed into the TVAS experimental
setup.

The IR pump pulse (A = 3219 or 3090 nm, w = 3107 or 3237 cm™!, P = 1.56 mW, diameter
of beam at focus = 370 um, fluence = 1.44 mJ cm™) first enters a homebuilt pulse shaper to be
spectrally narrowed. The pulse shaper setup spreads out the IR pump pulse using a diffraction

grating (3.5 um blaze, 300 lines mm"!

resolution). Light is then collimated through an
adjustable slit onto a flat mirror. This reflects light back down the optical line into the lens,
which refocuses light back onto the grating, to be re-collimated. The overall effect of the pulse
shaper is to spectrally narrow the IR pump to a reduced bandwidth. This has the consequence
of broadening out the pulse in time. As such, there is a tradeoff between reducing the bandwidth
and keeping the pulse duration sufficiently short. Figure 2.3 shows how signal growth and
decay are affected by a reduced bandwidth. A spectral bandwidth of 250 cm! is selected to

ensure that the pulse is sufficiently short in time to capture the dynamics, whilst only

photoexciting one vibrational mode associated with a single defect.
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—— 500 cm”’
250 cm™
——100 cm™

Absorption (AmOD)

Time delay (ps)
Figure 2.3 Transient fits of TVAS data, pumping and probing at 3107 cm™!, showing how the
data changes as the bandwidth of the IR pump pulse is varied by narrowing the pulse shaper.

The absorption difference is measured at the wavenumber of the peak maximum of the feature.

The UV pump pulse (A = 240 nm, w = 40,000 cm™, P = 3.0 mW, diameter of beam at focus
= 560 um, fluence = 1.22 mJ cm™) is passed through a neutral density filter to reduce its
intensity and focused onto the sample by a lens. The spot size of the UV pulse is significantly
larger than that of the IR pump in order to produce a similar overall fluence. The UV pulse has
a spectral bandwidth of roughly 3 nm.

Before reaching the sample, the pump pulse passes through an optical chopper, rotating at
500 Hz to block every other pulse, allowing a direct comparison between signal detection of
pumped and unpumped sample.

The IR probe pulse (A = 3067-3425 nm,w = 2920-3260 cm™, P = 0.78 mW, beam diameter
at focus = 360 pm, fluence = 0.77 mJ cm™) is polarised at 90° to the pump to minimize

interference between the two beams. A gold retro-reflector in the probe line is mounted on a
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moveable stage, in order to vary the time delay, At, between the two pulses over a 3.3 ns
window, with a time resolution of 17 fs. The pulse is partitioned equally by a CaF, beamsplitter
to a reference pulse and a probe pulse. The reference pulse does not pass through the sample.
It is detected to subtract shot-to-shot laser noise. The probe pulse is focused down onto the
sample using an off-axis parabolic (OAP) mirror and is subsequently recollimated using a
second OAP mirror. For detection, probe light enters a HORIBA iHR320 imaging
spectrometer, where it is dispersed by a diffraction grating (unless otherwise stated, a 4 pm
blaze, 300 lines mm™! resolution grating) onto a Mercury Cadmium Telluride (MCT) detector
array. This detector (contained within an IR Systems Development FPAS-0144) contains two
vertically offset 64-pixel linear arrays — one each for the probe and reference pulses. It is cooled
using liquid nitrogen to eliminate thermal contributions. A Perkin Elmer mid-IR polystyrene
reference card was used to calibrate pixel number to wavenumber.

A TVAS spectrum represents a difference in optical density (AOD) between pump-off,
I)r (A, ), and pump-on signal, I,,,.(4, At), at time At [34]. This change in optical density is

measured as:

Ipr(/lv oo) Iref(l' At))
Ipr(/l' At) Iref (/1' oo)

where I (4, ) denotes the reference signal measured during pump-off and L., s (4, At) is the

AOD = log,, < (2.1)

reference signal measured during pump-on, at time At. The most common causes of a change
in optical density arise due to: (1) A reduction in the ground state population, meaning less
light resonant with transitions from the ground state is now absorbed. This manifests as a
negative feature, known as a ground state bleach (GSB); (2) A new population in an excited
state, meaning light resonant with transitions from this state can now be absorbed. This
manifests as an excited state absorption (ESA). As each measurement is a snapshot of the state

of the system At before or after pump excitation, the appearance of these features can be
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observed, along with their decay as the system relaxes back to equilibrium at long times after
excitation.
The TVAS experimental setup is shown in Figure 2.4. The UV and IR pump beams are both

shown alongside the IR probe, though the two pump beams are never used simultaneously.
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Figure 2.4 Schematic representation of the TVAS experimental setup, including the IR pump,

UV pump and IR probe beams.
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2.4 Sample details

Several different diamond samples, shown in Figure 2.5, were used throughout these studies.
Each of these samples were chosen for their high intensity IR features. Their monikers, N or S,
denote their origin, natural or synthetic. Natural samples N1, N2 and N3 originated from the
Argyle mine in Australia, where diamonds are typically rich in N3VH° [35]. Samples N2 and
N3 showed a violet coloration, which is commonly associated with diamonds high in hydrogen
content found in this region. Natural samples N4 and N5 were supplied by De Beers Group
Technology. N4 had been subjected to annealing at 2000 °C to grow in N3VHC. Synthetic
sample S1, obtained from the MIT Lincoln Laboratory, was initially grown by CVD and
subsequently HPHT annealed for 30 minutes at a temperature of 2200 °C and a pressure of 6.6
GPa. It forms part of a series of annealed samples, showing the growing in of N3VH® through

its IR feature at 3107 cm™! (see Figure 2.6).

Figure 2.5 Not-to-scale images of the diamond samples a, N1 b, N2 ¢, N3 d, N4 e, N5 f, S1.
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Figure 2.6 IR spectra of the C—H stretch region for a suite of CVD grown samples, from which
sample S1 (annealed at 2200°C) was taken. Each diamond, except for the as grown sample,
was subjected to 30 minutes of HPHT annealing, at 6.6 GPa and its denoted temperature. The

spectra were taken at room temperature and are offset for clarity.

In the setup, a sample is mounted over a small hole in a metal plate, which slides into a mount
attached a stage with X, Y and Z control. A simplified version of the sample compartment is
shown in Figure 2.7. The sample is oriented with the overlapping pump and probe beams

perpendicular to the (100) face, facilitating absorption from both the stretch and bend modes.
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Figure 2.7 Schematic representation of the sample compartment as used for IR pump — IR
probe TVAS experiments, showing the X, Y and Z control and the orientation of the diamond

sample with respect to the pump and probe beams.

Each sample contained different concentrations of defects. Those most prevalent include the
A- and B-nitrogen centres, which manifest features in the region of 500-1500 cm™. Known
calibrations between the absorption intensity and shape of features in the FTIR were used to

determine concentrations, [N], and [N]p, for both defects in each diamond sample [36-38]:

[N]4 (ppb) = (16.5 £ 1) X I;3g,(cm™2) (2.2)

[N]p (ppb) = (79.4 + 8) X I;3g0(cm™2) (2.3)

The results are shown in Table 2.1. Also included is the total nitrogen concentration from
both defects, [N]44p5. This estimate for the total nitrogen concentration does not account for
nitrogen present in other features, such as N3VH?, but does give a good indication of the amount

of nitrogen present in each sample.
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Table 2.1 The A- and B-nitrogen centre concentrations, [N]4 and [N]p, and their sum, [N] 4,5,
in each diamond sample, determined using known calibrations between FTIR peak intensity

and defect concentration.

Sample [N]4 (ppm) [N]g (ppm) [N]a+p (ppm)
N 11 42 53
N2 - 3106 3106
N3 - 2504 2504
N4 249 844 1093
N5 1300 - 1300
S1 - - -

2.5 Relating FTIR linewidth to TVAS lifetime

The FTIR linewidth, I, of an individual absorption peak provides some information about the
excited state lifetime for population relaxation, T, since the following relationship exists

between I" and the total dephasing lifetime, T,, which includes T} :

+ 1-‘in (24)

This linewidth also contains contributions from pure dephasing, T,, and inhomogeneous
broadening, Ij,; hence T; is difficult to extract from an FTIR spectrum. A Voigt fit of an
individual absorption feature in FTIR may be used to separate the homogeneous linewidth,

[ orentz>» Which is the Lorentzian component of the fit, from the inhomogeneous linewidth, [§,:
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[' = [orentz + lin (25)

However, contributions from both T; and T, are still present in [} ,,¢n¢,. Using the excited state
lifetime for population relaxation, T;, as derived from TVAS, an estimate can be derived for
the FTIR linewidth of an individual absorption peak. This value, [';y4g, only considers
contributions from T;. This enables a comparison with the Lorentzian component of the
linewidth, [j,rentz, for the LVM, which includes components from T; and T,, and

demonstrates the amount of pure dephasing taking place:

2.6
Tiorentz = Trvas + n_TZ* (2.6)

By determining [} y;-entz and Iy 45, all three components of the total FTIR linewidth, I', can be
isolated. To derive I'1y 45, @ weighted-average estimate of the excited state lifetime, T, is
taken, using the lifetimes obtained from a multi-exponential fit of the ESA feature
corresponding to the LVM. Example fits can be seen in Figures 3.4 and 4.4, and their data is

recorded in Tables 3.2 and 4.1. 'y 4 1s thus determined according to the following equation:

T A1ty + ATy + L ApTy
av (A1 + A, + .. Ap)

2.7)

where Ay represents the amplitude, and ty the lifetime, of the exponential fit X. Subsequent

derivation of I'ry4s is achieved using the following equation:

2.8)

Iryas = T
av
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2.6 Morse potential modelling

The potential energy surface of a LVM, such as a C—H bond, can be modelled analytically by
solving the Schrodinger equation for each vibrational state. In the case of an anharmonic

potential energy function, V (r), the Morse potential can be adopted [39]. It follows that:

V(r) = Dy(1 — e~2r-Te))2 (2.9)

where D, is the depth of the potential well, a is the inverse width of the well, r is the distance
between the two atoms involved in the bond responsible for the LVM, and 7, is the equilibrium
position. The solution to the Schrodinger equation for the vibrational states n = 0,1, 2 ... gives

the following quantised energy levels:

EZ(n+1/2)*

En = Eo(n+1/2) ==
e

(2.10)
where E| is the zero-point energy, the energy of the ground vibrational state. D, and a can be
calculated from the experimentally determined spacing between energy levels using the
following equations:

_ (2E10 — E;1)?

= 2.11
¢ 2(Eyo — Ez1) ( )

gz Do | (2.12)
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where u is the reduced mass of the atoms involved in the bonding in the LVM and Ej; is the

energy difference between the i and j™ energy levels.
The solution of the Schrddinger equation determines the wavefunctions, ¥, of each of the

vibrational states. These can be expressed with the following dimensionless coordinates, z:

z = 2le~(x=%e) (2.13)

where x = ar, x, = ar, and A = /2uD, / (ah). For each of the vibrational states, increasing

fromn = 0,1, 2 ...[A —], the wavefunctions can be defined as:

@) = Nya26 /2140 2) C.14)

where @ =24 —2n—1, LSQ“) (z) are the generalised Laguerre polynomials, and N,, is a

normalisation constant:

—x,3 a
Lgla)(z) _3 n!e aznn (z"%e™%) (2.15)
1/2
N — ( nia ) (2.16)
" \2Ai-n-1)!

The wavefunctions, in terms of 7, being normalised such that [ Ooo Yy ()Y, (r)dr = 1, can be

determined from:

(1) = Vayp, (2) (2.17)
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The transition rate from the i'" to the j™ energy level was determined from Fermi’s golden rule

2

in the electric dipole approximation. It is proportional to D, where:

and the matrix element was determined analytically from

(2.19)

2(—1)/7t+1 (N —)(N —j)(2N —j + 1)!]!
(0]l = (=D \/ L J J J

G-—DE@N—-i—)) 2N =i+ 1)

where j > iand N = /1—%.

