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Abstract

Diamond is a radiation-hard material with a wide band-gajcivis typically electrically
insulating. A wide range of diamond-based material is awdd, including natural gem-
stones and synthetic diamond manufactured by chemicalva@position (CVD) and high
pressure and temperature (HPHT) techniques. The wide papdaxnd electrical insula-
tion properties mean that defects introduced by irradiaéiod plastic deformation, during
growth or otherwise, may exist in more than one chargganelectronic-spin state. Of
these, defects with unpaired electrons give rise to charatit spectroscopic signatures in
electron paramagnetic resonance (EPR) experiments. dnifalble situations these spectra
provide chemical specificity, defect symmetrifeetive spin-state, and wave function char-
acter (such as sp hybridisation), and when combined witlpézature &ects can yield data
relating to thermal stability (for example binding and natjon energies) and temperature
dependent symmetnyffects.

Recent advances in quantum chemical simulation allow fasa@aable accuracy in sim-
ulated hyperfine interaction (HFI) tensors (electron-gmd nuclear-spin interactions). In-
deed, many assignments for EPR centres are tentative iren&unere the proposed model

yields calculated hyperfine values thaffdr substantially from those measured, in addition



to refuting the current model, an examination of a wide raofjeandidate defects may

lead to more realistic models. Defects observed in naturdlsynthetic diamonds provide

a finger-print of their dftering growth conditions, as well as the thermal and meclanic
processes they have experienced.

A challenge that has existed for decades in tfiereto produce diamond suitable for
electronics is in overcoming thefilculty in production of low resistivity n-type material.
N, a dopant one might naively assume would fecive, undergoes a significant structural
relaxation, rendering it a very deep donor at aroliid- 1.7 eV. Phosphorus is a better
candidate since the substantiaffdrence in atomic radius relative to the host suppresses
large structural relaxations associated with nitrogenwelger, with a donor level at around
0.6 eV below the conduction band, it has a low ionisationtfogcat room temperature.

This thesis presents the results of calculations performiéia the ab initio modelling
(AIMPRO) code. The initial stages studied the stabilityfede symmetry, Kohn Sham or-
bitals and the hyperfine interaction of di-nitrogen subsitinals diamond. Analysis was
then conducted of nitrogen pair defects relating to puklistheoretical and experimental
models of W24, N1, W7, M2, N4 and M3 electron-paramagnetgnnance centres in dia-
mond in which pairs of nitrogen donors are separated Hg@int numbers of intervening
host sites, both in ionisefl = 1/2 and neutrab = 1 forms. Using density functional tech-
niques, these models are confirmed, but in order to do soédxthcentre, for example, itis
shown to be essential that extremely low energy reoriesdtkes place. Charge exchange
and chemical re-bondingtects also provide an explanation for the distinct forms @f th
S = 1 neutral configurations observed.

Other proposed models were then considered, includingsalel@ianalysis of the hyper-
fine interactions for muonium centres, including tii@ets of vibration. This was combined
with the experimental examination of N-containing diamowtiere muon-spin relaxation
experiments suggest a strong interaction between N-agtge@nd the implanted muon.

Structures made from two arrangements of pairs of substitat nitrogen and oxygen
showed no direct evidence for the involvement of the oxyddre proposed model for N3

broadly agreed with experimental results but not for the @Kftre.



Despite its high ionisation energy, the n-type dopant oo diamond is currently
phosphorus. Chemical vapour deposited diamond can be grathirhigh concentrations
of P, and the substitutional donor has been characteriseal mumber of experimental tech-
niques including electron paramagnetic resonance. Sutistial P undergoes a Jahn-Teller
distortion at low temperature, where the EPR tensors refiéetragonal symmetry. Other

P-containing EPR centres have also been detected but th&ituse remains uncertain.

Vi
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CHAPTER

1

Introduction

1.1 Introduction

First principle calculations have been used to study th@gnaes of a variety of point
defects in diamond. First principle or ab initio means thatexperimental data has been
used as input. The only experimental input data has beenisiieel atomic numbers of the
atoms are modelled. In this work the calculations are peréat using density functional
theory (DFT) implanted in AIMPRO code. AIMPRO has the apilib calculate various
experimental observables such as hyperfine interactictigaion energy, vibration modes
and electrical levels. This enables us to compare theatetalues against experimental
ones, which can give an understanding of what is going onrexpatally.

Unique properties such as high hardness, high thermal abndy and high carrier

mobility make diamond a very interesting material in ternihigh power, speed, pres-
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sure and temperature applications in addition to the gemestoarket. This interest has
increased since developments in the synthesis of diamanlligh pressure, high tempera-
ture (HPHT) and chemical vapour deposition (CVD) techngyuoint defects play a major
role in changing the thermal and electrical conductividied colour properties of diamond,
which could dfect its performance in semiconductor applications. On therchand point
defects such as boron can be successfully grown in diamoptbtiuce p-type semicon-
ductors [15]. However the lack of shallow donors to produdgpe semiconductors make
it difficult to produce p-n junctions to be exploited in electronéwides. Nitrogen is the
most common impurity in natural and synthetic diamond, aadiral diamond is classified
according to nitrogen content. Nitrogen is a relatively gleenor with a level at 1.7 eV
below the bottom of the conduction band [16]. With a donoeleat around 0.6 eV below
the conduction band [17], phosphorus is a good candidatapbisation fractions do not
reach appropriate levels at room temperature. One progiigtd is the use of diamond for
guantum computing by using the nitrogen-vacancy centrg [18

Hydrogen can be incorporated along with other impuritiesdpCVD diamond growth.
Hydrogen can passivate donors or acceptors, which couttttedifficulty in producing
electrically active p-types. There is a little informatiabout hydrogen defects in diamond.
Mounium can be considered as an isotope of hydrogen and tha spon relaxationS R
technique can help us to understand hydrogen in diamondrder ¢o study the proper-
ties of diamond it is crucial to understand the defects wsdl One powerful technique is
electron spin resonance (EPR), which has the ability tordete the chemical species that

have unpaired electrons and its symmetry, which can be ledsziiby AIMPRO code.

1.2 Properties of Diamond

Diamond is composed of pure carbon. Carbon is the sixth elemethe periodic table,
which has four electrons in its valence orbital (group IV}wan electronic ground-state
configuration (¥?)2s?2p?. The structure of diamond requirasand p atomic orbitals to

form tetrahedrabkp® hybridisation, and to form four-fold coordination with @hC atoms.

CHAPTER 1. INTRODUCTION
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This hybridisation appears in methane, ethane, and so ceam@id has very strong C-C
covalent bonds with relatively short bond lengths (1.54 &) ¢he C-C-C bond angles are
109.47. Furthermore, the strong covalent bonding between carbmmsamake diamond

the hardest natural material on the earth, defining 10 oud@frilthe Mohs scale developed
by the mineralogist Frederich Mohs in 1812 which tests umkmainerals against one of
ten standard minerals by measuring which scratches the. offfee hardness value also
depends on the crystal orientation, with a value of 137 GP#&® (100) face and a value

of 167 GPa for the (111) face [19].

Figure 1.1: Conventional unit cell of diamond, whegis the lattice constant.

Diamond has a two-atom basis at (0 0 0) apd (3), which can be considered as two

interpenetrating face-centred cubic (fcc) lattices, wehene lattice is shifted diagonally
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by one-quarter of the lattice constant. The diamond strecshown in Fig. 1.1 shows a
conventional unit cell which contains eight C atoms, whagas the lattice constant with
a value of 3.566 A at room temperature [20], giving diamonel &éomic density%) ~
1.76x1G° atom per cm®. The natural abundance &C and!3C are 98.9% and 1.1%
respectively.

Diamond is an indirect, wide-band gap insulator with a bgag-of 5.47 eV at room
temperature [20]. The top of the valence band@-@int and the bottom of the conduction
band at+2 towards the X-point in the Brillouin zone, as indicated ig.FL.2(a). Diamond
is often also viewed using the conventional unit cell (Fid.) Which has a simple cubic
structure. The Brillouin zone of a simple-cubic lattice Isaasimple-cubic, as shown in
Fig. 1.2(b).

Diamond has several unique properties, such as its theromaluctivity. This is be-
lieved to be highest in natural diamond where thermal enedggansmitted quickly due
to low atomic mass and strong covalent bonds. Conductivitthe range of 8.95 - 23
W/cmK at 300 K [21] depends on the concentration of impuritieshsas nitrogen [22],
and also depends strongly on temperature [23]. This valogeaoes favourably with those
of silicon at 1.48 Wcm.K and of copper at 4.01 Y¢m.K (both at 300 K). Diamond has
optical transparency in the near ultraviolet, visible, amidared spectra. This remarkable
property provides uses in many optical applications. Thpe semiconductor does exist
naturally in diamond type llb (see sectionl1.3) due to boropurities. However this type
is very rare and commercially very valuable due to its blugofrom the presence of
boron. The majority of natural diamonds are brown in cold@#][ however, high-pressure
high-temperature (HPHT) treatment techniques can chahgegn diamonds [24—-26] to

colourless or the more valuable fancy yellow colour.

1.3 Classification of Diamond

Several impurities have been confirmed in diamond which tigmolour brown, yellow

red, pink, green or blue. However the origin of the colour @ndonds is still not com-
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(@)

(b)

Figure 1.2: The First Brillouin zone of (a) an FCC lattice ér) SC lattice, with
high symmetnk-points marked.
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Figure 1.3: Schematics showing the calculated structurestmgen defects in
diamond. (a) C-centre, (b) A-centre, and (c) B-centre. Elod grey atoms are
nitrogen and carbon respectively. Horizontal and vertitiedctions are approxi-

mately [110] and [001] respectively.

pletely understood. Because of the dominance of nitrogguirities, natural diamonds are

classified into two types according to nitrogen content.

1. Type I: contain high concentrations of nitrogen. Some diamongpét exhibits a

yellow colour, which is known to arise from nitrogen impugg [27].
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e Type la: those which contain nitrogen in an aggregated form. Ab@&%6 Df
natural diamond is this type, again is divided to two subdagaccording to

two different forms of nitrogen aggregation.

— laA: contains nitrogen in A-centre form (Fig. 1.3 (b)) witiwa nitrogen

atoms the nearest neighbours.

— laB: contains nitrogen in B-centre form (Fig. 1.3 (c)) witbuf nitrogen

atoms surrounding a vacancy.

e Type Ib: contain nitrogen as isolated impurities which are somesinabelled
as C-centres (Fig. 1.3 (a)), where natural diamond contassthan 0.1 % of

this type.

2. Type Il : contains no nitrogen or low levek(1-2 ppm [28]) which is undetectable by

infrared or ultraviolet absorption measurements.

e Type lla: rare in natural diamond and usually colourless.

e Type llIb: also very rare in nature, containing boron impurities. Doehe
absence of donors such as nitrogen, the boron can produdgpe gonductor.

Boron is known to be responsible for a blue colouration [29].

1.4 Defects in Diamond

Diamond contains both point and extended defects. Poimictefre the result of a few
atoms or vacancies which are in irregular arrangementsarstitucture of the lattice, and
extended defects involve more atoms or vacancies which raarianged in one or more

directions, such as platelets, inclusions, twins, stagkaults and dislocations.