For a two-level system, the absorption coefficient ay; (w) for an optical transition from the

ground state (n = 0) to the first excited state (n = 1), is [40]:

Dglw 1/T,
Nophceo (w — wp1)? + (1/Ty)

ap1(w) = > (No — Ny) (2.20)
where Dy; is the dipole matrix element for the 0™ to 1 energy level transition, w is the
wavenumber of light, (N, — Ny ) is the population difference between the n =0 and n = 1 energy
levels, n,y, is the refractive index of the optical medium, ¢ is the speed of light, & is the vacuum
permittivity, and wy, is the angular frequency associated with an n» =0 to n = 1 transition. In
equilibrium, the ground state concentration is the defect concentration, as thermal excitation of
the 1% energy level is negligible. Thus, N, = N; and N; = 0. Using the yielded matrix element
for Dy, from the Morse potential model, this equation is fitted to the experimental absorption
coefficient, yielding N4, T, and wy;. For the transient absorption case, the populations

(No, N1, N,) for the three lowest states change from (N 0,0) before photoexcitation has
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occurred to (N; — 6N, 6N, 0) immediately after photoexcitation. Therefore, the following

amplitudes can be predicted for the absorption change in different levels:

Adtgy = al™ " — gP¥™ I o _2 SN D, (221)

Aay, x SN D%, (2.22)

Thus, the expected ratio of the amplitude of an ESA feature as it is observed in the TVAS

spectrum (Aa;,) can directly be compared to that of its related GSB (Aay,):

2
far, _ _ Dia (2.23)
In a case where the matrix element D, is a factor of V2 greater than Dy, izi = —1. In other
01

words, we would expect the ESA and GSB features of such a LVM to have the same amplitude
of absorption. We apply this equation directly by comparing TVAS data to computed matrix

elements in Sections 3.6 and 4.6.
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3 N3VH? — the absorption feature at 3107 cm™!

The work detailed in this chapter was presented in J. Phys. Chem. Lett. in July 2020 [1].

3.1 Background

The N3VH? defect in diamond, shown in Figure 3.1, consists of a neutral vacancy where three
nearest neighbour carbon atoms have been replaced with nitrogen and a hydrogen is bonded to
the remaining carbon neighbour [2]. N3VH? has Csv symmetry, is charge neutral (there is no

negatively charged acceptor state version, as all molecular orbitals are full) and has zero spin.

Figure 3.1 Structure of the N3VHC defect. The C—H stretch is along the [111] direction. Grey,

blue and red spheres represent C, N and H atoms, respectively.

N3VH? is common in natural, type Ia diamond, where the intensity of the C—H stretch mode

can exceed the intrinsic multi-phonon absorption in so called “hydrogen-rich” diamonds [3,4].
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It is an excellent candidate for studying the growth history of natural diamonds [5,6]. N3VH’
can also be produced in both natural diamond and nitrogen doped laboratory-grown diamond
by high pressure, high temperature (HPHT) annealing [7-9], even in material where no C—H
stretch absorption was observed prior to annealing. N3VH? is very stable and appears to be the
end product of the defect aggregation process in nitrogen doped diamond grown by chemical
vapour deposition (CVD). It may account for a substantial fraction of the total incorporated
nitrogen and hydrogen in HPHT-annealed CVD diamond and thus its quantification is
important for determining both the nitrogen and hydrogen concentrations in such material.

Due to the strength of its absorption features, N3VHC has already been studied in detail in the
frequency domain, which probes the time-averaged optical response. Many of its family of
features were initially identified in the infrared (IR) spectra of natural diamonds by Charette
[10]. Davies et al. subsequently found these features to correlate with each other and assigned
many of them to stretch and bend modes of a C—H bond, and overtones and combinations
thereof [11,12]. Studies on HPHT diamond grown from !*C observed an isotopic shift of the
stretch mode, confirming that the bond included carbon [13]. More recent theoretical studies
have enabled a firm assignment of these features to the N3VH? structure [14,15].

However, knowledge of the timescales or mechanisms for relaxation of the associated local
vibrational modes (LVMs) of N3VH' is sparse. The ultrafast “shakedown” of this defect’s
vibrational dynamics following IR excitation of the C—H stretch mode (vs = 3107 cm™)
provides information about the energies of quantised vibrational states, and allows mapping
out of the energy relaxation pathways, which include multi-phonon relaxation and anharmonic
coupling to the C—H bend mode (vz = 1405 cm™). Employment of this method offers a new
route to quantification of impurities (in this case both nitrogen and hydrogen) incorporated into
IR active defects, which is vital to the characterisation of diamond and feeds back into an

understanding of synthesis, response to heat and pressure, and the incorporation of impurities.
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3.2 Absorption in equilibrium

Different peaks in the IR absorbance spectra of hydrogen-rich diamonds, such as evident in
Figure 3.2, have been attributed in the literature to different overtones and combinations of the
stretch and bend modes of N3VH? (Table 3.1) [12,16]. These modes have weak (but non-zero)
matrix elements as a result of the anharmonicity of the potential energy. However, unique
assignments of the rich vibrational spectra is challenging — in particular, it is difficult to isolate
the overtones of C—H stretches when different defects are present. This is particularly clear in
the 1000-1500 cm! range, which is dominated by nitrogen-related defect modes, specifically

the B-nitrogen centre (N4V?).
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Figure 3.2 Fourier transform IR absorbance spectrum of N2, a hydrogen-rich natural diamond.

Peaks at 6214 cm™ and 6474 cm™! (double 3107 cm™! and 3237 cm™) correspond to photons

that interacted with two defects in sequence. 3237 cm™ is not associated with N3VH?.
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Table 3.1 Vibrational features relating to N3VH observed in N2. The wavenumber of our

observed IR absorption peaks (w,p) i compared to literature values (@y.f) from [9-13].

N3V:H mode | w,ps (cm™1) |w;er (cm™1) Symmetry Character
Vs 1405 1405 E
Vop 2787 2786 A +E
Vg 3107 3107 A
Vap 4169 4169 Ay + A, +E
Vsip 4496 4499 E
Vap N/A 5555 A, +2E
Vsi2g 5888 5889 A +E
Vs 6070 6070 A

We determined the symmetry character of each level according to the rules that were previously

detailed in Section 1.5.3. The results are listed in Table 3.1. The symmetry character of each

mode is important considering the excitation and relaxation dynamics, since coupling between

two LVMs is only allowed if they have equivalent symmetry character. [17-19] The assignment

to particular N3VH? stretch and bend modes, and their combinations and overtones, are based

on our IR absorption and transient absorption spectra, which will be discussed in the following

section.
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3.3 Transient absorption

To investigate the excited state dynamics of N3VH?, we used transient vibrational absorption
spectroscopy (TVAS), a pump-probe technique that detects the differences in vibrational
absorption created following IR photoexcitation. The photoexcitation pulse was resonant to the
3107 cm™ (vg) LVM, with a spectral bandwidth that was narrowed (see Section 2.3) to avoid
overlap with the nearby 3237 cm™ LVM. The broadband probe was tuned either resonantly to
Vs or set to probe other spectral ranges (Vprope = 2800-3300 cm'). The transient absorption
spectra from sample N2 (see Section 2.4 for more details) are presented in Figure 3.3 at

different pump-probe time delays, At.
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Wavenumber (cm™)
Figure 3.3 TVAS results for natural diamond N2. Transient absorption spectra for pump-probe
delays 1 ps < At < 200 ps, for pump excitation centred at 3107 cm™! and probed either around

2960 cm™! (left) or 3107 cm™ (right).
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A ground state bleach (GSB) is clearly evident in the degenerate pump-probe spectrum

!, its negative sign

(Upump = Uprobe = 3107 cm™), Figure 3.3 right. Centered at 3107 cm’
indicates a reduction in the ground state population, N,. A non-degenerate probe (Figure 3.3
left) reveals a strong excited state absorption (ESA) feature at 2963 cm™!, labelled ESAs. After
the 3107 cm™ pump pulse excites the stretch mode from the ground state to vg, electric dipole-
allowed absorption of the probe can occur from vg to v,5. The ESAs feature is observed at a
reduced wavenumber when compared to the GSB. This is because the potential energy function
along the C—H stretch is anharmonic. The quantised vibrational states have energies E,,, where
n=20,1,2..., and have a progressively smaller separation in energy between adjacent levels.
The direct observation of ESAs between vibrational states 1 and 2 further allows the weak IR
absorption feature at 6070 cm™ (= 3107 +2963) cm™! (see Figure 3.2) to be uniquely assigned
to the n = 2 « n = 0 transition. The low absorption strength for this An = 2 transition is a
direct consequence of its small matrix element, which is electric-dipole-forbidden for a
harmonic potential. Thus v,5 — v is measured as 2963 cm™!.

Turning now to the vibrational dynamics, Figure 3.4a reports the modulus of the absorption
change for the GSB and ESAs features versus pump-probe delay, as seen in natural diamond
N2. The GSB transient shows a multi-component decay — an initial rapid decay followed by a
second slower decay — with associated time-constants 7; and 7,. A fuller treatment of this data,
to extract time-constants for individual processes, is detailed in Section 3.7 below. Briefly,
however, we attribute 7, to a fast energy transfer via the LVMs of the nitrogen atoms, or into
the diamond lattice itself [16]. Notably, the dynamics evident in Figure 3.4a show that the
decay lifetime of the ESAs feature (7, = 3.3 = 0.2 ps), indicative of the rate at whichn = 1 is
depopulated, is markedly shorter than the lifetime of the GSB (7, = 6.2 + 0.2 ps), which tracks

the recovery of n = 0 (the ground-state absorption). This suggests that rather than a single

decay channel from n = 1, a more complex decay pathway is required to understand the
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vibrational dynamics, involving at least one additional state coupled to n = 1. The presence of
a weak excited state absorption feature at 3090 cm™', labelled ESAg in Figure 3.3, provides
further evidence of an intermediate state that is critically involved in the relaxation pathway of
the C—H stretch. Figure 3.4b shows that absorbance at ESAg is delayed (cf. ESAs which decays
from At = 0), indicating an excited state that is populated from the initially populated vs.

We note that the ESAg feature is unrelated to the '*C—H isotope of the stretch mode. This is
because: (1) ESAg is too intense in comparison to the GSB feature already reported; (2) We
would expect to see a bleach rather than an absorption if it were an isotopic feature; (3) The

ESAB feature appears later in time than the other features.
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Figure 3.4 TVAS for natural diamond N2. a, Modulus of absorption difference for GSB (blue
circles) and ESAs (red squares), measured at the wavenumber of their peak maxima, and bi-
exponential fits (solid lines). b, Modulus of absorption difference for ESAp (magenta
triangles), measured at the wavenumber of its peak maximum, and a bi-exponential fit (solid

line).

68



Table 3.2 Decay lifetimes from peak height transient fits of data from the natural sample N2.

All errors are standard errors, scaled by the square root of the reduced chi-squared value.

w(cm™1) A1 7,(ps) A2 7,(ps)
GSB,298K 3107 16(=02)  044(£009) 47(=0.1) 62 (x02)
ESAs,298 K 2963 26(=02)  033(006) 4.1(x02) 33(£0.2)
ESAB, 298 K 3090 - - 0.8 (£0.1) 8.4 (+ 1.6)
GSB,100 K 3107 100.1)  0.76(0.18)  1.1(0.1) 122 (£22)
ESAs, 100 K 2963 21(03) 0490.11) 25(*03) 4.1 (£0.5)
ESAs, 100K 3090 06 (=02  17@&14)  05@01)  13.1(£3.1)

For comparison, Figure 3.5 shows identical transient plots of the integrated area of the three
absorption features for each time delay. The data recorded from these integrated area plots is
given in Table 3.3. There is no significant difference between the data based on peak height
and that based on peak area. The lifetimes from both datasets are all within error of each other,
and the absolute values of absorption are lower in the integrated area plots due to the inclusion
of data over the whole peak, rather than taking the most intense wavenumber. The remainder

of our fits were carried out using peak height, rather than integrated peak area.
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Figure 3.5 TVAS for natural diamond N2. a, The integrated absorption peak area for GSB
(blue circles) and ESAs (red squares), and bi-exponential fits (solid lines). b, The integrated

absorption peak area for ESAp (magenta triangles), and a bi-exponential fit (solid line).

Table 3.3 Decay lifetimes from integrated area transient fits of data from the natural sample

N2. All errors are standard errors, scaled by the square root of the reduced chi-squared value.

w(cm™) A 71(ps) Az 72(ps)
GSB,298K 3107 09(£0.1)  0.50(£0.09) 2.0(x0.1) 6.4 (£ 0.3)
ESAs, 298 K 2963 1.6 (£02) 048 (£0.08) 23 (0.2) 3.6 (+0.2)
ESAB, 298K 3090 - - 0.4 (£0.1) 8.0 (= 0.8)

Similar spectra were recorded for samples N4 and S1 (Figure 3.6). Despite the vast difference
between N2, N4 and S1, in terms of sample origin, concentrations of N3VH and nitrogen in
total (see further details in Section 2.4), we obtained similar population relaxation times for all

three diamond samples. All the 7, lifetimes are within one standard error of each other.
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However, there is a large disparity between their relative amplitudes, particularly between the
natural and synthetic samples. This could be due to the higher concentration of N3VH® present
in the natural samples, as evidenced by their more intense 3107 cm™ features in the FTIR.
Typically, a higher concentration of N3VH? in a sample leads to a stronger signal as more

absorbance of the pump and probe light is possible.
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Figure 3.6 Absolute value transient fits of data from samples S1 and N4. a, GSB and ESAs
(S1). b, ESAg (S1). ¢, GSB and ESAs (N4). d, ESAg (N4). These results are comparable to

those reported for N2. Thus all samples have comparable energy relaxation dynamics.
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Table 3.4 Decay lifetimes from transient fits of data from the synthetic sample S1 and natural

sample N4. All measurements were taken at 298 K. The errors are standard errors, scaled by

the square root of the reduced chi-squared value.

Sample Feature w(cm™1) A1 71(ps) A2 7,(ps)
GSB 3107 0.7(£02)  069x025 16(02) 54(=07)
s ESAs 2963 12(£02)  029(*0.08) 1.8(£02) 3.3 (*0.4)
ESAs 3090 - - 0.6(x0.1) 8.9 (x22)
GSB 3107 56(x02) 061(£004) 3.6(*02) 59 (x023)
N4 ESAs 2963 40(*03)  0.54(006) 33(£04) 32(03)
ESAs 3090 - - 26(=0.1) 82(*03)

To test the relationship between the GSB of N3VH? and the two absorption features ESAs

and ESAg, we cooled the system from room temperature to 100 K and repeated our TVAS

measurements. Figure 3.7 shows the effect of the reduction in temperature on the transients of

each feature in N2. The recovery lifetime of the GSB exhibits a significant increase, almost

doubling. No analogous change is observed for the decay lifetime of ESAs. However, the

lifetime for decay of ESAB is seen to increase significantly. The observation of different

temperature dependencies between the GSB and ESAs, and the match between the GSB and

ESAB, offers further credence to the argument that two competing processes are occurring

during relaxation.
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Figure 3.7 Transient absorption difference for N2 at: a, peak of GSB, for sample temperatures
0f 298 K (circles) and 100 K (stars); b, ESAs, 298 K (squares) and 100 K (pentagons); ¢, ESAs,

298 K (triangles) and 100 K (hexagons).
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3.4 Relaxation mechanism

Based on our results, we propose the following mechanism for the vibrational excitation and

decay of the 3107 cm™' C—H stretch, schematically illustrated in Figure 3.8.

Stretch Mixed Bend

E TELY = .0 5

4
a?s
b

Q
o>
o

Vas i Us1op
Usp
1
2963 cm 3090 cm*
Us3p
Us
. Usp
3107 cm'! Tso = TBo

optical band +
acoustic band-[

Figure 3.8 Energy level diagram of the vibrational structure of N3VH’. After the C—H stretch
is photoexcited from v, to v, absorption of the probe pulse occurs at 2963 cm™ from v to
V,s. Anharmonic coupling to the bend modes provides population in the v, state, evidenced

by excited state absorption at 3090 cm™' which promotes population into the v, ,p state.
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The pump pulse, centered at 3107 cm™', photoexcites the vg state. This leads to the
appearance of the GSB feature at 3107 cm™', as shown in Figure 3.3. The population now in vs
creates additional absorption into v,¢ for the probe pulse (at 2963 cm™), producing ESAs.
Decay from vg occurs either (1) directly (to vy) or (2) indirectly via the first overtone of the
bend mode, v,5. These two processes proceed synchronously but occur at different rates,
creating a difference between the decay times of GSB and ESAs features. The direct pathway
(i.e. vy < vs) likely proceeds through a non-radiative multi-phonon relaxation involving
emission of two optical phonons and one acoustic phonon, ¢f. analogous experiments carried
out on hydrogen-related modes in the silicon lattice [20-22].

We suggest that ESAg at 3090 cm™! corresponds to excitation from v, to the combination
band vs, ,5; the doubly excited bend mode having been populated from decay of the initially
populated stretch mode, v, as pictured in Figure 3.8 (i.e. the indirect pathway). Confidence in
this assignment is based on: (1) the IR absorbance features (see Table 3.1), from which we
predict that vg,,5 — V5 = 3101 cm!, within error of the wavenumber of ESAg; (2) Symmetry
analysis (see Table 3.1), which reveals that anharmonic cross-coupling from vg to v,p is
allowed by symmetry, as both modes include A; symmetry character, whereas the transition
from vg to vp is symmetry-forbidden as two modes, being of A; and E symmetry character
respectively, do not contain overlapping symmetry elements; and (3) Energy conservation:
emission of a single acoustic phonon can provide the energy change required to transfer to the
v, state, whereas at least two phonons would be required to access vg. One-phonon emission
is expected to occur faster than higher order reactions requiring two or more phonons. We
cannot however rule out the possibility that ESAg is due to excitation from vg to vg, g, which
would be a better numerical match to its wavenumber (from the IR, vs,p — v5 = 3091 cm™)
but goes against both the symmetry and energy arguments. A number of multi-phonon

processes are possible for non-radiative decay from v, 5, some including relaxation via vjp.
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To account for the temperature-dependent results, the increase in lifetime of the GSB and
ESAB upon cooling, we suggest that only the proposed indirect pathway (relaxation via the
bend modes) is temperature dependent. It is possible that this pathway is mediated by acoustic
phonons, whose population is reduced at lower temperatures. If this was the case, a slower

GSB recovery would result without any change to the lifetime for decay of ESAs, as observed.

3.5 Relating FTIR linewidth to TVAS lifetime

As stated in Section 2.5, the total FTIR linewidth, I, of an individual absorption peak is defined:

1 1
T, 2rnT; * T, *in (3.2)

where T, is the total dephasing lifetime, which includes contributions from the excited state
lifetime for population relaxation, Ty, the lifetime for pure dephasing, T, and inhomogeneous
broadening, Ij,. These three components can be isolated by determination of (1) The
homogeneous component of the FTIR linewidth, I’ y;-entz>» Which includes contributions from
T, and T,. It is determined by taking the Lorentzian component of a Voigt fit of the absorption
feature, remainder of the linewidth being due to inhomogeneous broadening; (2) The
contribution of T; to the linewidth, I';y 45, which can be predicted from multi-exponential fits
of the TVAS data of ESA features using Equations 2.7 and 2.8. The total FTIR linewidth may

then be separated into its individual components using the following equation:

1 33
[ =Trorentz + lin = [ryas + ; +hin ( )
nT,

76



Comparison of the observed FTIR linewidths, I', their Lorentzian components, I} ,,entz, and
the linewidths determined from lifetimes measured using TVAS, I'ry4s, thus reveals the
amount of pure dephasing and inhomogeneous broadening taking place in each sample. For
N2, Torentz = 2.4 cm™ and Tpyas = 2.5 cm™l, and similar agreement was found for N4 and S1
(Table 3.4). Therefore, the population relaxation rate accounts for the homogeneous linewidth
in equilibrium, and pure dephasing does not contribute substantially, as reported for hydrogen
defects in silicon [20-22]. As contributions from pure dephasing are temperature-dependent,
the lack of temperature dependence of the 3107 cm™ stretch mode in FTIR further corroborates
this conclusion [23].

Linewidths obtained from the TVAS experiments are shown in Table 3.5, alongside the total
linewidth determined from a Voigt fit of the absorption feature at 3107 cm™, and the Lorentzian
component thereof. The 3107 cm”' LVM in the natural samples N2 and N4 are
inhomogeneously broadened, while in the synthetic sample S1 the lineshape was purely
Lorentzian, and hence was homogeneously broadened. Inhomogeneous broadening in the
natural samples largely results from the close proximity of additional defects that can alter the
C-H bond strength by the strain fields that they create. Using known relationships between
absorption coefficient and concentration for FTIR modes in the region of 1000-2000 cm™, in
particular A- and B-centres, revealed that the total nitrogen concentration in N2 and N4 to be
over 3000 ppm and 1000 ppm respectively. Conversely, in S1 N3VH? was the dominant
impurity present, resulting in very little absorption in the 1000-2000 cm™ region and no

inhomogeneous broadening.
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Table 3.5 Linewidths of the 3107 cm™ feature in each sample, determined from FTIR
spectroscopy, compared to those calculated from the lifetimes obtained from transient

absorption dynamics.

Sample ' (em™) Tiorentz (cm™") | Tpygs (cm™)
N2 4.0 2.4 2.5
N4 4.9 2.7 3.0
S1 2.1 2.1 2.5

To analyse the time- and frequency-dependent transient absorption in more detail, Figure 3.9
shows the linewidth of the spectra of N2 and S1 at room temperature versus time, while Figure
3.9 shows the time constants obtained using fits to “slices” of the transient absorption at
different wavenumbers. The FWHM of the GSB is independent of time and can be compared
with the total linewidth from FTIR spectroscopy. For S1, with purely homogeneous
broadening, the FWHM of the GSB (~3 cm™!), is comparable to the linewidth in equilibrium
(2.1 em™). The poorer spectral resolution of the spectrometer used in the transient experiment
accounts for the difference. In N2, the GSB is broader than in S1, as a result of inhomogeneous
broadening. In Figure 3.3, the linewidth of ESAs can be seen to be broader than the linewidth
of the GSB, which we speculate reflects the contribution to the linewidth from energy
relaxation from the v, level. This assertion is based on the observation that the expression for

the FWHM linewidth, T;;, for an optical transition between state i and state j, with respective

JE)

population decay lifetimes 7; and 7;, is I}; = zi (i + i) [24]. Hence the linewidth for the ESA

T A\T; ‘L']'
associated with the n = 1 to n = 2 vibrational transition is larger than that forthe n=0ton =1
(as the population lifetime for the ground state is infinite). Pure dephasing may also contribute

more substantially to the linewidth for ESAs.
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Figure 3.9 Full-width at half-maximum (FWHM) of the GSB (circles), ESAs (squares) and

ESAg (triangles) features in the transient absorption spectra of a, sample N2, and b, sample S1,

at room temperature.

From Figure 3.10, we can see that the dynamics of the GSB, ESAs and ESAg are largely

independent of wavenumber. The weak trend in 1, for the GSB of sample N2 may indicate

subtle changes to the relaxation dynamics for defects in a more strained environment.
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Figure 3.10 Lifetimes 11 and 12, and their standard errors, obtained from biexponential fits to

the transient absorption at different wavenumbers relative to the centers of the GSB, ESAs and

ESAg features, for: a, sample N2 and b, sample S1.
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3.6 Determination of concentration from the Morse potential

Prior to this work, the relationship between the optical absorption coefficient of the N3VH’
defect and its concentration was uncertain. At best, it was estimated using known standards
(such as that of the NVH® defect) and concentration assays during different stages of the
annealing process, of which N3VH' is the end product. The energy spacings, 3107 cm™ and
2963 cm’!, directly obtained from TVAS now allow simulation of the Morse potential to
approximate the anharmonic potential energy, V(r), of the N3VHC stretch mode along the

direction of the C—H bond, according to the following equation:

V(r) = D (1 — e~ a(r=Te))2 (3.4)

where D, is the depth of the potential well, a is the inverse width of the well, r is the distance
between the two atoms involved in the bonding of the vibrational mode, and 7, is the
equilibrium position. The individual vibrational energy states inside the potential energy well
are determined by solving the Schrédinger equation for each state, further details of which are
included in Section 2.6. Figure 3.11 shows the computed anharmonic potential energy well,
including the individual vibrational states.

From our simulation, we determined the following parameters for the Morse potential: well
depth D, = 4.54 eV and inverse width a = 1.99 x 10'°® m~1. The importance of the Morse

potential is that it allows the matrix elements D;;, and hence the absorption coefficient, to be

j»
calculated directly with the defect concentration as the only free parameter. Through this
method, we predict dimensionless matrix elements of (,|x|p) = 0.150 for the vg « v,

transition and (i, |x|y¥;) = 0.215 for the v,5 « vs transition. As the probe light shines onto

the (100) surface of the diamond, it is not parallel to the [111] direction of the C—H bond in
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N3VH?. This can be accounted for by a reduction of the matrix element by a factor of v/3, to
(Y1]x|po) = 0.087 and (Y, |x|p;) = 0.124. Substituting these matrix elements into Equation

2.22, we determine the ratio of the amplitude of the ESAs (Aa;,) and GSB (A, ) features: the

. A
Morse potential model predicts Aalz

— = —1.03. The experimental transient absorption spectra
01

of N2 yield izlz = —1.13, corroborating with the theory.
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Figure 3.11 Anharmonic Morse potential energy well of the C—H stretch as a function of r, the

distortion from equilibrium geometry, showing the vibrational structure.