1. Point defects Point defects could be intrinsic (self-interstitial detfe or vacancies)
atoms, interstitial foreign impurity atoms or substituta foreign atoms. Nitrogen
and boron in addition to the ubiquitous impurity of hydrogee the most common

point defects in diamond because of their relatively sinslae compared to carbon.
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Electron paramagnetic resonance (EPR) is one of the masfisant spectroscopy
techniques which can detect an enormous number of pointidefe diamond. Ni-
trogen and nitrogen-related defects in addition to muonasestudied in detail in

subsequent sections in relation to hyperfine interactionrtgjues.

2. Extended defectsthese are defects extended in one, two or three dimensidrey.
can be considered as a line defect like dislocations, a plafext like stacking faults
and platelets, or a volume defect like clusters of vacarmiesy diterent volume in

the structure. Extended defects are created by both irtrimsxtrinsic impurities.

1.5 Diamond Synthesis

Because of its unique properties and commercial value ast@ms, attempts to synthesise
diamond started as early as the 1800s, when it was discotteaediiamond forms from
carbon. The first known successful attempt was in 1955 whamaind was grown using
a high pressure high temperature technique [30]. Two metloddyrowing diamond are

summarised below.

1.5.1 High pressure high temperature (HPHT)

The first attempts to grow diamond in the 1950s were by Geff#ealric, using the HPHT
technique which recreates the conditions that produceaatiamond in the earth of depths

of approximately 200 km. This process needs about 5 Gpa skpre and thousands of
degrees Celsius (typically 5 Gpa and 20Q0) to convert graphite to diamond. In addition
to the appropriate pressure and temperature, a solverysiategas found to be essential

to complete the conversion. fBerent sizes and qualities of diamond can be synthesised
depending on pressure and temperature conditions and upen $ince diamonds take
millions of years to form naturally underground. Fig. 1.48l$ a schematic design for the

production of HPHT synthetic diamonds.
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Crabon Source Solvent Metal

High Temperatur

Graphite heate Temperature
\ \ i Difference

(20-50'C)

Low Temperature

Seed Crystal
Grown Crystal

Figure 1.4: Schematic setup of a system for the productioHRH T synthetic

diamonds.

1.5.2 Chemical vapour deposition (CVD)

CVD [31] is a very common method for growing diamond films wdyen contrast to HPHT,
a temperature between 800-10@and approximately atmospheric pressure are needed.
CVD has recently gained prominence because a techniqueworgtatively high areas of
high quality single crystals has been achieved which carxpmiged in diamond technol-
ogy. H is usually uses as an etchant to prevent the formatiospbbonds and the gas
always contains sources of carbon such as methane@ipounds (with a typical ratio of
1% in H, gas). This is dissociated at low temperatures and pressudesompose the car-
bon atoms onto an appropriate substrate heated to betw®h0®0° C to form diamond
type Ib, which contains a single nitrogen as result of thesgmee of nitrogen in the gas.
Usually, due to the inappropriate temperature and presagggegations of nitrogen do not
occur in CVD diamond.

A microwave beam is often used to create plasma in order taimlthe right condi-

tions for the decomposition, and the ionisation can alsodbéeged thermally using a hot
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Diamond Film

Substrate

Figure 1.5: Schematic setup of a system for the productio@WD synthetic

diamond. (hot filament for example can be used instead of@der ionisation)

filament. The growth rate varies depending on area. For amlass than 1 cigrowth
is about 1 mmih, however the quality of film increases with decreasing ghorate. Fur-
thermore the type of substrate determines whether singleslg-crystal can occur. Single
crystal diamond is obtained when the substrate is made fingiescrystals of diamond,
and polycrystalline diamond is obtained when the substisatgade of silicon, tungsten or

molybdenum. Fig. 1.5 shows a design for the production of GybBthetic diamond.

1.5.3 Applications of Diamond

In additional to commercial purposes as gemstones, diansomeed in industrial applica-
tions as an abrasive, in sawing, grinding and cutting tcadsa result of its hardness and
wear resistance. Recently, due to its low thermal expansiefiicient and thermal con-
ductivity, diamond has been used in heat dissipation ds\j82]. CVD techniques give
the ability to deposit diamond on substrates such as glasey filters and cutting tools to
produce a protective coating. Diamond can also be used iatranl detectors and X-ray
dosimeters [33].

Diamond is currently also being exploited in optical anat&lenic applications, because
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it is optically transparent over a large wavelength range tlua large band gap-6.5
eV). Its hardness has also been used for radiation windoveseatigh energy and extreme
mechanical and thermal loads are operated [34]. Also getently, diamond has been used
for so-called quantum information [35] by performing sppeoations from point defects in

diamond such as nitrogen-vacancy complexes.

1.6 Thesis Summary

The thesis is divided into three parts. Each part is subdividto chapters.

1.6.1 Partl: Theoretical Framework
Chapter 2 - Background theory and AIMPRO modelling package

This chapter explains the background theory that has beeth tassolve the many-body
Schrodinger equation, starting with the Born-Oppenheiapproximation, and presents a
review of approximations using the wave function-based@ggh to solve the problem.
Then the discussion proceeds to the ab initio method defusittional theory, which made
noticeable advances in terms of calculation accuracy. Kohange-correlation term ap-
proaches, such as the generalised gradient approximatiemlso discussed, followed by
pseudopotential approximation which replaces the motfdhecore electrons of an atom
and its nucleus. Finally electron paramagnetic resonandéngperfine interaction are de-
fined.

An extended discussion is then given of the implementatioguantum mechanical
density functional theory (DFT) using the ab initio modadjiprogramme called AIMPRO.
This includes the supercell approach, Brillouin zone samgplbasis set, self-consistency,

and vibration modes.
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Chapter 3 - Modelling of experimental observables

This chapter links density functional theory with experirted techniques. This enables us

to compare the calculated and experimental values of theigdiyproperties of the material.

1.6.2 Partll: Applications
Chapter 4 - Nitrogen-pair paramagnetic defects

Electron-paramagnetic-resonance centres of nitroges paparated by fferent numbers
of intervening host sites, both in ionised,= 1/2, and neutrab = 1 forms are reviewed
using density functional techniques. The hyperfine intewacre discussed in details, an

additional to the activation energies in this chapter.

Chapter 5 - Muonium and hydrogen in nitrogen-aggregate cordining diamond: the

muy centre

Hydrogen is involved in electrically active defects in CVIaghond, and muonium, via
1SR, can provide useful characterisations of the configumatadopted by H atoms in a
crystalline material. This chapter presents the resules @dmputational investigation into
the structure of the My centre proposed to be associated with nitrogen aggregdtes.
is found that the propensity of hydrogen or muonium to chathyaeact with the lattice

makes the correlation of Muwith nitrogen aggregates problematic, and suggest alieena

structures.

Chapter 6 - Nitrogen-oxygen pairs in diamond: the N3 and OK1 PR centres

This chapter presents the results of density functionalistions of N-O pairs in diamond,

reviewing them in the light of the experimental evidence.sd\presents the analysis of
other structures proposed for the EPR spectra, based uprogem-multi-vacancy centres
and nitrogen decorating titanium-vacancy complexes, &mivghat none of the current

models are entirely plausible.
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Chapter 7 - Calculated hyperfine interaction parameters for P-containing point de-

fects in diamond

This study present the results of density functional sitoie of P-containing point de-
fects, focusing on the hyperfine interactions of unpairedtebns with thé = 1/2 nucleus

of 3!P. It is shown that the calculated magnitudes for distorteatePconsistent with ex-
perimental values, and present predictions for complek®swvath itself, lattice vacancies,

nitrogen, hydrogen, boron and oxygen.

1.6.3 Part Ill: Conclusions
Chapter 8 - Summary

This chapter summarises the work presented in the thesis.
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1.7 Abbreviations and Acronyms

The following abbreviations and acronyms are used withis ttiesis.

ATMPRO | Ab Initio Modelling PROgram.

CVvD Chemical Vapour Deposition.

DFT Density Functional Theory.

EPR Electron Paramagnetic Resonance.
GGA Generalised Gradient Approximation.
HFI Hyperfine Interaction

HGH Hartwigsen-Goedecker-Hutter.

HK Hohenberg-Kohn.

HPHT | High Pressure High Temperature.
KS Kohn-Sham.

LDA Local Density Approximation.

MP Monkhorst-Pack.

uSR Muon Spin Relaxation.

NEB Nudged Elastic Band.
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CHAPTER

2

Background Theory and AIMPRO
Modelling Package

2.1 Introduction

This chapter gives a brief discussion of the theory applrethis work, then outlines the
important elements of the computer code used in this theBmss code is called AIM-
PRO [36-38] (Ab Initio Modelling Program), which enablestaspply the DFT theory to

problems in diamond.

16
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2.2 The Many Body Problem

The many body Schrodinger equation for a system of intergatlectrons and nuclei is
given as:

A

l:lz-’l;e+Tn+\A/e+\A/n+\A/en (2'1)

whereT,, T, correspond to the kinetic energy of the electrons and nuefgiectively.V,,
V, andV,, are electron-electron, nuclear-nuclear and electrodeanénteraction potentials

respectively. Using atomic units, i.2.= e = my = 4r¢p = 1, the Hamiltonian will be:

27
_ - 2 k&
- ZV ; Mk 2Z|r—r| 22 Re-RI 24ir - Rk| (2.2)

wherer andR are the positions of electrons and nuclei respectlvlhi!ly,are the nuclear
masses, ang, is the charge of theth nucleus. The equatidA¥ = E¥ is complicated and
cannot be solved directly in such a form; however severat@pmations can be used to

obtain a solution.

2.3 Born-Oppenheimer Approximation

This approximation [39], which is also known as the adiabapproximation, essentially
depends upon assuming that due to the large mass of nuclpiacethto the mass of elec-
trons, the motion of electrons is much faster than that ofeiu&o the electron movement

can be considered in a fixed field of nuclei. This simplifiesefaation 2.2 to the electron

SO 1 1 Zx
H=—— V-2+— - 2.3
24 2; Iri —rl %“ Iri — Rl 23

Hamiltonian:

2.4 The Hartree Approximation

The Hartree approximation [40] considers the many eleotrave function¥ as a product
of single electron wave function by neglecting the antisyeinn requirement; and there-

fore:
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N
Wy, T, T) = | | 0i0) (2.4)
i=1
wherey;i(r;) are normalised and satisfy one-electron equations
1 2
—5 Vi + Vivi = By (2.5)
where the potential will be:
Z i (r')1?
Vi(r) = - + ———dr’ 2.6
o ; R il ; = (20

This simple approximation is not accurate enough for mosieno calculations, hence

a better approximation is needed.

2.5 The Hartree-Fock Approximation

The main problem with the Hartree wave function is that ita$ antisymmetric. This can

be rectified by writing:

lP(r]_, lo...., rN) = \/LN_'(—l)Pﬁ)(lﬂl(rl)lﬂz(rz) ........ lﬂN(r N)) (27)

whereN is the number of electrons amlis the permutation operator that interchanges the
electron labels.