By using the measured FTIR absorption and the matrix elements from the Morse potential
model, we can determine the concentration of N3VH?, assuming optical absorption occurs
between two quantum states with a Lorentzian lineshape. This condition is straightforwardly
satisfied for sample S1, which exhibited a Lorentzian absorption spectrum around 3107 cm™,

and for which we estimate a N3VH? concentration of 4.2 ppm. Relating this estimate to the
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integrated area of the 3107 cm™! peak, /3107, in FTIR provides the following calibration factor:
[NsVH®](ppb) = (110 + 10) X I3;9,(cm™2), which can be used to estimate the N3;VH’
concentration from the FTIR data. The natural diamonds, which exhibited inhomogeneous line
broadening caused by strain induced by the high number of point defects, we instead use the
Lorentzian component of a Voigt fit and can similarly estimate [N3VH"]. These numbers are
shown in Table 3.6.

To verify the estimate of the N3VH’ concentration from our method, we used two
approaches: (1) Using the known relationship between absorption strength and concentration
for the NVH? defect [25], [NVH?](ppb) = (200 + 20) X I3;,5(cm™2) the predicted
concentration of N3VH in sample S1 is 7.6 = 0.8 ppm. This is similar in magnitude to the value
of 4.2 ppm obtained using the Morse potential and the linewidth and seems reasonable given
the assumptions used in both methods. (2) Estimating the upper limit of [N3VH] from the total
nitrogen concentration (in all different forms) in the as-grown CVD diamond sample, and that
which cannot be accounted for in defects other than N3VH? after HPHT annealing. In this way,
we estimate that the maximum concentration of N3VHC is less than 10 ppm in S1. Both methods
yield values that are consistent with our value for N3VH? concentration in S1 (~4 ppm) obtained
from the TVAS, giving confidence to our calibration equation for deriving N3VH°

concentration from integrated peak area.

Table 3.6 N3VH? concentrations determined using the Morse potential model, compared to

those predicted from the NVH? relation.

Sample [N3VH] 31075 (PPM) [N3VH®] 40 (ppm)
N2 218+2.0 40.1+ 4.0
N4 3.940.4 10.0+1.0
S1 42+0.4 7.6+ 0.8
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3.7 Kinetic model of 3-level system

To match our energy level system to experimental observations, we created a rate-equation
kinetic model comprised of rate equations based on the processes shown in Figure 3.11. This
model incorporated vg, v,5 and v, and included the dynamics of the GSB, ESAg and ESAg
together. We defined the populations Ng, Ny and N, of each level to change according to the

rate equations:

S __ 5 _ 5 3.5
ot Tso  Tsg (3.3)
dN; Ng Ny
ZB_"%5_B 3.6

ot  Tsg  Tpo (36)
0N N N
0 _5,7B 3.7)

We define the following time-constants for decay from one level to another: tg, for the
transition v, < vg, Tgg for the transition v,z < vs and Tpy for the transition vy « v,5. We
used these equations to determine functions for the decay of the ESAs and recovery of the
GSB, which we fit to the data obtained from TVAS. To fit the fast 7, component from our data,
we added a fixed decay / recovery with a time-constant of 0.4 ps to the functions for the GSB
and ESAs.

The fit to data from N2, shown in Figure 3.12, gives estimate time-constants for each of the
three processes: Tgo = 6.9 £ 0.2 ps, 75 = 6.4 = 0.2 ps and 759 = 5.6 = 0.4 ps. The similarity in
these values allows for competition between the direct and indirect decays, leading to the
disparity in lifetime between ESAs and the GSB. Through our fitting, we estimated the

dimensionless matrix element for the transition vg,,5 < v,5 to be 0.157. This number fits
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reasonably well with our derived values from the Morse potential calculations, 0.150 for the

excitation vg « vy, and 0.215 for the transition v,s « vs, which gives credence to our

assignment of ESAg to a transition associated with the C—H stretch. We repeated these fits for

samples N4 and S1. All the results of our kinetic model fits are detailed in Table 3.7.
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Figure 3.12 Kinetic fit using data from sample N2 at three different wavelengths corresponding

to the maxima of each of the three features GSB, ESAs and ESAg. The fit was created from

rate equations according to the processes described in Figure 3.8.

Table 3.7 Time constants, corresponding to the processes shown in Figure 3.8, produced from

kinetic fits of TVAS data from N2, N4 and S1.

Sample Tso (PS) Tsp (PS) Tpo (PS)
N2 69+0.2 6.4+0.2 56+04
N4 69+0.7 5.6£0.6 6.1+1.1
S1 6.5+0.5 57+0.6 51+1.0
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3.8 Conclusions and future work

We have successfully used transient vibrational absorption spectroscopy to determine the
lifetimes for decay or recovery of vibrational modes in the N3VH? defect in diamond. Our
results confer information about the mechanism for the decay of the excited stretch (vg) mode.
The observation of an excited state absorption at 2963 cm™' confirms that the v, state lies at
6070 cm™ in the IR absorption and quantifies the anharmonicity of the stretch mode.
Calculations based on the Morse potential were made possible by knowing the extent of the
anharmonicity of the stretch mode. This allowed us to estimate the oscillator strength for the
C-H stretch mode in N3VHY, thereby relating FTIR peak intensity to defect concentration
directly for this prominent defect, which is the most stable form of both nitrogen and hydrogen
in diamond. Thus, we were able to deduce the concentration of N3VH?, in reasonable agreement
with values derived from other methods. With regards to the vibrational dynamics, decay from
vs occurs through two separate pathways — a direct decay back down to the ground state, and
an indirect relaxation via the excited two-bend (v,5) mode of the C—H bond. These decays
occur at different rates, producing an overall lifetime for the recovery of the ground-state that
1s an amalgamation of the two.

With regards to N3VH?, further study carried out on its other vibrational modes, particularly
the v and v, modes at 1405 cm™ and 2787 cm™ respectively, and their response to excitation
of the v mode, would add to the current picture for vibrational dynamics of the defect. A study
of the latter feature in particular would test the proposed mechanism for relaxation via the v,p
mode. More broadly speaking, the experimental and theoretical methodology developed in this
study can be applied to the IR-active vibrational modes of other atomic-scale defects, both in
diamond and in other materials. This is demonstrated by an identical study of the stretch mode

of another diamond defect in the following chapter. Hence, it is now possible to determine
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decay pathways, establish the energetic landscape of LVMs, and quantify defect concentrations

for a wide suite of defects of interest in optical and electronic applications.
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4 A study of the absorption feature at 3237 ¢cm’!

4.1 Background

The family of infrared (IR) absorption features corresponding to the N3VH defect, as discussed
in Chapter 3, are often accompanied by a sharp feature at 3237 cm™. This feature was first
observed by Charette, discovered alongside the 3107 cm™ line [1]. It has subsequently been
found in many type la and Ib natural diamonds, and in some high pressure, high temperature
(HPHT) diamonds [1-6]. In each case, it does not appear to correlate with the lines belonging
to the N3VHC group of features, which were reported in Table 3.1 and Section 3.2. Therefore,
it is presumed that the 3237 cm™! line is not related to N3VH itself, but may similarly involve
both hydrogen and nitrogen in its composition. There have been a number of proposals as to
the identity of the defect responsible for the mode at 3237 cm’!, but no concrete assignment
has ever been made.

Based on its position in the IR spectrum, this feature has been assigned to the N—H stretch
from an amide (—N(H)C=0) group [2], or the C—H stretch of an alkyne (~C=CH) group [3].
However, no related modes have been located in the Fourier transform infrared (FTIR)
spectrum of diamonds containing this feature. Subsequent studies were carried out by De
Weerdt et al. on a series of hydrogen-rich HPHT diamond samples grown from '*C, to examine
isotopic shifting in IR features from defects [4]. Their work showed that the 3107 cm™ mode,
from N3VHY, shifts its position to 3098 cm™ when a significant amount of '*C is present. This
identifies it as a C—H mode. By contrast, the 3237 cm™! mode did not exhibit any '*C isotopic
shift. It thus appears likely that this mode originates from an N—H vibrational mode, though

this has yet to be proven by °N isotopic substitution studies.
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Fritsch et al. reported a correlation between the 3237 cm™ feature and another feature
observed in the IR spectrum at 4703 cm™ [7]. They proposed that these two lines originated
from the same defect, with the latter feature arising from a stretch mode plus a bend mode,
vg, 5. They thus predicted the corresponding bend mode to lie in the range 1400-1500 cm™,
although no mode in that region has yet been correlated with the one at 3237 cm™!. This is due
to the presence of several intense bands in this region in most diamond samples high in nitrogen
and hydrogen.

The presence of at least two modes in similar positions to N3VH? suggests some similarity
between the two defects. Assuming that this mode arises from an N—H bond, one possibility
would be the decoration of a B-nitrogen centre (N4V°) with a hydrogen atom, to form N4sVH°.
However, its formation is not energetically favourable. [8] Furthermore, high temperature
annealing of diamond samples rich in nitrogen and hydrogen produces N3VH? as the end
product, as demonstrated in Section 2.4. In a recent computational study, Gu et al. suggested
that interaction of a B-nitrogen centre with a platelet, an extended planar defect which often
contains large amounts of aggregated nitrogen, may allow N4sVH to form [9]. Of the two
proposed models for this interaction, one predicted a stretch mode close to 3237 cm™. It
therefore remains possible that the 3237 cm™ mode is connected to the NxVH family of defects.

Using the methodology developed in Chapter 3, we report the investigation of the vibrational
dynamics of this defect following IR excitation of its X—H stretch mode (vs = 3237 cm™). This
allowed detection of the v, mode, a feature too weak to be observed via conventional FTIR
spectroscopy. As in Chapter 3, obtaining this information allows for the determination of a
concentration of this defect, allowing for a comparison to the N3VH? concentration in each
diamond sample. Additionally, the relaxation dynamics of this mode can be mapped out,

allowing a direct comparison with the stretch mode associated with N3VH? in terms of
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relaxation time, pathway(s) and anharmonicity. This information offers new insight into the

properties of this defect, which may further assist in its identification.

4.2  Absorption in equilibrium

Two natural diamonds, N3 and N5 (see Section 2.4 for more details), were used to study the
3237 cm! mode. N3 was selected for this study because of its high intensity 3237 cm™! features,
and N5 as it differs in both origin and the type of nitrogen defects present compared to N3.

The FTIR spectrum of N3 is shown in Figure 4.1. As evident, the region 1000-1500 cm’!, is
largely populated by nitrogen-related modes. The maximum absorption coefficient measurable
for this spectrometer on this sample was 50 cm™, due to both high sample thickness and large
nitrogen concentration. As with sample N1 (see Section 2.4 and Figure 3.2 for more details),
the majority of this signal can be ascribed to the B-nitrogen centre (N4V°) [10]. The high
intensity of the vg = 3237 cm! mode in this sample implies a high concentration of its
associated defect. This also allows the detection of the 4703 cm™ feature, thought to be the
Vs, p mode of the same defect.

The FTIR spectrum of N5 is shown in Figure 4.2. In this sample, the observed signal in the
1000-1500 cm! region can be assigned to the A-nitrogen centre (N2°) [11-12]. The lower
intensity 3237 cm™! feature in this sample is reflected in the absence of a 4703 cm™! feature,

which is too weak to be detected.

90



120

2 _

£~ 100

£

S 1.

T 804 4703

) |

5;22 0 _‘—\L_ i A\

8 60- -
g 4000 4250 4500 4750 5000
.0

Q.  40-

2

Qo 3237

< 204 /

0 . L Al

T T T T : T T T T T T T T T
1000 2000 3000 4000 5000 6000 7000
Wavenumber (cm™)

Figure 4.1 FTIR spectrum of natural diamond N3, including regions of saturated absorption.
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Figure 4.2 FTIR spectrum of natural diamond NS5.
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4.3 Transient absorption

Transient vibrational absorption spectroscopy (TVAS) was employed to investigate the excited

state dynamics of the defect responsible for the 3237 cm™! feature, upon IR photoexcitation.

The photoexcitation pulse was resonant to the 3237 cm™ (vy) local vibrational mode

(LVM),

with its spectral bandwidth narrowed by the pulse shaper to 250 cm™! to avoid any overlap with

the 3107 cm LVM and thus excitation of vibrational states belonging to N3VH’. The

broadband probe was tuned either resonantly to v or set to probe other spectral ranges in the

surrounding region (Up,ope = 2800-3300 cm™!). The transient absorption spectra (TAS) from

sample N3 are presented in Figure 4.3 at different pump-probe time delays, At.
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Figure 4.3 TVAS results for natural diamond N3. Transient absorption spectra for pump-probe

delays 1 ps < At < 200 ps, for pump excitation centred at 3237 cm™! and probed either around

3030 cm! (left) or 3237 cm’! (right).
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In the degenerate pump-probe spectrum (Upymp = Uprope = 3237 cm’'), shown in Figure 4.3
right, a ground state bleach (GSB) is observed. This indicates the expected reduction in the
ground vibrational state population, N,. A non-degenerate probe (Figure 4.3, left) revealed an
excited state absorption (ESA) feature at 3029 cm’!. This feature is analogous to ESAs in
N3VH? (see Section 3.3 and Figure 3.3), in that it corresponds to an absorption of the probe
from vg to v,, in an anharmonic potential energy function along this stretch mode. In this case,
the extent of anharmonicity is increased; for N3VHY, the difference between its GSB and ESAs
features is 2wx = 144 cm™', whereas for this defect, the difference between its GSB and ESA
features is 2wx = 208 cm’!. Furthermore, the n = 2 « n = 0 transition is predicted to lie at
6266 cm™! (= 3237 +3029) cm™!. This cannot be verified by FTIR spectroscopy, as a feature in
this region has never been observed in diamonds found to contain this defect. However, the
comparative studies on the analogous 3107 cm™ mode in N3VH® (Chapter 3) correctly
determined the position of v, at 6070 cm™'. Thus, v, for this defect is predicted to lie at 6266

! v,s feature in N3VH? is

cm’!. Additionally, the absorption strength of the 6070 cm’
significantly lower than its corresponding vg feature at 3107 cm’!, due to its small, electric-
dipole-forbidden matrix element. The same being true for the 3237 cm™ defect, we would

expect its corresponding v,¢ feature to be below the signal-to-noise and thus undetectable in

the FTIR at this concentration.
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Figure 4.4 Transient fits of TVAS data for a, natural diamond N3 and b, natural diamond NS5.
The modulus of the absorption difference for GSB (blue circles) and the ESA (red squares) is

measured at the wavenumber of their peak maxima, and bi-exponential fits (solid lines).

For the vibrational dynamics, Figure 4.4 reports the modulus of the absorption change for
the GSB and ESA features versus pump-probe time-delay, for both the N3 and N5 diamonds.
For consistency, a multi-component, bi-exponential decay was fit for both features, with
associated time-constants 7, the fast transfer via other LVMs or the diamond lattice, and 7,
relaxation via the modes of this LVM [13]. In contrast to the transients of the GSB and ESAs
from the N3VH? data (see Section 3.3), the dynamics observed from Figure 4.4 show that the
decay lifetimes of the GSB and ESA features are within one standard error of each other. In
other words, the rate at which n = 1 is depopulated, shown by the lifetime of the ESA, is
roughly equal to the rate at which n = 0 recovers, shown by the lifetime of the GSB. This
suggests a single decay channel from n = 1 to n = 0. The absence of any other features in the

spectrum close to the GSB further corroborates this conclusion.
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In contrast to the data in Chapter 3, the lifetime of population decay fromn=1ton =0
varies markedly between samples N3 and N5. The long ESA decay time (7, = 1.9+ 0.2 ps) in
N3 is significantly shorter than the equivalent lifetime (7, = 2.8 £ 0.1 ps) in N5, and the same
is true for the recovery time of the GSB. Furthermore, the 7, lifetimes of the two samples also
deviate from each other. This difference is unique to excitation of the 3237 cm™! feature — the
lifetimes of the GSB and ESAs features of N3VH? show no significant deviation between
samples (see Section 3.3). Without knowing the exact defect structure, it is not possible to
exactly identify the cause of this difference. However, one significant difference between the
two samples is the different types of defects contained within them. Whilst both samples have
similar total nitrogen concentrations, the majority of the nitrogen present in N3 exists as B-
nitrogen centres, N4V, whereas in N5 the nitrogen content is largely attributed to A-nitrogen
centres, N2°. It appears that the high quantity of B-nitrogen centres is mediating the faster
relaxation seen in N3. This points to a link between the structure of a B-nitrogen centre and
that of the defect being studied here. One possibility is the attachment of hydrogen to a B-
nitrogen centre, forming N4sVH?. The formation of such a defect is energetically unfavourable,

though there may be some means of stabilising it through interaction with other defects [8,9].

Table 4.1 Decay lifetimes from transient fits of data from the natural samples N3 and N5. All
measurements were taken at 298 K. The errors are standard errors, scaled by the square root of

the reduced chi-squared value.

w(cm™1) A1 7,1(ps) Az 7,(ps)
GSB 3237  34(x28) 033(x031) 66(x29) 1.7(x06)
N ESA 3029  0.6(£04) 034(£024) 3.6(=04) 1.9(£0.2)
OSB3 25(03) 016004 2402 3404

ESA 3029  04(£0.1) 0.190.05) 1.1(0.1) 28 (0.1)
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4.4 Relaxation mechanism

The following mechanism is proposed for the vibrational excitation of the 3237 cm™ X-H
stretch and its subsequent decay, schematically illustrated in Figure 4.5, which includes
hypothetical vibrational energies for the vz and v, modes, based on the difference between
the known vg = 3237 cm™! and vs,p = 4703 cm™! modes. Pump excitation promotes some
population of the LVM into v, creating a GSB at 3237 cm™. When subjected to probe light at
3029 cm’!, this excited state the population in vs can absorb the probe light, transferring a
fraction of the defects to the v, state, and creating the ESA seen in Figure 4.3. v, is thus
predicted to lie at 6266 cm™. In contrast to N3VH?, no other ESA features appear in the TVAS
spectra, and nothing of note was found after a search in the near vicinity. In each individual
sample, the lifetimes for the decay of the ESA are within error of the lifetimes of recovery of
the GSB. It can thus be surmised that this system is a simpler one, involving a single-path
relaxation process.

Multiple explanations are possible for the divergence in dynamics from N3VH?: (1) Since
the transition from v to v, occurs at a faster rate than the equivalent path in N3VH? (detailed
in Figure 3.8), it may outcompete the rate of any relaxation into an intermediate state, such as
a v, mode; (2) It may be that relaxation through the bend modes is a significantly faster
process in this defect, and as such we do not see this as an additional decay path; (3) This defect
may belong to a symmetry group in which such a coupling to bend modes is forbidden by a
mismatch of symmetry character.

Of these hypotheses, the latter is the least feasible, as many overtones of vibrational modes
contain several symmetry elements and are thus likely to have the required symmetry for
population transfer. For example, if this defect were N4VH?, it would belong to the Tq point

group, in which the two IR active modes have triply degenerate F, symmetry. Thus, both of
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the first overtones of the stretch and bend modes, v,5 and v,5, would contain the symmetry
elements A; + E + F,. Additionally, the vz mode having identical symmetry to vg would
hypothetically allow a transfer of population into this level, perhaps speeding up relaxation
through this method. However, the overall process of population transfer to the bend modes,
followed by a subsequent relaxation of these modes, would still be expected to produce an
observable difference between decay of the ESA and recovery of the GSB. Thus, it can be
surmised that the most likely explanation is that population transfer to bend modes is simply

being outcompeted by fast direct relaxation of the stretch mode itself.

Stretch Mixed Bend
~ Uyg —

3029 cm?

Vst |

6266cmt— Vs

I‘ V2B
3237 cm? Tso s I- Vg
L v, A J

Figure 4.5 Energy level diagram of the known vibrational structure of the defect responsible
for the 3237 cm™! mode, including hypothetical positions for the bend and 2-bend modes, which
are estimated based on the positions of the known vibrational modes. After the X—H stretch is

photoexcited from v, to vg, absorption of the probe pulse occurs at 3029 cm™ from vg to v,g.
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4.5 Relating FTIR linewidth to TVAS lifetime

As stated in Section 2.5, the total FTIR linewidth, I, of an individual absorption peak is defined:

1
+ Tin (4.1)

where T, is the total dephasing lifetime, which includes contributions from the excited state
lifetime for population relaxation, Ty, the lifetime for pure dephasing, T, and inhomogeneous

broadening, [,. These three components can be isolated as follows:

1 4.2
I'=Trorentz + lin = lrvas + ;+ ( )
T,

where [} ,entz 18 the Lorentzian component of the FTIR linewidth, including contributions
from T; and T, and Iy 45 is the contribution to the linewidth from T; only, predicted using the
TVAS data and Equations 2.7 and 2.8. Comparison of the observed FTIR linewidths, I, their
Lorentzian components, [ y,-¢ntz, and the linewidths determined from lifetimes measured using
TVAS, T'ryas, thus reveals the amount of pure dephasing and inhomogeneous broadening
taking place in each sample. Good agreement is found between I’} y;-ent, and I'ry 45 for both N3
and N5 (Table 4.2). Therefore, the population relaxation rate accounts for the homogeneous
linewidth in equilibrium, and the contribution from pure dephasing is negligible. This is to be
expected, as the 3237 cm™! stretch mode exhibits no temperature dependence in FTIR, and a
feature containing significant contribution from pure dephasing would exhibit a temperature
dependence [14]. Table 4.2 shows that, for both samples, the total FTIR linewidth, I, exceeds

both [} ,entz and Irpas. We therefore surmise that both features contain inhomogeneous
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broadening. Further to our previous discussion in Section 3.5, results from a high concentration
of additional, nitrogen-based defects in the 1000-2000 cm™ region. In both samples N3 and
NS5, the concentration of nitrogen defects in diamond exceeds 1000 ppm, due to the presence

of a high number of B-nitrogen centres and A-nitrogen centres, respectively.

Table 4.2 Linewidths of the 3237 cm! feature in each sample, determined from FTIR
spectroscopy, compared to those calculated from the lifetimes obtained from transient

absorption dynamics.

Sample r (cm_l) l-‘Lorentz (cm_l) l-‘TVAS (cm_l)
N3 39 3.1 3.1
N5 3.5 2.5 24

To analyse the transient absorption spectra in more detail, the time and frequency
dependencies of the GSB and ESA features were investigated. Figure 4.6 shows the linewidth
of the spectra of N3 and NS5 at room temperature versus pump-probe time delay, while Figure
4.7 shows the time constants obtained using fits to “slices” of the transient absorption at
different wavenumbers. For both the GSB and ESA features, the average FWHMs of each
sample, shown in Figure 4.6, are within error of each other, as the difference between them is
below the resolution of a data point in the transient absorption spectrum. The small difference
between the average linewidth of the GSB feature (~5 cm™) and that of the 3237 cm™! feature
as it is measured in the FTIR (3.5-3.9 cm™') is due to a small amount of instrumental broadening
in the TVAS detector, which has a lower spectral resolution (2 cm™) than that of the FTIR
spectrometer (0.25 cm™). The average FWHM of the 3237 cm™ GSB feature in both N3 and
NS5 is below that of the 3107 cm™! GSB feature in sample N2, where inhomogeneous broadening

is significant, and above that of the same feature in sample S1, where there is no
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inhomogeneous broadening (see Section 3.5 for this data of samples N2 and S1). It is thus
surmised that the GSB linewidths obtained directly from the transient absorption spectra are
therefore a reflection of the linewidth including inhomogeneous broadening. As reported for
N3VH? (see Section 3.5), the ESA feature has a much broader linewidth; recall that this is a
consequence of the linewidth of the ESA containing contributions from the relaxation of both
the v,5 and vg levels, as opposed to the GSB which only contains contributions from the
relaxation of the vg level. However, in contrast to the ESA of N3VHY, the shape of the ESA
feature here is distinctly asymmetric and includes a long tail towards lower wavenumbers,
something which is currently unexplained. It is possible that asymmetry is due to
inhomogeneous broadening towards lower wavenumbers. The data in Figure 4.7 does appear
to show a difference in the lifetimes of the two ESA features, which are broader. The errors in

the data from the GSBs is too large to show a significant difference across the wavenumber

slices.
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Figure 4.6 Full-width at half-maximum (FWHM) of the GSB (circles) and ESA (squares)
features in the transient absorption spectra of a, sample N3, and b, sample N5, at room

temperature. The solid lines represent the overall FWHM in each case.
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Figure 4.7 Lifetimes 11 and 12, and their standard errors, obtained from biexponential fits to

the transient absorption at different wavenumbers relative to the centers of the GSB and ESA

features, for: a, sample N3 and b, sample N5.