This may be expressed as the Slater determinant:

Ya(ra) a(ra) -+ va(ra)

1 Ya(ra) wo(ra) - vo(rn)

P(ri) = N

(2.8)

Yn(ra) ¥n(ra) - ya(rw)
Exchanging any two electrons changes the sign of the detamyiand if two electrons

have identical spin and position, the determinant will bezd his ensures tha¥ is anti-

symmetric and obeys the Pauli exclusion principle. ThetdarEock method [41] has been

used in quantum chemistry and gives reasonable resultddarsaand many molecules.
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However, in solids these calculations are relatively coogpéd and do not include cor-
relation energy, which represents Coulomb repulsion dud@éomotion of the individual

electrons.

2.6 Density Functional Theory

Density functional theory (DFT) makes use of the one-to-cglation between a non-
degenerate ground state wave function and electron defi$ity concept was initially ap-
plied by Thomas and Fermi in 1927 [42,43] and later proved bia¢hberg and Kohn [44]
and Kohn and Sham [45] respectively.

2.6.1 Hohenberg-Kohn theorems

The non-degenerate ground state wave function of a mamyretesystem in an external
potentialV can be uniquely determined by its electron charge densftictwmeans one can
use the electron density as a basic variable instead of thg-glactron wave functions. To

see this, start by considering the Hamiltonian for two syste

Il

-
()
<

Hi=T+U0+

1 (2.9)

Il
-
()

Hyo=T+U0U+V, (2.10)

whereT andU are the kinetic and electron interaction energy operatodyV is the ex-
ternal potential. Now, assume that there are tvffedént potentialsy; andV,, which give
rise to two ground state wave functions andy, respectively where both have the same
charge densityi(r). It is quite clear that these two ground states wave funst@re not

equal (/1 # ¥). The energy of the first and second systems are:

E1 = (YnlH1ly1), Ex = (YalHalo). (2.11)

By applying the variational principle one obtains two inefities

E1 < (YolHily2) (2.12)
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and
Ex < (YalHalyr1) (2.13)

These two inequalities can be written in term of externaéptals.

Ei < WolHily2) = WolT +U + Vilo) (2.14)
= WIT +U + Vaolro) + (Y2l V1 — Valib2) (2.15)

Now, E; = (yo|Holwo), SO we have,

E: < Ex + (Y2V1 — Valyro) (2.16)

Similarly,

E> < By + (Y1lV2 — Vilyg) (2.17)

Then by using a universal functiong[n] introduced by HK:

E[n(r)] = F[n(r)] + fV(r)n(r)dr (2.18)
The Eq. 2.16 will be:
Ei<E,+ f(Vl - Vz)n(r)dr (219)
Similarly,
E, <Ei+ f(vz = Vyn(r)dr (2.20)

By adding together these inequalities, we get an impossssialt.

Ei+E,<E>+ E; (221)

So the assumption thafr) = n’(r) must be wrong, and hend§ is a unique function of
the densityn(r) and therefore the Hamiltonian can be established by thsityen

Hohenberg and Kohn [45] wrote the total energy as:

E= fV(r)n(r)dr +%IMdrldr2+G[n] (2.22)

Iry—ro
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where the second term is called the Hartree energyGn{icontains all electron-electron
effects beyond this. However Hohenberg and Kohn failed to gisefiiently accurate

formula forG[n].

2.6.2 The Kohn-Sham approach
The Kohn-Sham theorem [46] suggests @ft] is separated into two parts:
GIn] = Ts[n] + Exdn] (2.23)

whereTg[n] is the kinetic energy of a non-interacting system of el@a$r which has the
same density as the real system &fjgn] is the exchange and correlation enerdyn]
can be treated in the same way as the Hartree-Fock wave dasctiFor a non-interacting

system ofN electrons,

n(r) = > Wi(r)P? (2.24)
i=1

where they; are called the Kohn-Sham wave function. The kinetic eneunggtion can be

therefore written as

N
T = -5 >, [ wvur (225)

Then the Kohn-Sham wave functions are constrained to bealseal:

f li(DPdr = 1 (2.26)

By using Lagrange multiplierg and following the variational principle:

0 o
i |E e J mor|=0 2.27)
This leads to the Kohn-Sham equation
1
—§V2¢i(r) + Ve (Nwi(r) = ayi(r) (2.28)
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whereVg(r) is an dfective potential that can be written as

) ., OBl
Ir—r’|

on(r)

Vea(r) = V() + f (2.29)

2.6.3 The exchange-correlation functional

Several approximations have been made to avoid the probléhe ainknown exchange-
correlation energye,.. The most common are the local density (LDA) and generalised

gradient (GGA) approximations.

Local Density Approximation (LDA)

One of the most common approximations is the local denspyagmation (LDA) [45,47,
48] in which E4. can be obtained by using the homogeneous electron gas farmul
The exchange-correlation energy is assumed to be localcamthe separated into ex-

change and correlation parts:

Exc[ny, ny] = Ex[ng, ny] + Ec[my, ny] (2.30)

In a homogeneous gas the exchange function can be writtennm[#7]:

2

For an inhomogeneous system we form the LDA as

Exn,n] = 3 (%)3 (n;3t + nf)(volume (2.31)

3(3\ (/s ‘
Exnn,] = ‘é(ﬂ) f(n;(r) ; nf(r))dr (2.32)
The correlation term is more complicated, but a formula heenbdeveloped [48]. The
local density approximation would give good results in arediere density varies slowly.
Even in areas where density changes very quickly, the lcaaditl approximation may give
reasonable results. However it tends to underestimatexemmples ionisation energies and

band gap while overestimating binding energies.
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Generalised Gradient Approximation (GGA)

In order to move beyond LDA [45, 47, 48], an approximationdstimating the exchange-
correlation energy is the generalised gradient approxongtGGA). This considers a first
order expansion dE,. in the charge density, and includes terms dependingoirj49, 50].

The GGA has achieved greater accuracy compared to LDA, andrgky produces
better total energies, binding energies, bond lengths agtés. Both of the latter are un-
derestimated in the band gap. In the case of inhomogeneecisal gas, an improvement
was made by adding a factor to thg.Eunctional in local density approximation (LDA).
This factor includes derivatives of the charge densitydgmat of electron density) at a cer-
tain point in addition to the normal function of density aetbame point represented by
LDA. With this factor, the GGA is thus:

Exc[N(r)] :fn(r)eXCFXC[n(r),Vn(r),Vzn(r),....]dr (2.33)

2.7 Pseudopotentials

Applying density functional theory to systems with a largenber of electrons still leaves
a demanding calculation. In solid-state physics and thesiphyof atoms and molecules,
the properties of electrons and the chemical bonds betweensaare almost entirely de-
termined by the valence electrons of the atoms, where cerehs create a screening
potential orpseudopotentiaacting upon the valence electrons. To achieve this simplic-
ity we replace the Coulomb attraction of the nuclei by a psgadential which is felt by
valence electrons and describes the interaction with thee@ectrons and nucleus (see Fig-
ure 2.1). The presence of the core states would make theeto¢ad)y much larger, giving
rise to a need for greater accuracy in energy calculationgthBrmore, the core electrons
are very localised and force valence states to oscillaidlsapear the nucleus. This require
a large number of basis functions (see section 2.10) to itbesttre system.

In order to calculate certain interactions, such as hypeifiteraction, the core electron
wave functions need to be reconstructed [51, 52]. Througtiosi project the Hartwigsen,

Goedecker and Hutter (HGH) pseudopotentials [53] wereemginted in AIMPRO.
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Vpseudo

.

~

Figure 2.1: Schematic illustrating the pseudo-wave fuorcftop) and the pseudo-
potential (bottom) core electrons. The cuf4@dius ¢ indicates the defined region
at which point the systems must match. The pseudo-wavei@umand potential
are plotted with a brown line whilst the true all-electronwegunction and core

potential are plotted with the red lines.

2.8 Supercell Approach

Periodic boundary conditions have been used in this meti#ddsystems are modelled
using a unit cell which has infinite repetition in all diremts. The boundary conditions
applied satisfy Bloch’s theorem. The supercell method ovaes the problem of defect-
surface interaction which would occur if a finite cluster wesed to model a defect in a
solid. The cell size is crucial in the supercell method, sitiee defect may interact with

its images in other unit cells if the number of atoms is nagéaenough to give shicient
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separation between defect and repeated image.

2.9 Brillouin Zone Sampling

The calculation of quantities such as total energy or chdeygsity within the supercell
framework requires an integration or averaging over théld@nn zone. For example, a

charge density may be determined at a certain valle of

() = > Tl (2.34)

where f,« is the occupancy of the band at wave vedtorThe total charge density is then

given by the integral:

n(r) =

where the integral is over the'BZ.

(22)3 fnk(r)d3k (2.35)

In practice, the integral is approximated as

n(r) = Z Wing(r) (2.36)

where the point& can be chosen according to a number of schemes [54, 55)asdhe
wighting factor which corresponds to the number of equintlkepoints tok-pointsi.

To solve Kohn-Sham equations, a numbek gdoints are chosen in the Brillouin zone.
By averaging over them allows the density at each point toldteioed. However conver-
gence is not easily verified by increasing the numbé¢-pbints.

Another scheme suggested by Monkhorst and Pack [56] usasoh sgecialk-points
defined by three integets J, andK. The integerd, J, andK define a grid ofl x J x K
points in reciprocal space:

2i-1-1 2j-J-1
+

L 2k-K-1
o & 2]

K(, j,k) = oK

o> Os (2.37)

where g, g, and g are the unit-vectors of reciprocal space dnd, andK > 1. When

|=J=K the scheme is referred to &P — 13.
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2.10 Basis Sets

Cartesian Gaussian type orbitals are used in AIMPRO as & basin which expand the
Khon-Sham orbitals. Each Cartesian Gaussian orbital is@gat an atomic sit® and is

given by the form:

Bi(r) = (X = R)™(y = Ry)"(2 = R e (2.38)

wheren, > 0, s, p or d-like orbitals correspond t§, n, = 0,1 or 2 respectively, and is a
constant for each function. There are a number of advant@agaother basis functions in
that they are localised and can decay rapidly away from thee®f the atom. In addition,
integrals involving them can be found analytically. Anathevantage is that the product
of two Gaussian orbitals is a Gaussian function, which mehasthe integrals can be

evaluated much more quickly.

2.11 Self-Consistency Approach

As described in section 2.6.1, the Kohn-Sham equations beustived for self-consistency.
Self-consistency is the process by which charge is rediged around the system until a
minimum energy is obtained, as a result producing an acewiatulation of the charge
distribution in a real system. The first guess of the chargesitiecodficients is taken from
the neutral atoms, then the charge density is taken fromeshdtrof the previous calculation
during structural optimisation. For a better guess, the cieavge density is taken by linearly
combining the previous input and output charge densityo8oce a potentidV is generated
from the input densityn(r), it is used to solve KS equations (Egs. 2.24 and 2.28), which
give rise to a new output density(r). This process continues until the charge density and
the total energy between the two sets converge, so thatfiieeeice of total energies in the

self-consistency process should be smaller than a cerddie (generally is 1¢a.u.).
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2.12 Structural Optimisation

To determine the minimum energy configuration of the atomsinoother words, to opti-
mise the structure geometrically, the forces on each atost beudetermined. These can be
calculated once the self-consistency charge density &rudd, as described in the previous
section. Once the forces are determined, in order to obk&@mtinimum total energy, the
atoms are moved along the force direction. This can be aefliby several techniques.
Within AIMPRO the conjugate gradient method [57, 58] is @l This method depends
on determining the direction from the force components efgihrevious and current itera-
tions. It cannot be guaranteed that the minimum energy by this method will be the
global minimum, but could be local. To try avoid such that aghas possible, one should

starting with several randomised configuration.
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Modelling of Experimental Observable

S

3.1 Introduction

Density functional theory has the ability to calculate ayéanumber of experimental ob-

servables. Modelling techniques can help to explain erpantal results, and this is very

important in making comparisons between measured andlatédwalues.