4.6 Determination of concentration from Morse potential

Two assumptions must be made for the concentration of this defect to be estimated from the
absorption coefficient of the 3237 cm™ feature in the FTIR. (1) We assume that there is no
geometrical factor to account for, which must be assumed as there is no known defect structure;
(2) For the purposes of calculating a reduced mass (see Section 2.6), we assume that the bond
is between a hydrogen atom and a nitrogen atom. With this mind, the concentration of this
defect can be estimated. Such a determination allows for a direction comparison with the
content of N3VH? and may open an avenue for using nitrogen assays to estimate the number of
nitrogen atoms present in this defect. The energy spacings, 3237 cm™ and 3029 cm™!, directly
obtained from TVAS allow simulation of the Morse potential to approximate the anharmonic
potential energy, V (r), of the stretch mode along the direction of the N—H bond, according to

the following equation:
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V(r) = D,(1 — e~ a(rTe))?2 4.3)

where D, is the depth of the potential well, a is the inverse width of the well, r is the distance
between the two atoms involved in the bonding of the vibrational mode, and 7, is the
equilibrium position. The individual vibrational energy states inside the potential energy well
are determined by solving the Schrodinger equation for each state, further details of which are
included in Section 2.6. Figure 4.8 shows the computed anharmonic potential energy well,

including the individual vibrational states.

5_
4 -
; b i Eeesescooos
L. 8- i =22
> s =
e ' N Cmn—
G 29 N ——
D, X i
| Tl
1 \/\\fJ\ /7L
0- XA
y N
05 0.0 05 10 15 2.0
r(A)

Figure 4.8 Anharmonic Morse potential energy well of the N—H stretch as a function of r, the

distortion from equilibrium geometry, showing the vibrational structure.
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From our simulation, we determined the following parameters for the Morse potential: well
depth D, = 3.54 eV and inverse width a = 2.41 x 101 m™1. The reduced well depth
compared to N3VH? correlates with the greater anharmonicity of this mode, as the vibrational
states are closer together in a more anharmonic potential. The Morse potential allows the matrix

elements D;;, and hence the absorption coefficient, to be calculated directly with the defect

js
concentration as the only free parameter. Through this method, we predict dimensionless
matrix elements of (Y, |x|p,) = 0.176 for the vg « v, transition and (¥, |x|y,) = 0.253 for
the v, < vs transition. These cannot be directly compared to the values of the matrix elements
for the 3107 cm! feature (see Section 3.6 for details), due to the unknown geometrical factor
in the case of this defect. However, we can compare the ratios of the matrix elements for the

transitions vg « vy and v,5 < vg, which for both cases are roughly 1:1.4. Substituting these

matrix elements into Equation 2.22, we determine the ratio of the amplitude of the ESA (Aa4,)

Aa12
Aa01

and GSB (Aa,,) features: the Morse potential model predicts = —1.03. The experimental

. . A
transient absorption spectra of N3 yield Aalz

= —0.45. This discrepancy is likely due to the

o1

vastly increased linewidth of the ESA feature over the GSB, even when compared to the
analogous features in N3VHY, where the experimental and theoretical amplitude ratios do match
(see Section 3.5).

By using the measured FTIR absorption and the matrix elements from the Morse potential
model we can predict the defect concentration of any sample where the 3237 cm™! line is
present, assuming optical absorption occurs between two quantum states with a Lorentzian
lineshape. The defect concentration can thus be related to the integrated area of its 3237 cm™!
feature by using the following calibration factor: [3237](ppb) = (27 + 4) X I353,(cm™2).
The results in Table 4.3 show concentrations of the 3237 cm™! defect, assuming no geometrical

factor, as compared to those of N3VH? in the same sample.
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Table 4.3 Concentrations of the 3237 cm™! defect, determined using the Morse potential model,

compared to the N3VH concentration measured for the same sample.

Sample [3237]morse (PPM) [N3VH®]y6r5c (PPM)
N1 2.8+0.4 21.8+2.0
N3 29+04 229+2.1
N5 0.1+0.1 1.1+£0.1

It can be observed in these samples that when the N3VH concentration is higher, so too is the
concentration of the 3237 cm™ defect. It is therefore possible that there is a relationship between
the two defects. However, the ratio of the two defect concentrations is not constant for these
three samples, and the two defects have been shown not to correlate in the past [2]. We thus

surmise that the 3237 cm! feature does not arise from N3VHC, but from a similar defect.

4.7 Conclusions and future work

Transient vibrational absorption spectroscopy was employed to determine the lifetime of
processes relating to the 3237 cm! stretch mode (vg) found in many diamond samples. The
discovery of an excited state absorption at 3029 cm™ reveals that the v,y state of this defect
lies at 6266 cm™! in the IR absorption spectrum, and indicates a strong anharmonicity in this
mode, greater than that observed for the N3VH? defect. This determination will aid future
computational studies seeking to formally identify the structure of the defect. Calculations
based on the Morse potential allow a calibration between the concentration of this defect and
the intensity of its X—H stretch mode, subject to its directionality with respect to the (100) face

of the diamond: [3237](ppb) = (27 + 4) X I353,(cm™2),
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With regards to the vibrational dynamics, decay from vg is dominated by a single pathway —
a direct decay back down to the ground state. The contrasting dynamics between this
vibrational mode and that of the 3107 cm! stretch mode is likely reflected by the different
structure and thus symmetry character of the two defects responsible for the modes. The
variation in excitation lifetime between the two samples used in this study (~1.8 ps for N3 and
~3.0 ps for NY5) is speculated to arise from the widely different defect populations present in
each. It is suggested that the presence of B-nitrogen centres better mediates vibrational transfer
than A-nitrogen centres, though this is by no means a certainty. Further study of this defect
using magnetometry and computational studies are required for a formal identification of its

structure.
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5 The effect of ultraviolet excitation on

hydrogen defects in diamond

5.1 Background

Unlike the infrared (IR), transient absorption spectroscopy has been employed in the past to
excite electronic states in diamond using light in the ultraviolet (UV) or visible (Vis) range.
There are existing reports in the literature of experiments detecting the promotion of free
carriers into the diamond conduction band using UV light of a higher energy than the diamond
band gap. Additionally, some studies have excited electronic states pertaining to specific defect
centres in diamond. We summarise the previously reported UV/Vis pump and IR probe studies
of diamond and its defects in the remainder of this section.

Popelaf et al. conducted a study of transient vibrational absorption spectroscopy (TVAS)
applied to type Ila diamond, which contained a negligible presence of defects (< 5 ppb nitrogen
concentration) [1]. Under UV excitation (Apymp = 200 nm), the incident photons had sufficient
energy to induce the excitation of free carriers from the diamond valence band into its
conduction band. Absorption of light in the IR range (wprope = 1250-3125 cm’') caused these
free carriers to produce a broad horizontal absorption across the spectrum, known as a free
carrier absorption (FCA) background. Popelat et al. reported a two-component FCA
background decay. Time constants 11 = 38 ps and 12 = 1800 ps were recorded when the probe
was set to a wavenumber of 1250 cm™.

Ultrafast pump-probe experiments exciting in the UV range have also been carried out on

specific defect sites in diamond. Ulbricht et al. have published studies on the relaxation
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dynamics of the single substitutional nitrogen centre, Ns” [2] and the nitrogen-vacancy centre,
NV [3,4]. Under excitation in the visible range (A,ymp = 400 nm) and detection using a probe
in the IR range (wprope = 1320-1360 cm™'), Ulbricht ef al. were able to induce and observe
charge transfer in Ns [2]. The pump beam induced excitation of electrons from Ns° into the
diamond conduction band, creating free electrons and Ng* defects, the latter of which
manifested as an absorption feature at 1332 cm™. A second absorption feature at 1349 cm™ was
also observed. This feature was confirmed by theoretical simulations to arise due to the
formation of Ns~ defects, produced by recombination of the now free electrons with persisting
Ns? defects. Employing transient absorption detection in the IR range thus enabled the detection
of the negative charge state of single substitutional nitrogen, Ns~, for the first time. They did
not report a specific lifetime for the neutralisation of these charge states; however, it was stated
that this process is completed after 10 ns.

Subsequently, Ulbricht ef al. used transient absorption experiments exciting in the visible
range (Apymp = 610-640 nm) and probing in both the visible (4,,0pe = 580-700 nm) and IR
(Wprope = 9615 cm™!) ranges to observe dynamics related to electronic states of the NV~ centre
[3,4]. By comparing the spectra that arise from excitation of its zero- and one-phonon lines,
they were able to indirectly measure a fast relaxation time (< 60 fs) for the first excited
vibrational state of the electronically excited NV~ centre. However, they were unable to explain
the mechanism behind it. By probing in the IR range, they were able to measure the lifetime of
an electronic transition associated with NV~ to be 100 ps. Thus, it has been shown that
excitation in the UV/Vis range, and probing in the IR range, can offer insight into the lifetimes
for charge transfer, relaxation from excited defect states, and, indirectly, the lifetime for
relaxation of vibrational states of specific defects.

At present, there are no examples of studies akin to those by Ulbricht et al. on hydrogen-

related defects, such as N3VH’. However, whilst no electronic states of N3VH? have been
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identified by experiment, predictions of its electronic band structure have been made using
computational models [5,6]. Two N3VH? states were predicted to lie close to the diamond
valence band. The lower of these states, assigned to 41 symmetry character, included electronic
density from the three lone pairs and the C—H stretch in N3VH. A slightly higher degenerate
electronic state, assigned to £ symmetry character, is more associated with the nitrogen lone
pairs. Finally, the excited electronic states were predicted to exist at an energy state slightly
lower than the diamond conduction band. It is therefore feasible that excitation using light of
energy just below the diamond band gap could induce electronic excitation into these bands.
The gap for excitation of N3VH? was predicted by Gentile et al. to be roughly 240 nm [6].

In this chapter, we investigate the effect of UV excitation on our diamond samples. We look
generally at the excitation and relaxation of free carriers in samples containing low (~50 ppm)
and high (> 2000 ppm) concentrations of nitrogen, enabling a comparison of the lifetime for
the relaxation of free carriers against the results reported by Popelat et al. for high purity
diamond. Thus, the effect of defects on the lifetime for free carrier relaxation can be studied.
We also focus on the specific defect features already studied in Chapters 3 and 4, these being
the N3VH? defect and the unknown defect responsible for the local vibrational mode (LVM) at
3237 em’. Studying the excitation and decay of the electronic states associated with these
defects allows us to further our understanding of their energy states. Additionally, monitoring
the decay of the electronic states opens the possibility of exploring higher overtones of the
vibrational modes of these defects. We thus obtain a more complete picture of the vibronic
structure and dynamics of a defect system by exciting in the UV, in addition to the IR. Our
existing knowledge of the vibrational dynamics, reported in Chapters 3 and 4, will aid our

understanding of the data accrued in this chapter.
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5.2 Absorption in equilibrium

To observe the effect of a significant defect concentration on the absorption of diamond in the
UV/Vis region, we took steady-state UV/Vis spectra of three natural diamonds, N1, N2 and
N3, all of which originated from the Argyle mine. N1 and N2 both contain > 2000 ppm of
nitrogen, most of which can be attributed to the B-nitrogen centre, N4V°. In N1, the total
nitrogen concentration is significantly lower, at roughly 50 ppm. Section 2.4 provides further

details on these samples. The UV/Vis spectra are shown in Figure 5.1.
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Figure 5.1 UV/Vis absorbance spectrum of violet natural diamonds N1, N2 and N3, showing

the effect of diamond thickness and defect concentration on overall absorbance.

Irrespective of its defect concentration, a diamond sample absorbs strongly enough to
saturate the spectrum at short wavelengths, A < 225 nm, where the energy of the incoming

photons exceeds the diamond band gap. This is observed most clearly in diamonds with

110



relatively low nitrogen concentration, such as N1 (~50 ppm), where there is a sharp change in
absorption. Excitation at wavelengths shorter than the 225 nm threshold induces the promotion
of free carriers into the conduction band, as observed by Popelaf et al. in their work [1]. Any
extra absorption seen at longer wavelengths, A > 225 nm, is due to a significant population of
defects creating states inside the band gap. It can be observed from our UV/Vis data for N2
and N3 that there is now an absorption ramp, which has broadened out into longer wavelengths.
This is due to a large population of defects that have either: (1) created empty states below the
conduction band edge, allowing electrons to be excited from the valence band into these states;
(2) broadened out the valence band to a higher energy; (3) created filled states above the
valence band edge. Absorption ramps such as those in the data for N2 and N3 are commonly
reported in the UV/Vis spectra of diamonds with a high proportion of single substitutional
nitrogen, where the extra electrons from nitrogen replacing carbon manifest as deep donor
levels close to the valence band [7]. Crucially, the shift to an absorption ramp means that
excitation at wavelengths in the range 225 nm <A <300 nm can now promote carriers into the

conduction band.