In this chapter, a brief explanation is given of how some eféRkperimental techniques

relevant to the work presented in this thesis were modellBtese include the ffusion

method, vibrational modes, electrical levels and elecpammmagnetic resonance.
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3.2 Diffusion Method in AIMPRO

AIMPRO employs several methods to determine the activaimergy for the dtusion or
reorientation of a defect. The nudged elastic band (NEB)g6Pis used in this work. This
finds the saddle point and the minimum energy path betwedialiand final structures
(which must be known). The method works by optimising a seiages along the path
between known initial and final points. Each image is coreetd the previous and next
images and corresponds to specific positions of the atonng dle path. The constrained
optimisation on each image is formulated by adding the gpiances along the direction
of the band between images and then minimising the forcésgash the system. A mod-
ification of the NEB method is used to allow the highest enenggge to climb towards
the saddle point. Only the highest image is relaxed with thmebing constraint. If the
maximum energy image is very far from the saddle poinffedent spacings on either side
of the saddle point will be created.

Throughout this thesis a minimum of five images is used, arionige the barrier so
that image-forces are less than 0.01 atomic unit and thdesg@addht energy changes by less
than 1 meV. Due to the computational cost, the barriers ar&@dd using cubic unit cells
of side length 2y, unless specified otherwise. In specific cases the exammatihe dfect
of cell size on barrier height was done and yielded satigfadhat the smaller cell yields

values within 10’s of meV of the larger.

3.3 Vibrational Modes

A local vibration mode is a defect vibration in which only aaimumber of nearby atoms
move significantly that is, it is localised at the defect. ARO provides a calculation of
vibrational modes which can be compared with that are medsexperimentally by using
infra-red absorption spectroscopy or Raman scatterirfinigaes. This method enables us
to detect whether a defect is infrared or Raman active duéotoia vibrations, where the
former is active if it yields a change in the dipole of the banvitile the latter is active if it

yields a change in polarisability.
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To obtain a vibration mode, force constants are require@ésé&tare derived from second
derivatives of energy with respect to position. Startingnira self-consistent converged
system, an atoma is shifted from its equilibrium position along thalirection (= x, y or
2) by an amount. The self-consistent density is recalculated at this nesitipm. Atomb
will then feel the forcef ! (I, a) along themdirection. Then atona is moved by-¢ giving
rise to a new force on atomof f (I,a). From this process, the second derivative can be

calculated by: £ 00 8= to 4l )
mpll> @) = Tl @

la,mb = 2 (3-1)
The dynamical matrix is then found as
q)la mb
D = : 3.2
o MM, &2

where M, and My, are the masses of atomsandb. Eigenvalues of this matrix give the

vibrational frequencies squares:

D.U = w?U (3.3)

whereD is dynamic matrix, U contains the normal modes andre the frequencies.
In chapter 6 the Vineyard [61] method is used to calculateattempt frequency in an

Arrhenius law with a dfusion barrielE2.

v = voexpE?/kgT) (3.4)

whereT is temperature, ang attempt frequency. This method depends on the many-body
normal mode approach. The attempt frequency can be cadclitgt taking the ratio of the
product of theN normal frequencies of the entire crystal at the startinghpim the product

of N — 1 normal frequencies of the crystal when it is constraindogt@at a saddle point.

N
Vo= nvg/ Vp (3.5)

wherevy andv; are frequencies for the equilibrium and saddle point conéijons, respec-

tively.
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3.4 Electrical Levels

One characteristic of impurities in semiconductors is thay often introduce levels in the
band gap. The electrical level of a defect corresponds tekbetron chemical potential
position when two charge states of the defect have the sasrgyenThe donor and the
acceptor levels are labelled/®) and /0), respectively. Two methods have been used to

evaluate the electrical levels of a defect throughout thesis.

3.4.1 Marker method

This method is empirical and uses a well known defect leved asference to estimate
the energy level of the system under study, simply by catmdahe diference in donor
(0/+) or acceptor £/0) of structure level under study and the donor or accepiasl lef

the reference. The ionisation energy is represented byrbeyg diference between the

neutral and charged structures:

AE4(0/+) = Eq(0) - Eq(+) (3.6)

Then the calculated donor level can be given by:

(0/+4)q = AE4(0/+) — AE(O/+) + (O/+), (3.7)

whereAE,(0/+) is the calculated ionisation energy of the reference defec
One of the advantages of this method is that there is a catiosllof errors in the two
calculated valueaEy and AE;, so the (§+)q is often much more accurate than either of

them.

3.4.2 Formation energy method

This method depends on the formation energies of chargedeuntal defects where both

should be of the same supercell size.

CHAPTER 3. EXPERIMENTAL



3.5. ELECTRON PARAMAGNETIC RESONANCE 32

2

E'(X,0) = E'(X.0) = )+ G(EL(X.G) + o) + aw T (3.9)

L_G,
whereE!(X, q) is the total energy of the system,andu. are the chemical potentials of the
atoms and electrons, respectivdly, is the energy of valence band top in the defect cell,
and the last term is called the Madelung correction or theection for periodic boundary
conditions. Usually this term is the monopole interactian tould also be a multipole
interaction.ay is the Madelung constant, L is a lattice parameter, atite permittivity of

the material.

3.5 Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR) [62] is a technidughvdetects chemical species
that have unpaired electron(s), and its use has identifiatga humber of centres in semi-
conductor materials. EPR is used successfully to study thestopic structure and sym-
metry of defects.

In diamond the electronic structure of each carbon atom eadiNdded into the core
electrons and valence electrons (witls{)2s?2p? configuration). The latter are involved in
the chemical bond, however the former are not. Diamond &tras are created whesand
p orbitals form tetrahedragp® bonds forming four-fold coordinations with other C atoms.
In perfect crystals, diamond acquires no net magnetic dipobment as the number of
spin up electrons is the same as spin down electrons. Fardrerwith perfect directional
bonds no orbital dipole moment can be obtained. By intraulyiai defect into the crystal,
a level may be created associated with an unpaired electrthreiband gap, which makes
the structure EPR active. However in the cas&cf 0 defects are EPR is inactive can be
ionised thermally or optically. Depending on the positidnihe Fermi level, the donor and
acceptor levels can either donate or accept an electrorcteply, leaving the structure
EPR active.

When an atom or molecule with an unpaired electron (wherespiet is non-zero) is

placed in a magnetic field, the spin of the unpaired electaomalign either in the same
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direction or in the opposite direction as the external fidldis gives rise to what is known
as theZeeman gect These two electron alignments havéelient discrete energies and
the application of a magnetic field to an unpaired electrtia the degeneracy of the%
spins of the electron. This creates distinct energy lewwl$hfe unpaired electrons, making
it possible for the net absorption of electromagnetic réwimain the form of microwaves to
occur. To obtain an intense and constant microwave frequi¢ine sample is located in a
microwave cavity with a variable applied magnetic field brésonance absorption occurs.
Electromagnetic radiation with frequeneygives rise to two dierent energy levelsy. The

total angular momentum of a free paramagnetic ion is:
J=L+S (3.9)

whereL is the electron orbital angular momentum a8calectronic spin moment. The

orbital angular momentura is simply due to system current loop.

—ew
= —— =~ 3.10
ev ( )

which gives rise to a magnetic dipole momaent,

HL = —us0LL (3.11)
ug is the Bohr magneton and equa¥s/2mec, andg, =1 is called they, factor associated
with L.

The electron spin moment leads to a second and predominatmitedgion, as for most

defects in solids the orbital angular momentum is quenched.

Ms = uBOsS (3.12)
gs = 2.0023 is called thes factor associated witB, so the total magnetic dipole moment
will be:

M = ps = —HpdsS (3.13)

The Hamiltonian describes the interactions of the magfiietic.
H=-uB (3.14)
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Due to spin-orbit interactiom(.S) the small term\g should be added tgs.

g=0s+Ag (3.15)

Ag represents the departure @from the isotropic free spin electron valge=2.0023
which depends on the orientation of the magnetic field agpkéh the crystallographic

axis, so the Hamiltonian becomes:

H = -ugS.g.B (3.16)
+1/2 +1/2
/
; A
/
V4 \
/ \
/ . +1/2 -1/2
/
II hvo = gusB b b
\
\ -1/2 -1/2
\ /
\ 1
) {
\
\ v -1/2 +1/.
ZEEMAN HYPERFINE

TRANSITION  TRANSITIONS MM,

Figure 3.1: Schematic shows energy levels of a system8vithl/2 andl = 1/2

in applied magnetic field.

A degenerate level splits as shown schematically in Fig(I8fiLsplit), where the energy

splitting induced by the Zeemalfffect is:

AE = —uggB (3.17)

Experimentally this is seen by varying the B field until theeA®an splitting matches

microwave radiationy, given an optical absorption.
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_ o
Qus
When the applied field irradiates the sample at the resomaqtuéncyv,, transitions

B (3.18)

are induced in which unpaired electrons parallel to the fieldome anti-parallel, and vice
versa, which give the absorption and emission processesasies of equal probability no
net absorption or emission can be detected. However the lewa population is increased
as a result of spontaneous emission and also spin latteeatgdn. The population ratio is

governed by the Boltzmann distribution:

n
e = exp(—ﬁ) (3.19)
B

Niower

wherenpperandniower are the number of paramagnetic centres occupying the uppeha
lower energy states respectiveky,is the Boltzmann constant, and T is the temperature in

Kelvin.

3.6 Hyperfine Interactions

The previous section dealt only with an external magnetid freeracting with an unpaired
electron spin. In the case of a nucleus with spig O present in a region of unpaired
electron spin, so-called hyperfine interaction must alsodyesidered in the spin Hamilto-
nian. As a result of the local field of the nuclear spin at trec®bn, there will be (R+1)
orientations of nuclear spin in a magnetic field, all of whadhrespond to dierent energy
levels. The right side of Fig 3.1 shows the interaction betw® = 1/2 andl = 1/2, which
gives rise to two transitiong;(andt,) according to selection rulesMs = +1 andAM, = 0.
These two transitions combined with Zeeman splitting (the Ine) give rise to the EPR
spectrum shown in Fig 3.2. If the KUL1 EPR centre is taken asxample, it is identified
as a neutral silicon split vacancy defect [63]. So, in thespnee of°Si (S = 1/2), ?8Si
(S = 0) and®’Si (S = 0) in the material, three lines would be observed: the cedtarain

line from 28Si and*°Si and a single pair of satellite lines frof¥Si. The interaction between
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285j and®°Si

29g; 29G;j

310 311 312 313 314 315 316
Magnetic Field (mT)

Figure 3.2: Schematic of EPR spectra for an unpaired ele&re 1/2 interacting

with nuclear spirl = 1/2.

an unpaired electron magnetic momegtand any nuclear magnetic momeps in the

vicinity of the unpaired electron is given by isotropic amdsatropic parts:

Aso = 20 Guapan ¥(O)° (3:20)
and
1 3(1.r)(Sr) - r?(1.S
Aaniso = Eﬂogeusgmm (L) r)5 (.9 (3.21)

where|\(0)? is the wave function of the electron at the nucleus=(0) andl andS are

the nuclear and electron spin operatgisis the permeability of vacuung is the electron

g factor, ug is the Bohr magneton, angk is the gyromagnetic ratio of the nucleus and
un is nuclear magnetorr. is the distance between the electron and the nucleus. Now, by

integrating over the wave function, the Hamiltonian wilt be
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Hur = SALI (3.22)

The hyperfine tensofA could be isotropic or anisotropic as defined in Eq. 3.20 and
Eqg. 3.21 respectively, and also could be axially symmdiraradiagonal with two compo-

nentsA, andA, . In this case the Hamiltonian can be written as:

H= AJ_(IXSX + IySy) + A{llzsz = (Aiso - AaniscDS-I + 3Aanisoszlz (3-23)

whereA = Aiso + 2Aaniso@NdA, = Ao — Aaniso Ay @andA, can be written as functions of

the spin density:

81 Ho

Aiso = ?EgeﬂBglﬂnpspin(r) (3.24)
and
1 3cog() -1
Aaniso = Eﬂogeﬂsglﬂn fpspin(r)%d?’r (3.25)

wherer is the electron coordinate ads the angle betweenand the symmetry axig is
the diference between the electron charge densities of spin uppamdlewn, which can

be obtained from AIMPRO. The Hamiltonian with the additibteam will be:

H=pusSg.B + ) SA (3.26)
j

The tensorA; contains information about the distance between the nuelea electron
spins and the symmetry of the electron spin density. AIMPRO calculate the tensdy;
and this can then be directly compared with experimentalasl The hyperfine values can
give qualitative information about the symmetry and maythe tiype of atoms involved.
Furthermore the positions of the nuclei can be obtained bypawison with the theoretical
values provided for various possible structures. The tivas of theA tensor in some cases
refer to spherical polar coordinates, as shown in Fig. 3ghe8cal-polar anglesg(¢) are
given withé the polar angle relative to [001], and the azimuth from [1@@joted in degrees.
Hyperfine-interactions are modelled as outlined previp{sl]. Briefly, this involves

the combination of pseudopotentials and reconstructedlettron wave functions in the
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Figure 3.3: A spherical coordinate system with origin O.

core region [52, 64]. Reconstruction of the ion cores allewdo calculate the hyperfine
tensor elements within a frozen-core all-electron wavefiom approximation, without the
computational dficulties associated with a full all-electron calculatiom the text also
presents simplified term&s and A, for the isotropic and anisotropic components of a hy-
perfine tensor. In the case of axially symmetric tensorsdleee give byA, + 2A,)/3 and
(A;—A,)/3, respectively, wherg, is the magnitude of the component along the axial direc-
tion andA, that of the two components perpendicular to the axis. WHegesymmetry is
only approximately axialA, is calculated usind\, taken as the average of the two nearly
degenerate terms. In this thesis quotes hyperfine tensiodatad for'3C and*N. In the
latter case, thé°N values can be obtained from those'@fl simply by multiplication by
—-1.32, a factor given by the ratio of nuclear magnetic momenisldd by the correspond-
ing nuclear spins. The calculated directions arefi@téed by isotope. For the calculated
hyperfine interactions, an enhanced carbon wave functiers lsansisting of 28-functions

per atom is used to ensure a reasonable level of convergence.
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3.7 Muon Spin Relaxation {SR)

Thew in the acronynuSR is the Greek letter mu which stands for muon. From the gonon
1SR it can be recognised an analogy betwe8R and electron spin resonance (EPR) and
nuclear magnetic resonance (NMRPBR is a powerful experimental technique which de-
pends on implanted spin polarised muons in a material whaagnetic moment is .28
times higher than a proton. It gives rise to high microscaansitivity to probe magnetic
moment which allows knowledge to be gained of what is goingneide materials such as
semiconductors.

The muon was discovered in 1937 in cosmic rays. It has a masg ab0 times that
of an electron, and scientists consider negative muonsag/tetectrons, whereas positive
muons are considered as light protons (9 times lighter thanotn).

The muon has a short lifetime of about 2.2 microsecon@u&2. They can be produced
using a particle accelerator, using high-energy protonsaduce pions, which then decay
in very short lifetimes of about 26 billionths of a secondoimhuons and muon neutrinos
(antineutrinos). Beams of nearly 100% spin polarised mwatisthe beam direction shot
into a material can be coupled to their local magnetic fiedrenment via their spin. The
muons spin around the local magnetic fields in the matema venstable muon decay relies
on the violation of parity into positrons (anti-electroeshitted along the direction of muon
spin.

Positive muons can trap electrons and become the so-caltidden-like atom muo-
nium (Mu= u*e™), which is considered chemically as a light isotope of hgam Mu has
about Bohr radius and ionisation potential of hydrogen. |8sb3.1 and 3.2 respectively
illustrate the properties of muon compared to proton andmun compared to hydrogen.

Muonium can be used by scientists to examine how hydrogensateact in materials
where hydrogen plays a big role in changing conductive bieliav What is observed in
muon spin resonance spectroscopy is hyperfine couplingdesiw and an electron, which

AIMPRO can calculate.

CHAPTER 3. EXPERIMENTAL



3.8. CONCLUSION 40

Table 3.1: Muon compared to proton.

Property Muonf*) | Proton (%)
Mass () 206.768 1836.15
Charge € +1 +1

Spin 12 12
Magnetic moment (ratio) 3.18 1
Half-life (us) 2.2 stable

Table 3.2: Muonium compared to hydrogen.

Property Muonium (Mu)| Hydrogen (H)
Reduced massit) 0.995 0.999

Radius (A) 0.531 0.529
lonisation energy (eV) -13.54 -13.59

3.8 Conclusion

The AIMPRO package can calculate many quantities which &mirect interest to an
experimentalist. The following chapter looks at a seriesiaferials problems in which the

exploitation of this theory can give a deeper understandfrdgfect physics.

CHAPTER 3. EXPERIMENTAL



Part |l

Applications

41



CHAPTER

A

Nitrogen-Pair Paramagnetic Defects

4.1 Introduction

As indicated in section 1.3, natural diamonds are classifieditrogen content [65], with
type-la referring to those which contain nitrogen in an aggted form, and type-lb con-
taining N as isolated impurities @\ sometimes labelled as C-centres (Fig. 4.1(b)). Nitro-
gen aggregates are principally of A and B form, and the A+eesiructure is illustrated in
Fig. 4.1(d). The driving force for aggregation is the redoctin energy concomitant with
the removal of carbon radicals associated wifh Rrevious computational simulations have
shown that the formation energies per N atom of A and B cemtre2.0 and 2.9 eV lower
than that of a C-centre [66].

N2 has been thoroughly characterised. It possesses an whpéatron and is observed

as the P1 electron paramagnetic resonance (EPR) centre A@iglysis of the hyperfine
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Figure 4.1: Schematics showing the calculated structuregrogen defects in di-
amond: (a) ionised C-centre {N (b) neutral C-centre (§), (c) negatively charged
C-centre (N), and (d) A-centre. Labelled sites are N for nitrogen and @aat-
ing the carbon radical or anion site. Horizontal and vettilti@ctions are approxi-
mately [110] and [001], respectively. Percentages indita calculated extension
of the respective interactions over that of the host C—C Hendth. The transpar-

ent cylinders represent broken bonds.

interaction [67] with the"*C and!*N species in P1 suggests that 67% and 25% of the spin-
density are associated with the central C and N atoms ragelctThis is consistent with

the band-gap orbitals being a carbon radical and nitrogee-fmair (Fig. 4.2). The neutral

CHAPTER 4. NITROGEN-PAIR



4.1. INTRODUCTION 44

and ionised forms also give rise to vibrational modes [68#9344 cm* and 1332 cm'

respectively.

S 30

3 200
)

<

0 10

Figure 4.2: The Kohn-Sham band structure in the vicinitynaf band-gap for the
P1 centre (19). Filled and empty circles show filled and empty bands retpely,
with the bands from the defect-free cell superimposed irifwgs for comparison.
The energy scale is defined by the valence band top at zergye(®r = 0eV).
The left and right panels show the spin up and down specspentively. The path

of thek-points are illustrated in the Brillouin zone of a simplebau(Fig.1.2(b))

A-centres are also characterised by vibrational modeseegawvith the diamond host
phonons and seen as broad peaks in infrared [70]. Indeeldftels A, B and C for dferent
forms of nitrogen in diamond originate from the labellinglBf absorption bands. In con-
trast with C-centres, A-centres have only paired electeortsare EPR-inactive. However,
they may be photo-ionised (with an activation energy [713.&eV), and in the positively
charged state give rise to the W24 EPR spectrum [72,73].

In addition to ionised A-centres, five = 1/2 EPR centres have been attributed to pairs

of N atoms, but these are separated by a number of intervémsgsites. The N1 [3, 4],
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W7 [6, 74, 75], M2 [7,76], N4 [77,78], and M3 [7, 76] EPR cestieave models which
consist of substitutional nitrogen atoms at the secondxi sihells of neighbouring sites
respectively, as shown in Fig. 4.3. In contrast to W24, thesied state does not require
illumination.

Configurations of nearby P1-centres adoptir®)-a 1 spin state have also been detected:
the NOC-1, NOC-2, NOC-3, and NOC-4 EPR centres [1]. ModelsHese centres are C-
centres at%, 7" (or 9"), and 1" shells for NOC-1, NOC-2, and NOC-3, while NOC-4 is
a superposition of spectra from more distant pairs.

N-pairs have previously been analysed as part of a broaddy stto the stability of
impurity pairs in diamond [79]. The present study focusesteexpected hyperfine in-
teractions for the proposed dissociated, ionised nitrgggnmodels and, by analysing the
reorientation barriers, revises the models. Also the oraficases o5 = 1 combinations
of nearby P1-centres is investigated. In so doing, it shbelgossible to explain why only

some combinations are seen.

4.2 Methodology

All calculations were carried out using the density funeéibtechnique, implemented in
AIMPRO as described in chapter 2. The wave function basiauifan is treated using fixed
linear-combinations o§- and p-orbitals with the addition of a set @-functions to allow
for polarisation, with a total of 13 functions per atom. Nien is treated using indepen-
dent sets ok, p- andd-Gaussians with four widths, yielding 40 functions per atorhe
charge density is Fourier-transformed using plane-waviéls & cut-dtf of 350 Ry, yield-
ing well-converged total energies. Core-electrons araiekted by using norm-conserving
pseudopotentials [53]. The lattice constant and bulk maglof bulk diamond are repro-
duced to within~1% (an overestimate) and 2% (underestimate) respectivelyperimen-
tal values. The calculated direct and indirect band gapseagiith published plane-wave
values [80].