5.3 Transient absorption

Using TVAS, we detect the differences in IR absorption created following UV photoexcitation
(as opposed to the IR excitation used in Chapters 3 and 4). In Section 5.3.1., we extract the
FCA background from both N1 and N2 and compare our observations to those previously
observed in high purity diamond [1]. Sections 5.3.2. through to 5.3.4. focus on the effect of UV
excitation on the features studied in Chapters 3 and 4, those being the two stretch modes at

3107 cm™ and 3237 cm’!, and their associated vibrational overtones.
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5.3.1 Free carrier absorption

Before focusing on specific defect features, we look for the free carrier absorption (FCA)
background. Under excitation at 240 nm, the probe was scanned across the IR (Up;.ope = 1300-
3300 cm™). To facilitate this broad sweep, a lower-resolution diffraction grating (6.0 um blaze,
100 lines mm™') was used, producing a resolution of 7 cm™ at a wavenumber of 3200 cm™,
compared to 2 cm™! for the higher-resolution grating reported in Section 2.3. Using a lower-
resolution diffraction grating decreased the overall scan time but did not allow us to zone in on
specific features. A section of the UV pump, IR probe transient absorption spectra of samples
N1 and N2 are presented in Figure 5.2 at different pump-probe time delays, At, in the range
3000-3200 cm!. The broad horizontal absorption, which persists across the entire IR region
being swept, is the same as the FCA reported by Popelaf et al. in their work [1]. A feature at
~3107 cm™! can be seen in the N2 data in Figure 5.2b and is discussed in detail in the following

section, where higher resolution scans allowed for its line shape to be resolved.
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Figure 5.2 TVAS results for natural diamond samples N1 and N2. Transient absorption spectra
for pump-probe delays 1 ps < At < 1250 ps, for pump excitation centred at 240 nm and probed

in the range 3000-3200 cm™.
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Taking an average of each data point in the range of 3150-3200 cm™! produced the transients
shown in Figure 5.3. For sample N1, we extract two time constants for free carrier relaxation:
11 = 3.3+ 0.6 ps and 12 = 1750 £ 80 ps. 12 is comparable to the long relaxation time extracted
by Popelaf et al. in their measurements (pumping at 200 nm and probing at 1250 cm™) and is
consistent with the slow component of free carrier recombination [1]. However, 11 is much
shorter here (c.f. the 38 ps reported by Popelat et al.). This difference could be due to several
factors, including: (1) The lower temperature of their measurements (250 K, whereas our
experiments were carried out at room temperature); (2) The higher pump fluence used in our
experiments (1.22 mJ cm™, as opposed to 0.34 and 0.5 mJ cm™ reported by Popeléf et al.); (3)
The presence of a small concentration (~50 ppm) of nitrogen defects in N1, as opposed to the
type Ila diamond used in their work, with nitrogen concentration < 5 ppb. Qualitatively, we

observe the same two-component decay for free carriers in N1 as in type Ila diamond.
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Figure 5.3 Transient fits of TVAS data for a, natural diamond sample N1 and b, natural
diamond sample N2. The absorption differencefor both transients is measured as an average of
data in the wavenumber range 3150-3200 cm™ (squares). Solid lines represent the multi-

exponential fits of each data set.
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For N2, we extract two time constants: 11 = 3.8 £ 0.1 ps and 12 = 4300 £+ 100 ps. Here, 11, the
short component of the decay, is within error of the value recorded for N1. However, we
observe that 12, the long component of decay, is significantly greater than its analogous
component in both N1 and in the sample studied by Popelai ez al [1].

We speculate that the increased relaxation time of N2 is due to the high concentration of
defects in this sample. These produce defect states inside the diamond band gap, which act as
traps according to the Shockley-Read-Hall model [8], hindering the relaxation of free carriers
back down to the valence band. This results in the longer lifetime observed in sample N2.

Figure 5.4 illustrates the mechanisms taking place in the system upon excitation with UV light.

CB

Interband recombination
(radiative)

Interband recombination
(defect-assisted)

Defect states

VB

Figure 5.4 Schematic showing the various processes taking place when UV light is shone on
the diamond sample. Free carriers absorb in the UV and are promoted into the diamond
conduction band (CB). They relax back down to the valence band (VB) by one of two methods;
either via radiative recombination, or recombination mediated by defect states, the latter of

which being the slower process.
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5.3.2 Fabry-Pérot oscillations

In the high-resolution spectra around the 3107 cm™ and 3237 cm™ absorption features (see
Figures 5.8 and 5.11), there are observed oscillating fringes. These are known as Fabry-Pérot
oscillations, and arise due to a change in the diamond refractive index in regions penetrated by
the UV pump beam. The incident pump alters the reflectivity of the sample surface, thus
creating the spikes observed across the spectrum. Similar behaviour has previously been
reported in the spectra of other crystalline materials [9-11]. Due to the low-resolution grating
used in the previous section, the Fabry-Pérot oscillations averaged out across each pixel and
were not observed.

The Fabry-Pérot oscillations disappear at later times (4t > 50 ps) once the effect of excitation
becomes diminished by the diffusion of the excited free carriers. Figure 5.6a shows the UV
pump intensity profile, which is exponentially dependent on the thickness of the diamond, z,

and the penetration depth, §, according to:

1(z) o e7%/8 (5.1)

Since the promotion of free carriers can only occur in regions that absorb UV light and become
excited, the initial free carrier profile in a diamond, shown in Figure 5.6b, matches the intensity
profile of the pump. As the free electrons and holes diffuse away from the surface, from regions
of high to low free carrier concentration, the free carrier profile levels off. The surface
concentration decreases rapidly, on a timescale faster than electron-hole recombination. This

causes the refractive index to return to its equilibrium level.
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Figure 5.6 Profile plots of a, The intensity /(z) of the UV pump incident on the surface of a

diamond sample. b, The free carrier concentration n(z) of a diamond sample immediately

(black line), at short times (red line) and at long times (blue line) after excitation.

Figure 5.7 demonstrates how the reflectivity changes at times after UV excitation. Initially,

the free carriers are concentrated at the surface and reflect a larger proportion of both incoming

IR light, and light that is reflected back through the diamond. This effect is diminished at late

times, when the free carriers have diffused throughout the diamond and the reflectivity at the

surface more closely resembles the situation when the pump is turned off.
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Figure 5.7 Illustration of the change in reflectivity at the diamond surface in response to UV

pump excitation, at early and late times, in comparison to the reflectivity when the pump is off.
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53.3 The 3107 cm™! stretch mode

Transient absorption measurements were taken in the region of the 3107 cm™ stretch mode
using the high-resolution grating from the IR pump, IR probe experiments (3.5 pm blaze, 300
lines mm'! resolution). Subtraction of the FCA background and subsequent smoothing, using

a Savitzky—Golay filter with a 5-point window [12], produced the spectra shown in Figure 5.8.

At (ps)

Absorption (AmOD)

-10

3080 3100 3120 3080 3100 3120
Wavenumber (cm™)
Figure 5.8 TVAS results for natural diamond N2, after subtraction of the FCA background, a,

before and b, after smoothing. Transient absorption spectra for pump-probe delays 0 ps <

At < 1000 ps, for pump excitation centred at 240 nm and probed around 3107 cm™.

An S-shaped feature is observed, indicating a redshift in the peak position of the C—H stretch
mode from 3107 cm™ to 3102 cm™!. At early time delays, 1 ps < At < 5 ps, the feature loses
its S-shape and reverts to a positive feature. At time delays At > 5 ps, the feature shifts once
more, returning to its original peak position of 3107 cm™!. This feature persists at time delays

beyond those accessible given the length of the delay stage used in this experiment.
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In terms of the dynamics, Figure 5.9 reports the absorption change recorded at 3102 cm™ and
3107 cm’!, against the time delay. The transient for the latter clearly shows a three-component
decay, with an initial lifetime reflecting the disappearance of the S-shape and blueshift back to
3107 cm™!, and a two-component decay of the subsequent feature. A three-component decay
may also be fit to the transient at 3102 cm™. The data from these fits are recorded in Table 5.1,
alongside the fit of the FCA relaxation in N2. In both cases, 11 (~1.2 ps) and 12 (~15 ps) are
significantly faster than 13 (> 2000 ps), which, for the transient of 3107 cm™, exceeds the
longest time delay allowed by the experimental setup. 1) is the time constant for blueshift of
the feature back to 3107 cm™, whilst 12 and 13 are related to the subsequent relaxation of the
mode itself. 13 is of the same order as the long component of the FCA relaxation. As such, it is

likely related to the trapping of free carriers that are relaxing back to the valence band.
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Figure 5.9 TVAS for natural diamond sample N2, using unfiltered data. a, Absorption
difference at 3107 cm™! (blue circles), measured at the wavenumber of its peak maximum, and
a tri-exponential fit (solid line). b, Absorption difference at 3102 cm™ (red squares), measured

at the wavenumber of its peak maximum, and a tri-exponential fit (solid line).
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Table 5.1 Decay lifetimes from transient fits of data around 3107 cm™ from N2, at a
temperature of 298 K, compared to the lifetimes of FCA decay. All errors are standard errors,

scaled by the square root of the reduced chi-squared value.

wem™) A 71(ps) A, 75 (ps) A; 75(ps)
FCA 323(x02) 3.8(£0.1) 189(x0.1) 4300 (= 100) N/A N/A
3102 165@03) 1.4(x0.1) 24(+03) 14029  1.1@&0.1) > 2000

3107 920.1) 1.1(01) 060.1)  199(89)  24@&0.1) 2100 (+300)

The following explanation, schematically illustrated in Figure 5.10, is proposed to explain
the S-shaped feature and its dynamics. The C—H stretch mode is largely promoted to the
vibrational ground state of its first electronically excited state (e;, v,). Excitation into this level
changes the electronic structure of the mode. This causes the vibrational mode to redshift,
resulting in both the S-shape and the shift in peak wavenumber to v = 3102 cm™!. The initial
lifetime, t; ~1.3 ps, represents the lifetime for electronic state decay, from e; to ey. The second
lifetime, T, ~15 ps, is assigned to the vibrational relaxation of the ground electronic state. T, is
higher than the vibrational relaxation lifetimes of N3VH?, as reported in Section 3.3. However,
these lifetimes were solely recorded for population excited into the first overtone, v;. The value
of 15 ps is consistent with relaxation from (e;, v,) into vibrational overtones of the electronic
ground state, (ey, Vs1) — a vibronic transition. Evidence of population of these higher
vibrational states is garnered from the presence of a group of ESA features in the wavenumber
range 2880-3080 cm!, discussed in Section 5.3.5. The long time constant, T3 > 2000 ps, is
related to the relaxation free carriers. During their relaxation from the conduction band back
down to the valence band, they become trapped in the defect states that exist in the band gap.
One such state being the N3VH? stretch mode, this explanation accounts for the remaining
population at time delays beyond our experimental capability.
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Figure 5.10 Schematic of the anharmonic potential wells of the ground and first excited

electronic states of N3VHY, explaining the observed dynamics.

5.3.4 The 3237 cm™! stretch mode

Further measurements were taken with the probe shifted to the 3237 cm! stretch mode, the
focus of our study in Chapter 4. Using the same experimental setup reported in Section 5.3.3,
and after subtraction of the FCA background and smoothing, the spectra shown in Figure 5.11

were obtained.
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Figure 5.11 TVAS results for natural diamond sample N2, after subtraction of the broad
absorption background, a, without and b, with a Savitzky—Golay smoothing filter. Transient
absorption spectra for pump-probe delays 0 ps < At < 1000 ps, for pump excitation centred

at 240 nm and probed in the region around 3237 cm™.

Another S-shape feature is observed initially, indicating that the peak of the feature has
redshifted to 3233 cm™!. At late times, the peak of the feature has shifted back to 3237 cm™.
This suggests that electronic excitation also occurs in this system. However, in this case, the
prevailing feature beyond our experimental capability is a negative feature.

Figure 5.12 reports the absorption change recorded at 3233 cm™ and 3237 cm!, against the
time delay. The data from these fits is recorded in Table 5.2, alongside the fit of the FCA
relaxation in N2. Similar 11 (~1.4 ps) and 1> (~10 ps) time constants to those in Table 5.1 are
reported for the decay of the peak at 3233 cm™'. Additionally, both transients contain a long
component of relaxation, indicating that there is a possibility that free carriers are being trapped

by the states of this defect.
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Figure 5.12 TVAS for natural diamond N2, using unfiltered data. a, Absorption difference at
3237 cm’! (blue circles), measured at the wavenumber of their peak maxima, and a bi-
exponential fit (solid line). b, Absorption differenceat 3233 cm™! (red squares), measured at the

wavenumber of its peak maximum, and a tri-exponential fit (solid line).