Generally 216-atom, simple-cubic supercells of side kg are used. This ensures
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Figure 4.3: Schematics showing shells of neighbours in diain(a) sites embed-
ded in the diamond lattice; with (b) showing only prototygdisites for each shell
of neighbours relative to the first nitrogen site,. N'he two types of seventh-shell

site are labelled 7a and 7b in accordance with Ref. [1].
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that the N atoms are closer to one another than to any of thediemmages. For tenth-shell
pairs, this is insfficient, and so a 256-atom cell with body-centred-cubicdatéiectors was
used here. In all cases of sampling the Brillouin-zone bggithe Monkhorst-Pack scheme
[56], a sampling density of 0.64.0-3 A3 per point or better was used. The estimation of
error in the relative energies offtierent structures due to the Brillouin-zone sampling of
< 10meV was also tested.

In this chapter the donor levels are obtained in comparisdiltwith a level atE; —
1.7 eV [16].

4.3 Computation results

Substitutional nitrogen pairs at increasing distancesrasdelled. In each case geometry,
electronic structure, electrical activity, reorientatibarriers and, folS = 1/2 systems,
hyperfine interaction are investigated. For neutral pdicsn all combinations of pairs of
dilated N-C, one per N-site are optimise8. = 0 andS = 1 configurations have been
examined with the potential anti-ferromagnetic interactivhere the two N-sites are of
opposite spin. Relaxation has also been initiated staftorg N;...N;. Throughout this
chapter the notation is adopted where N-pairs inrfhshell (Fig. 4.3) are labelled MN.

The energy convergence was examined for some structuresnolpcting comparisons
of thek-point, basis cell and cell size. Table 4.1 indicates tltietince between the four
different sites in term of wave functions, the Brillouin-zonengéing using the Monkhorst-
Pack scheme, and supercell size. The results are shown &iisfastory, with very close
values from the Monkhorst-Pack scheme with a uniform mesh»o® x 2 (MP222) and
4 x 4 x 4 (MP444), and between the two wave function bases of 13 ifumciper atom
(known in AIMPRO terminology a€44G*) and 22 functions per atom (in AIMPRO known
aspdpp.

Finally, the results are presented in order of increasindl Neparation.
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Table 4.1: Relative energies forttrent structures with éerent cell size (216 and

512), wave function basi€@44G* and pdpp andk-points (MP222 and MP444).

The zero of energy is set to the A-centre (N1N).

Relative Energy (eV)

Ca4G* pdpp
MP222 MP444 MP222 MP444
Supercell size 216 512 216 512 216 512 216 512
N2N 3.29 3.29 3.29 3.29 3.29 3.29 3.29 3.29
N3N 3.26 3.26 3.26 3.26 3.25 3.25 325 3.25
N4N 3.75 3.78 3.75 3.78 3.75 3.78 3.75 3.78
NSN 242 241 242 241 241 240 241 240
N6N 3.68 3.69 3.68 3.69 3.68 3.68 3.67 3.68
N8N 219 218 2.19 2.18 215 214 215 2.14

Table 4.2: Hyperfine tensors (MHz) fdfN and their six*3C neighbours in

(N1N)*. Directions are indicated in parentheses using spheralal goordinates.

Experimental data for W24 are taken from Ref. [2]. All calztigld data are rounded

to the nearest MHz or degree.

Site Ar A Az As Ap
Calculations
1N 156 (12545) 74 (57343) 74 (53103) 101 27
13c  _13 (90315) -12 (9225) —8 (8145) ~11
Experiment (W24)
1N 15626 ||[111] 8151 L[111] 8151 L[111] 106.09 24.58
13C 123
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4.3.1 First-shell pairs and W24

N1N has been examined previously, and only the main poirtseaiewed here. The re-
laxed structure results in a significant dilation of the N-iNtaihce relative to that of the
host C—C bond-length, as indicated in Fig. 4.1(d). All atarescoordinated according to
their valence, and the band-gap is devoid of the partiallgdfistates characteristic of the
nitrogen donor as shown in Fig. 4.4. Above the valence bapdiés an occupied-state
associated with the nitrogen lone-pair orbitals. It may b&ed in passing that there are
metastable forms of N1N containing a N—N bond and two carladicals. However, these
are> 4 eV higher in energy than the A-centre and are of no pracicpbrtance.

Photo-ionisation of N1N yields the W24 EPR centre [72, 78hisation is found here
to reduce the dilation of the N—N separation from 42% to 31%,the N atoms remain
equivalent and the overall symmetryldsy. The calculated hyperfine interactions for the N
atoms and their six equivalent carbon neighbours are pred@mTable 4.2. The agreement
with experimental values is excellent, lending confidenath Ibo the assignment of W24 to
the ionised A-centre, and the values presented below fodigsmciated N-pairs. The sign
of A for 13C is not known experimentally, but can now be predicted todmgative.

The ease with which N1N is ionised may be estimated from tw®cfedata. As a purely
gualitative picture, the Kohn-Sham band-structure (Fid) dhows an absence of any bands
deep in the gap, which would be consistent with the need liamihation to ionise the A-
centre. A more quantitative approach is to calculate thesaiion level relative to a marker
system [81]: the donor-level of an A-centre is calculatetid®.0 eV lower than that of a
C-centre, locating it aE. — 3.7 eV. This hyper-deep level is in close agreement with the

experimental [71] value OE; — 3.8 eV.

4.3.2 Second-shell pairs and N1

There are several meta-stable structures for N2N, but twedbin energy exhibits a single
dilated N—-C bond, shown schematically in Fig. 4.5. The de-sication for one N atom

may indicate that N2N adopts a;MC-N; form. The next most stable structure is 0.5eV

CHAPTER 4. NITROGEN-PAIR



4.3. COMPUTATION RESULTS 50

6.0 .

5.0

40

3.0

2.0

Energy (eV)

1.0

Figure 4.4: The Kohn-Sham band structure in the vicinity g band-gap for

(N1N). Symbols and scales are as indicated in Fig. 4.2.

higher in energy, witls = 1 and two dilated bonds.

The N1 EPR centre has been assigned to (NZHN). In support of this, N2N was
found here easier to ionise than an A-centre, with a donagllavE; — 1.9eV. Then
mid-gap acceptors, such as vacancies [82], may ionise thefsets without the need for
illumination. An dfect of ionising N2N is a reduction in the broken N-C dilatioom 41%
in the neutral charge state to 30% in the postive charge. Skate is close to the calculated
reduction in the dilation of Nto N¢, supporting the view of the charge-transfer between
the N-sites in the neutral charge state of N2N.

The calculated hyperfine tensors for key atoms in (N2&fe listed in Table 4.3. Ex-
periments indicate hyperfine tensors for two non-equivahnogen sites in N1, and the
agreement between the calculations and measurementiés gatod. Additionally, spec-
tra for nearby'C sites have been reported [4,5]. Perhaps surprisinglyatige hyperfine
interaction with the central carbon atom,(&ig. 4.5) is not one of them, but three more

remote types of neighbour are labelled I, 1l, and Ill. Tablé Hsts the calculated values
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Energy (eV)

Figure 4.5: Schematics of N2N in diamond in the (a) neutral év) positive
charge states. Colours and axes are as in Fig. 4.1. (c) The-Bbam band
structure in the vicinity of the band-gap for (N2N). Symbhases and scales are

as indicated in Fig. 4.1 and Fig. 4.2.

for the isotropic and anisotropic contributions of the hyjme tensors for carbon sites as
labelled in Fig. 4.5. A good fit to experimental values [5] ¢temade by assigning sites |,
Il'and Ill to (C,+C)), C4 and G, respectively.
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Table 4.3: Calculated hyperfine tensors (MHz) ¥ and*3C, for the sites iden-
tified in Fig. 4.5. Tensors are listed as in Table 4.2, and #peemental data for

N1 are taken from Ref. [3].

Site Ay A, Az
Calculations
N, 124 (5545) 80 (35224) 80 (90135)
14N, ~7 (90135) -7 (2345) —7 (67,225)
13C, 408 (5445) 200 (90315) 199 (36225)
Experiment (N1)

UN, 12636 (5545) 8920 (35225) 8922 (9Q135)
N, -833 (90135) -829 (2045) -7.88 (7Q225)

It is perhaps surprising that@nd C, have numerically indistinguishable hyperfine ten-
sors, given that €has a N-neighbour, and the other does not. It should be nioaedor the
C, sites in Fig. 4.5(b), if M is disregarded, there are an additional four sites symuoadlyi
arranged relative to the NC; axis. However, the computed values/Af and A, for the
four additional sites are around half that of, @nd as such should be distinguishable in
experiment.

The present assignment BC-sites partially agrees with the interpretation of experi
mental results. Due to the overall planar symmetry of thectethe number of equivalent
sites can be only 1 or 2, and not 3. For the assignment of thyeeaent*3C in site-l, the
unique G and the two labelled £in Fig. 4.5(b) would have to be combined. However, the
calculated values for these non-equivalent sites are noatigrthe same, and thus this as-
signment may be supported despite @eandC; sites being non-equivalent by symmetry.
The assignment of the experimental site Il to the twgpsiies is also in accord with cal-
culations. However, type Il sites have to be re-assigned, tivdtn Cs+C;, for which very
small hyperfine interactions are found. This requires a gkan the number of equivalent

C-sites from 3 to 2.
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Table 4.4:13C hyperfine for sites in N2N (Fig. 4.5), and those obtainedeeixp
mentally for the N1 EPR centre, with labels and values takemfRefs. [4, 5].n

indicates the number of equivalent sites in each case.

Site As A, n
Calculations
o 260 70 1
C, 29 3 1
C. 29 3 2
Cs -21 ~1 2
C, 14 2 2
Cs -6 1 1
C, -6 1 2
Experiment (N1)
o 283 26 3
[l 21.3 0.6 3
1l 16.7 11 2

The reorientation barriers also have been examined, yigldi4 eV and 0.7 eV in the
neutral and positive charge states respectively as shokigid.6. The reorientation barrier
for N1, assigned to the positive charge state, has been meebesxperimentally [3,83] to be
0.4eV. The apparently largefterence between the calculated and experimental values is
mitigated by two factors. First, the calculation is claasiand quantum-mechanicdfects
such as tunnelling would tend to lower th#eztive barrier. Indeed, the distance travelled
by the radical site is small and it remains on the same C atoougfhout the process.
Secondly, there is only a single measurement of the aativa&nergy, and the uncertainty
in the value is not clear. Given these factors, the agreerwemtoe viewed as tolerable.
It is shown later that the calculated activation energietber N-pair configurations are

somewhat dferent from that for (N2N), and overall the trend in the energetics fits well
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Figure 4.6: The barrier of energy between-{NCN) and (NC- N) in neutral (red

line) and positive (black line) charge states.

with observation.

In summary, from combining the ground state structures.ehyqe interaction data,
ionisation energy and reorientation batrrier, it is conelddhere that the modelling agrees
with the assignment of N1 to (N2N)subject to the revision of the assignments for nearby

carbon hyperfine interactions and the number of equivaited.s

4.3.3 Third-shell pairs and W7

The most stable structure found for N3N h@s symmetry and is shown in Fig. 4.8(a).
In contrast with N2N, each N-site has an associated broked bénd, which is favoured

in this case since the neighbouring carbon radicals formraapag,-bond as shown in

Fig. 4.7(a). The re-bonding renders it 0.5-0.8 eV more faable than other metastable
structures.

The corresponding band structure is plotted in Fig. 4.8fgjain, it contrasts with that
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Figure 4.7: Kohn-Sham functions for N3N between two neighiligy carbon rad-
icals: (a) partialp,-bond, and (b) partigh;-bond.

of N2N (Fig. 4.5(c)), with both occupied and unoccupied klythg well within the band-
gap. These roughly correspond pp and p; combinations of the two C-radical sites, as
shown in Fig. 4.7(a) and (b) respectively.

Upon ionisation, one broken bond reforms, leaving a parareig centre resembling a
perturbed P1 defect. ThiSs = 1/2 complex has been assigned to the W7 EPR centre [5],
and in Table 4.5 the calculated hyperfine interactions gperted in comparison to the
measured values.

The agreement in both magnitude and direction for tHecdimponent is good. Fur-
thermore, the directions for the ionised N site are reaslenaind the isotropic components
computed at 18 MHz agree well with the measured value of 15 MH® concluded that
the calculations are consistent with the (N3&)odel for the W7 EPR centre.

Loubser and Wright noted that for measurements between Adaom temperature,
motional éfects became important [75]. They interpreted their dateerms of a reori-
entation barrier of 0.24eX¥0.01eV. The process of reorientation in the case of (N3N)
is somewhat more complicated than for N2N, because theratdeast three dlierent re-
orientation reactions which result in a symmetrically eqlent product, as illustrated in

Fig. 4.9.
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Figure 4.8: Schematics of the N3N complex in diamond in thenutral and
(b) positive charge states, with (c) showing the Kohn-Shandtstructure in the
vicinity of the band-gap for (N3N). Symbols, axes and scalesas indicated in
Fig. 4.1 and Fig. 4.2.

Barriers have been calculated in three cases. The lowesgyeisepath (i), at 0.18eV,
with path (ii) activated by 0.40eV. Trajectory (iii) is naavoured, with a route made up
from path (i} (ii) or, equivalently, (iiy-(i) energetically preferred. It is therefore predicted
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Table 4.5: Calculated hyperfine tensors (MHz) ¥ and*3C, for the sites iden-
tified in Fig. 4.8. Experimental data are taken from Ref. [Blotation is as in
Table 4.3. The motional averages are indicated as dynariuevéorA, with the

two cases as indicated in the text.

Site A A As
Calculations (static)
N, 116 (125134) 77 (8945) 77 (35136)
14N, 20 (5674) 17 (1163) 17 (45303)
3¢, 378 (55315) 179 (8052) 179 (37155)
Calculations (dynamic;,)
N, 68 (5346) 47 (13194) 47 (116338)
Calculations (dynamic;,p)
UN, 60 (9045) 55 (2135) 47 (92135)
Experiment (W7)

14N, 12139 |[111] 8600 1 [111] 8600 1 [111]
“N, 1601 (6671) 1400 (123358) 1358 (42313)

that reorientation will occur in two stages. The first adiiva involving path (i) results in an
average structure wit@, symmetry, similar to the structure in Fig. 4.8(a). At highem-
peratures, path (ii) becomes accessible andftieet®/e symmetry is raised ©,,. Since the
radical site is moving in this case (contrasting with N2Kg tmpact of quantum tunnelling
is likely to be reduced. The barriers proposed are in goodeagent with the experimental
estimates, lending further support to the model.

Table 4.5 also lists hyperfine tensors where motional avegdg applied. Neither yield
values resembling the experimental values for W7, suppgitine assignment to a static
geometry.

Finally, It is noted that, as with the N2N complex, the batdgture (Fig. 4.8(c)) is

suggestive of a donor level in the upper part of the band-giagh the calculated donor level
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Figure 4.9: Schematic showing three modes for reoriema®discussed in the

text for (N3N)". Colours and orientation as in Fig. 4.1.

for N3N is estimated to lie arounl, — 2.1 eV. The increase in ionisation energy can be
traced to the stabilisation of the neutral system due to #régh p,-bonding interaction
between dangling bond orbitals.

In conclusion, combining structure, electrical, motioaatl hyperfine data, the calcula-

tions support the assignment of W7 to a static (N3stjucture.

4.3.4 Fourth-shell pairs and M2

Fourth shell neighbours lie along the cube directions. Twsstutional nitrogen atoms

paired in such a configuration are shown schematically in #i§j0. As with N3N, it is
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found that a structure maintaining two C-radicals is maabkt. However, in this case there
is no single minimum energy structure.

The Cy, andC, symmetry,S = 0 structures shown in Figs. 4.10(a) and (b) are within
50 meV of each other, with the planar structure being the retadile. Structure (c) in an
S = 1 state is the model for NOC-2, and this is calculated to be €@ imgher in energy
than the diamagnetic form. This centre is discussed fuithsection 4.4.3. These energy
differences are small, and it is not clear which of these strestisrthe true ground state.
However, it can be noted that the case where the radicalaigesost distant is higher in
energy by 0.6 eV, in line with a general trend for increasingrgy with separation of the
radical sites.

In the positive charge state, one N-C bond reforms. The wooinalence of the N-
sites yieldsCy, symmetry, with the lowest energy structure shown in FigOd). The
N-centres weakly interact and the calculated donor levektsnated to lie approximately
0.1eV deeper than that of2NFig. 4.11). This structure has been assigned to the M2 EPR
centre [7], and the calculated hyperfine tensors for (N4g compared to those of M2 in
Table 4.6. The agreement between the P1-like N-site hygeafidl experimental values is
reasonable, and although the values for the second N-siteoanewhat overestimated, the
directions are in good agreement.

The reorientation of (N4N) transferring the unpaired electron between N sites, isdou
to be activated by 0.3 eV as shown in Fig. 4.12. As with the (N3®mplex, reorientation
about a single N site is not preferred energetically (see4R). The calculations suggest
that, as the temperature increases, there should be a rmbéegraging from planaiQ;)
symmetry to a tetragonabD(y) centre with equivalent N sites. The predicted hyperfine ten
sors for the motionally averaged system are included inefdl8, and they do not resemble
the values determined for M2, supporting the assignmer@fptanar, static structure to

the experimental spectrum.

CHAPTER 4. NITROGEN-PAIR



4.3. COMPUTATION RESULTS 60

Figure 4.10: Schematics of the N4N complex in diamond: (&) @) show two
forms of the neutralS = 0 state; in (c) thés = 1 configuration is assigned to
NOC-2; and (d) the lowest energy structure is in the positivarge state. Struc-

tures are presented as indicated in Fig. 4.1.

4.3.5 Fifth-shell pairs and N4

N5N relaxes to a planar defed@, symmetry), with the N sites separated by two recon-
structed C-sites as shown in Fig. 4.13(a). This is partitptdable since the two C-radicals
re-hybridise, forming a double-bond and rendering all atdatly bonded. The central C—
C bond is calculated to be 13% shorter than the diamond C-@ lemgth, matching the
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Figure 4.11: The Kohn-Sham band structure in the vicinityhaf band-gap for

(N4N). Symbols and scales are as indicated in Fig. 4.2.

relative C—C bond-lengths in ethene and ethane. Configuratvhere the carbon radicals
are arranged dlierently are considerably higher in energy. For example,revtv®th are
perpendicular to the plane containing the N atoms, the tatalgy is 1.4 eV higher; such
geometries are therefore discounted.

lonisation results in a reformed C—N bond, rendering thetdivs non-equivalent. The
calculated donor level is around 0.9 eV below that §f Ming deeper in the gap (Fig. 4.14)
than for the previous cases due to the signifiggAabond stabilisation in (N5N)

The non-equivalence of the N atoms in (N5Nias implications when correlating it with
the N4 EPR centre, which is reported as having equivalenbhaand no motional averag-
ing [5]. However, the calculated reorientation barrier é&wlow: just 40 meV (Fig. 4.15).
Therefore, even at low temperatures, (N5Mjll rapidly reorient between equivalent struc-
tures, and the observed hyperfine interactions indicatiugvalent N sites represent a mo-

tional average.

This model is borne out by the calculated hyperfine inteoaistj as listed in Table 4.7.
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Table 4.6: Calculated hyperfine tensors (MHz) ¥ and*3C, for the sites iden-
tified in Fig. 4.10(d). Experimental data are taken from Réf. Notation is as in

Table 4.3. The orientation of the centre has been chosenttthrtiee experimental

data.
Site Aq Ao Az
Calculations (static)
14N, 112 (54 45) 75 (90135) 75 (36225)
1N, 13 (38225) 12 (128225) 12 (90135)

13C, 374 (5545) 171 (35225) 171 (90315)

Calculations (dynamic)

14N 56 (9045) 50 (Q90) 44 (90135)
Experiment (M2)
¥N; 11795 (547,45) 8448 - 8448 -

N, 71 (44225) 66 (134225) 66 (90 135)

Here theA-tensors are presented as calculated for a static saddiegbaicture where the
N-atoms are equivalent by symmetry, and those obtained &eenaging theA-tensors of
(N2...C-C-N;) and (N;-C-C...N)). The A-tensors for the saddle-point structure give a
poor fit with experimental values, whereas the motional ayeis in very good agreement.

From the calculations, it seems clear that motiofig@aets are crucial in the understand-
ing of this centre.

Finally, it is noted that the C—C double bond in (NS8Ndads to a high-frequency local
vibrational mode. This is estimated to lie at 1651 émwith Ay symmetry within theCyy
point group. Thus it is Raman active and infrared-inactiug, it seems unlikely that the
concentration of this centre would be high enough to detieettly via the local mode.

In summary, invoking a dynamic averaging in the ionised falfows for close agree-

ment between the (N5N)structure and the N4 EPR-centre.
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Figure 4.12: The reorientation barrier of (N4N)etween N sites.

Figure 4.13: Schematics of the NSN complex in diamond in #)eéutral and (b)

positive charge states. Colours and orientation are asateti in Fig. 4.1.

4.3.6 Sixth-shell pairs and M3

N6N cannot have equivalent N atoms since there are no poinipgoperations that can

map the N-atoms onto one-another, so that even under thexmiging, the N atoms will
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Figure 4.14: The Kohn-Sham band structure in the vicinityhaf band-gap for

(N5N). Symbols and scales are as indicated in Fig. 4.2.
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Figure 4.15: The reorientation barrier of (NSN)etween N sites.
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Table 4.7: Calculated hyperfine tensors (MHz)¥t\ and*3C, for the sites identi-
fied in Fig. 4.13. Experimental data taken from Ref. [5]. Niotais as in Table 4.3.