Table 5.2 Decay lifetimes from transient fits of data around 3237 cm! from N2, at a
temperature of 298 K, compared to the lifetimes of FCA decay. All errors are standard errors,

scaled by the square root of the reduced chi-squared value.

wlem™) Ay 71(Ps) Az 72(Ps) As 73(ps)

FCA 323(*02) 38(0.1) 189(*0.1) 4300 (+ 100) N/A N/A
3233 49(*02) 13(*0.1) 0.7(x0.1) 9.5 (& 3.0) 0.4 (£0.1) 1900 (= 900)
3237  2.6(0.1) 16(@&*0.1) 05(=0.1) >3000 N/A N/A

Parallels may be drawn between these spectra and those in Figure 5.8. The primary difference
between this data and that taken for the N3VH? C—H stretch mode is the prevailing negative

feature at late times, in contrast to the positive feature observed in Figure 5.8. One explanation
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for this prevailing bleach is that the 3237 cm™ mode is coupled to another mode, in which it
becomes trapped as it relaxes back to its electronic ground state. Further study is needed to
identify this mode, if it does exist. The difference between a prevailing absorption feature at
3107 cm™ and a prevailing bleach at 3237 cm’! suggests either a stark difference between the
electronic charge or the structure of the two defects, else it could indicate a relationship between

the two where population of 3237 cm™ has been transferred to 3107 cm™.

5.3.5 The vibrational overtones of 3107 cm™ and 3237 cm!

Movement of the IR probe to the region of 2880-3080 cm! revealed several features after
subtraction of the FCA background. The spectrum in this region is shown in Figure 5.13. For
this scan, the low-resolution grating was used. As such, the Fabry-Pérot oscillations were
averaged out, and no smoothing filter was required to treat this data.

Four distinct ESA features can be seen in the spectrum, including those at 2963 cm™ and
3029 cm™!, which were reported in Sections 3.3 and 4.3 respectively. Two new features are
reported at 2914 cm™ and 2950 cm™!. Transients of each of these features are shown in Figure
5.14, and Table 5.3 records the values of bi-exponential fits of the data. The 7, lifetimes of the
features at 3107 cm™ and 3237 cm™! are within error of those previously reported for diamonds
rich in B-nitrogen centres in Sections 3.3 and 4.3. Their long 7, lifetimes indicate that these

states also take part in the trapping of free carriers.
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Figure 5.13 TVAS results for diamond sample N2, after subtraction of the broad absorption

background, without the use of a smoothing filter. Transient absorption spectra for pump-probe

delays 0 ps < At < 1000 ps, for pump excitation centred at 240 nm and probed in the region

around 2900-3100 cm™!.

Both of these features display a fast relaxation and a complete decay at short lifetimes. Here,
the entire signal decays after 30 ps, in contrast to the other features that persevere at times
>1000 ps. Whilst the feature at 2950 cm™ does not appear to undergo complete decay from our
measurements, this is because it is sitting atop the ESA for the C—H stretch mode of N3VH’,

which does not decay completely here.
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Figure 5.14 TVAS for natural diamond N2, using unfiltered data. a, Absorption difference at

2963 cm™ (red squares), measured at the wavenumber of their peak maxima, and a bi-

exponential fit (solid line). b, Absorption difference at 2914 cm™! (purple squares), measured

at the wavenumber of their peak maxima, and a bi-exponential fit (solid line). ¢, Absorption

difference at 3029 cm™! (peach squares), measured at the wavenumber of their peak maxima,

and a bi-exponential fit (solid line). d, Absorption difference at 2950 cm™ (pink squares),

measured at the wavenumber of their peak maxima, and a bi-exponential fit (solid line).
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Table 5.3 Decay lifetimes from transient fits of unfiltered data in the range 3100-3300 cm™
from N2, at a temperature of 298 K. All errors are standard errors, scaled by the square root of

the reduced chi-squared value.

wm™) A 71(ps) A 72(ps)

2914  09(x0.1) 08(x0.1) 03@*0.1) 18.1(x44)
2950  1.3(+0.1) 13(£02) 04@*02) 149 (+4.5)
2963 0.6(0.1) 27(:03) 05@0.1) 2100 (+800)
3029 12(x0.1) 2002 0502 1200 (+500)

Due to the similarity in wavenumber of these two features to the ESA at 2963 cm™!, we
speculate that they arise due to the excitation of a combination mode to a level where it includes
an additional excited stretch mode. One strong possibility is the transition v,5,p < Vs,25p, as
the wavenumber difference between the feature at 2950 cm™ and v,g = 2963 cm™ is 13 cm™!,
which closely matches the difference of 17 cm™ between vg = 3107 cm™ and the 3090 ¢cm!
transition from vg,,p < v,5. Other possibilities for this feature, or for the 2914 cm! feature,
are the transitions v,g,p < Vsyp OF Us,3p < VU3p. Peaks corresponding to the transitions from
the ground state to v,5,5, V25425 and vg, 35 have not been observed in FTIR spectra, likely
due to the intensity of these absorptions being sufficiently low that they exist below the noise

1

floor. Thus, a firm assignment of these two transitions at 2914 cm™ and 2950 cm™ is not

possible.
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5.4 Conclusions and future work

This work has expanded upon past work involving the UV excitation of diamond and its
defects. The effect of the presence of defect states on the relaxation of free carriers is
demonstrated, with the longer relaxation time in high defect concentration diamonds explained
by the trapping of these free carriers in defect states existing inside the diamond band gap.
Additionally, we have investigated the behaviour of specific defect sites when under electronic
excitation. A relaxation lifetime for the electronically excited C—H stretch mode at 3107 cm’!
was determined to be ~1.3 ps. For the analogous stretch mode at 3237 cm™!, a relaxation lifetime
of ~1.4 ps was determined. Additionally, a slower relaxation component in both cases could be
attributed to relaxation from modes that had experienced vibrational excitation in addition to
electronic, these modes being limited by the time required for relaxation to their vibrational
ground state. Finally, several features are observed in the region 2880-3080 cm™'. Whilst these
features cannot be given specific assignments, they do indicate relaxation from the
electronically excited state occurs into the higher vibrational states of the electronic ground
state.

There is great potential for expansion on the work presented in this chapter. High-resolution
TVAS measurements on more known features belonging to both defects, such as those found
at 1405 cm™, 2787 cm™!, 4169 cm! and 4703 cm™!, could shed more light on the mechanisms
for both electronic and vibrational relaxation taking place. Additionally, a more conclusive
assignment of the features at 2915 cm™ and 2950 cm™ could be achieved through two different
ways: (1) UV pump — IR probe TVAS experiments on diamond samples that do not include
the feature at 3237 cm™!, to ensure that the two features can be attributed with certainty to the

N3VH? defect; (2) IR pump — IR probe TVAS experiments, pumping population into vg, v,p,
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V3p O Vs,,p, and subsequently probing around 2800-3100 cm™ would offer a route to
assigning the peaks at 2914 cm™! and 2950 cm™ to specific transitions.

Additionally, moving the IR probe to other regions of the spectrum would enable the
identification of other features, potentially including the v3s mode of both defects, which would
further quantify their anharmonicity and refine the Morse potential model of the two stretch
modes. In particular, the identification of further transitions associated with the 3237 cm’!
system would offer more information for future computational models looking to assign a

defect complex to it.
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6 Summary and outlook

Through this work, we have reported our study on the excitation and decay dynamics of local

vibrational modes (LVMs) associated with hydrogen in diamond. Specifically, we have looked

at the absorption features found at 3107 cm™ and 3237 cm’!, and their responses to both infrared

(IR) and ultraviolet (UV) excitation. Table 6.1 summarises the findings in this research by

reporting the key differences between the two features in terms of their relaxation dynamics,

potential energy surfaces and concentration.

Table 6.1 A summary of the differences between the features at 3107 cm™ and 3237 cm™..

Property

3107 cm™! (N3VH?)

3237 cm!

Position of v,
Relaxation path
TGSB
TESA

Sample variance
oft

2wx

Calibration
factor (ppb)

Matrix elements
(assuming no
directionality)

UV-induced shift

6070 cm’!
3-level system
~6 ps
~3.5ps

None

144 cm’!

(110 + 10) X I317(cm™2)

(Y1lx|Yo) = 0.150 for vg « v,
<l/)2|x|lp1) = 0215 for vZS — US

5cm’!

6266 cm’!
2-level system
~1.8 ps or ~3 ps
~1.8 ps or ~3 ps

Faster relaxation when B-nitrogen
centres are present

208 cm’!

(27 £ 4) X I3537(cm™2)

(Y1lx|o) = 0.176 for vg « v,
<l/)2|x|1/)1) = 0253 for Vys < Vg

4 cm’!
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In Chapter 3, we reported our IR pump, IR probe study of the 3107 cm™ stretch mode
belonging to N3VH?. Our key findings included the position of the first overtone of the stretch
mode (6070 cm™), the excited-state lifetime of the mode (~6 ps), the method of vibrational
relaxation (both directly and indirectly via coupling to the bend modes), and an equation
calibrating the integrated area of the 3107 cm™ feature in FTIR to the concentration of the
N3VH? defect in the diamond. Furthermore, the studies reported in this chapter are the first case
of IR pump, IR probe TVAS applied to diamond defects. This work paves the way for
analogous studies on other defects to determine similar findings to those reported in the chapter.

In Chapter 4, we repeated our IR pump, IR probe studies, this time on the 3237 cm™' stretch
mode which often appears alongside 3107 cm™!, but is not assigned to any particular defect.
Our key findings included the position of the first overtone of the stretch mode (6266 cm™),
the variation in excited-state lifetime depending on the diamond type of the sample (~3 ps in
laA, ~1.8 ps in [aB), the method of vibrational relaxation (direct, with no observed coupling to
bend modes), and an equation calibrating the integrated area of the 3107 cm™ feature in FTIR
to the concentration of its associated defect in diamond. Additionally, this work demonstrates
that the IR pump, IR probe studies carried out are applicable to the whole suite of diamond
defects that manifest absorption features in the IR.

In Chapter 5, we carried out UV pump, IR probe studies on the 3107 cm™ and 3237 cm™!
stretch modes investigated in Chapters 3 and 4. Our key findings included the excited-state
lifetimes of the electronically excited stretch modes (~1.3 ps and ~1.4 ps respectively), shifted
positions of the stretch modes after electronic excitation (3102 cm™ and 3233 cm’
respectively), and the discovery of additional transitions at 2914 cm™ and 2950 cm!, associated
with further excitation of the stretches of higher combination modes. Additionally, we studied

the effect of defect states on the lifetime for free carrier relaxation, reporting a longer lifetime
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of recombination for a sample containing a high defect concentration (4300 ps) over one of a
low defect concentration (1750 ps).

The studies reported in this thesis have opened up the possibility of using ultrafast
spectroscopy to carry out comparative measurements on the whole suite of diamond defects
that manifest in the IR. It has become possible to use a combined approach of steady-state and
ultrafast spectroscopy, together with theoretical simulations, to determine the relaxation
dynamics of both vibrational and electronic states of defects in diamond, and the position of
their vibrational overtones. This data can then be used to establish the energetic landscape of
their LVMs. Additionally, a new approach has been found for the quantification of defects in
diamond based on their IR absorption features. In the future, it will be possible to apply this
method to other diamond defects with less intense features in the IR, such as NVH™, which
manifests at 3123 cm™!, and N:H-C°, which manifests at 3324 cm™!. NVH™ in particular would
be a great candidate for study, as a calibration of its concentration is already in use. As such, it
presents an excellent opportunity to further confirm the method applied in this thesis for
determination of defect concentration.

With regards to the defects studied in this thesis, further study of samples containing the
absorption feature at 3237 cm™! would further establish its potential connection to B-nitrogen
centres, whilst IR pump, IR probe studies probing the other absorption features ascribed to
these two defects (such as the 1405 cm™ and 2787 cm™! bend modes of N3VH?) would improve
the picture of the dynamics taking place in both systems. IR excitation into the v, modes of
both defects would allow the v35 « v, transition to be probed directly, solidifying the position
of v, improving the picture of anharmonicity of both stretch modes, and thus allowing a better
model of the Morse potential to be produced. Additionally, future UV pump studies of samples
containing only the 3107 cm™! feature would firmly establish which of the higher vibrational

overtones are linked to N3VH?, and which are linked to other defects.
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