Site A Ao Az

Calculations (static)
14N, 125 (12545) 80 (90315) 80 (3545)
YN, 59 (51225) 48 (90315) 48 (3935)

13C, 336 (12545) 159 (3545) 159 (90135)

Calculations (saddle point)

N, 114 (12545) 78 (90315) 77 (3545)

Calculations (dynamic)

N, 92 (54225) 64 (90315) 64 (3645)
3C, 169 (12545) 77 (3545) 75 (90315)

Experiment (N4)

“N 913 ||[111] 656 1[111] 656 1[111]

always be nonequivalent. In contrast to the N3N, N4N, and NBhtres, but in common
with N2N, (N6NY forms a (N). .. (Nf) charge-transfer complex with a single dilated N-C
bond, as shown in Fig. 4.16(a). This structure may be staallin such a form because the
charge resides predominantly on the under-co-ordinatettGaghich is geometrically close
to the ionised N site. The preference is marginal, howevigh &an anti-ferromagnetic com-
bination of N&(T). .. N2(]) being within 0.1 eV of the ground-state. This issue is coesgd

in section 4.4.3.

The calculated donor level (Fig. 4.17) for N6N is just 0.1 eddw that of N, with
the lowest energy geometry shown in Fig. 4.16(b). The M3 E&Rre has been shown to
correlate [7] with this configuration of (N6N)and Table 4.8 lists the calculated hyperfine
tensors for comparison.

The barrier for the reorientation of (N6N}o transferring the unpaired electron to the

second N site (between Figs. 4.16(b) and (c)) is calculatédiaeV, as shown in Fig. 4.18.
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Figure 4.16: Schematics of the N6N complex in diamond in #)eéutral charge
state; (b) and (c) show two forms of positive charge statedo@s and orientation

are as indicated in Fig. 4.1.

All other orientations are found to be 0.10-0.15eV higheeiergy, so at moderate tem-
peratures these alternative orientations would not bafgigntly populated, and one would
expect measured hyperfine tensors to reflect the minimunggsétucture.

The overall agreement between M3 and the calculations f6N)Nis reasonable, but an
assignment could not be ambiguously made based solely tipsa talculations. However,
it should be noted that of the six distinct structures forrbgdlilating single N—C bonds,
the one shown in Fig. 4.16(b), which therefore has the lowestgy, yields the closest
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Figure 4.17: The Kohn-Sham band structure in the vicinityhaf band-gap for

(N6N). Symbols and scales are as indicated in Fig. 4.2.

Table 4.8: Calculated hyperfine tensors (MHz) ¥td and*3C, for the sites iden-

tified in Fig. 4.16(b). Experimental data are taken from REf. notation is as in

Table 4.3, and the defect crystallographic orientationldesen chosen to facilitate

comparison with experimental values.

Site Aq

Ay Az

Calculations

UN, 116 (5545)
N, 9 (45 180)
13C, 385 (5444)

76 (114117) 76 (1350)
10 (132153) 10 (7675)
187 (114116) 187 (1350)

Experiment (M3)

YN, 12155 (547,45) 8590 8590

N, 51 (45 180)

54 (133162) 60 (8181)
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Figure 4.18: The reorientation barrier of (N6N)etween N sites.

agreement with the M3 EPR parameters. In addition, althabghmagnitudes calculated
for the ionised N component are overestimated, the direstaye in good agreement.

To conclude, although the assignment for M3 cannot be dieBnihe calculations gen-
erally support the model proposed from the interpretatibex@eriment to a sixth-shell

N-pair.

4.3.7 Seventh-shell pairs

There are two types of site in the seventh shell: one set aie4 siong(111) directions,
and one set of 12 alongp11) directions. The 7a and 7b labelling of Nadolinetyal. [1]
(Fig. 4.3) are adopted here, and the results for type N7algrasented first.

Several combinations of P1 centres for (N74&be indistinguishable within the energy
tolerances of the calculations in the present researchiwWwhiéowest energy structures are
shown in Figs. 4.19(a) and (b), both of which &e= 0 and approximately degenerate in
total energy. Thé& = 1 configuration of Fig. 4.19(b) is degenerate in energy wittg = 0
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ground state, and it may therefore be expected that thigtatien should be the one seen
in experimental work.

According to previous studies [1], the NOC-3 EPR centre méggedrom one of two
structures, and Fig. 4.19(c) shows their N7aN candidataveyer, this geometry and spin
state is found to be 0.1 eV above the ground state configuaratithis research, and around

35meV above th& = 0 form of this geometry.

Figure 4.19: Schematics of the N7aN and N7bN complexes imaiml: (a) and
(b) show two energetically degenerate forms of N7aN; withb@ng the model
structure for NOC-3, and (d) shows the most stable strudtur&l7bN. Colours

and orientation are as indicated in Fig. 4.1.
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Figure 4.20: Schematics of the N8N complex in diamond in #)eéutral and (b)

positive charge states. Colours and orientation are asateti in Fig. 4.1.

Turning to the second form of seventh neighbour pairs, thstrsi@able N7bN structure
as shown in Fig. 4.19(d) iS$ = 0 which is at least 0.1 eV more stable than any other
orientation, in any spin state. The stabilisation of thidipalar form is most likely due to
a weak bonding interaction between the parallel radicatals

Since no ionised centres have been assigned to either beshagit structure, no hyper-
fine data is presented for them. However, it should be brieflgd that both forms have
ionisation energies close to that of isolatel] And that in the ionised form a single broken

N—C bond remains.

4.3.8 Eighth-shell pairs

The N-pair defect in the eighth shell, in common with the fastl fifth shell pairs, repre-
sents a system for which all dangling bonds can be removeldemeéutral, S = O state.
The structure is shown schematically in Fig. 4.20(a). Thedkhmember ring is calculated
to yield a vibrational mode at around 1480chwith A; symmetry in theC,, point group.
This is both infrared and Raman active but, as with N5N, insekkely that the concentra-

tions would be too low for direct detection of this mode.
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Figure 4.21: The Kohn-Sham band structure in the vicinityhaf band-gap for

(N8N). Symbols and scales are as indicated in Fig. 4.2.

The formation of the reconstruction yields an electronfacture close to that of the A-
centre, with no deep bands in the band-gap, and filled loivesgdatals around the valence
band top. This renders the ionisation of such a combinatatmer unlikely; the calculated
donor level for N8N (Fig. 4.21) is at 1.3 eV deeper thah &hd just 0.6 eV higher than that
calculated for the A-centre. It would therefore seem likélgt, as with the ionisation of the
A-centre to form W24 [73], the ionisation of N8N would be fawved only under optical
excitation.

Nevertheless, Table 4.9 presents the calculated hypeéinms®ts for (N8N). The acti-
vation energy for the migration of the unpaired electronaleetn N sites calculated using
a 216-atom supercell is rather low at 0.1 eV. As such, it issfds that, if observed, this
centre would present as@, symmetry defect with equivalent N atoms. Table 4.9 also
therefore includes the motionally averag&densors for the N atoms and the two C atoms

that form the reconstruction in the neutral charge state.
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Table 4.9: Calculated hyperfine tensors (MHz) ¥ and*3C, for the sites iden-
tified in Fig. 4.20(b). Notation is as in Table 4.3.

Site Aq Ao Az

UN, 113 (12545) 76 (3545) 76 (90135)
UN, 28 (5545) 25 (90315) 24 (35225)
13C, 376 (53225) 184 (90135) 184 (3745)

Dynamic

UN, 69 (5745) 52 (33225) 50 (90315)
13C, 223 (51225) 128 (3945) 125 (90135)

4.3.9 Ninth- and tenth shell pairs: NOC-3 and NOC-1

NON is a candidate for the NOC-3 EPR centre. Indeed, the loemsrgy structure was
found to be in accord with the model proposed for the= 1 EPR centre shown in
Fig. 4.22(a). This may suggest that the ninth-shell pairshgore favourable as a model
than the seventh-shell as a model for NOC-3. However, otbefigurations and diamag-
netic forms are within 20 meV, and it is impossible to be dart@hich orientation or spin

state is the most stable. An assignment for NOC-3 cannoti@eced purely on this basis.

The energies separatingfidirent orientations and spin-states in N1ON are also very

small, with 30 meV covering all variants examined here. Irtipalar, the model structure
proposed for NOC-1, shown in Fig. 4.22(b), is around 10 mebvvabwhat was found to

be the ground state structure. On the basis of the currenilaiions it is therefore not

possible to confirm or refute the proposition that NOC-1 Imesdpecific form suggested in
Ref. [1]. All that may be concluded is that it is plausibletteach a structure might result

in a paramagnetic defect.

CHAPTER 4. NITROGEN-PAIR



4.4. DISCUSSION 73

Figure 4.22: Schematics of the N9N and N10ON complexes in diahin the neu-

tral charge state. Colours and orientation are as indidateédy. 4.1.
4.4 Discussion

4.4.1 Total energies

The calculated total energies as a function of increasipgrs¢ion rapidly converge to a
value indistinguishable from that of two isolated P1 centréVhere there is a binding
energy (the energy of the pair being lower than twice theggnef a P1 centre), this reflects
a chemical passivity or the re-bonding alluded to above. drtigular, the total energies
of N4N, N7aN, N7bN, N9N and N10N all deviate from the sum of b centres by less
than 0.1 eV. In line with the formation of additional bondinteractions, N1N, N2N, N3N,
N5N, N6N, and N8N are bound by 3.6, 0.3, 0.3, 1.2, 0.1, and\L #espectively.

For the positively charged cases, N1N, N2N, N5N, and N8N atend by 1.7, 0.2, 0.3,
and 0.2 eV respectively, with all other structures havingralimg energy less than 0.1 eV.

Finally, it is noted that, for the 2 charge state (for which the two N atoms were uni-
formly found to be on-site), there is a simple Coulomb rejmisvhich diminishes with

increasing distance. No pairs were found to be bound in theharge state.
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4.4.2 Electrical activity: why are the dissociated pairs inthe positive

charge state?
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Figure 4.23: Plot of the variation of donor (blue dashed)lwéh shell-number.
The zero of energy is fixed &, and the levels plotted as the ionisation energy
relative to this fixed point. The horizontal dot-dashed late-1.7 eV shows the

location of the donor level of isolated2N

The N1, W7, N4, M2 and M3 EPR centres assigned to separatexj@it pairs are
seen in an ionised state without the need for optical exoitatThis may suggest that a
mechanism exists for the transfer of charge to some otherisithe lattice. The types
of diamond involved are generally plastically deformedd &merefore it is plausible that
carbon radical sites associated with point or line defertsirmproximity to the nitrogen.
It has been previously shown [84] that native defects caiigidangling bonds, such as
vacancies and self-interstitials, give rise to rather dmageptor levels which, in particular,
are lower in the band-gap than the donor levels §f Nh addition, vacancy aggregates
which have been linked to the brown colouration in this ptadly deformed diamond are

linked with an acceptor level in the lower half of the bangb§@5].
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Fig. 4.23 shows the trend in the location of the donor leved &snction of the shell-
number for the N-pair using the marker method [81]. The diphe donor levels correlate
closely with the configurations which show the strongesihubal re-bonding fects, as
one might expect. Indeed, for those centres where all atoe$uly coordinated in the
neutral charge state, the donor levels lie relatively deefhe gap. This applies to N1N
and N8N and, to a lesser extent, N3N and N5N. For other sepasathe donor levels lie
in the upper part of the band-gap, close to that of the P1 eeaftrd are therefore prone to
ionisation in the presence of carbon dangling bonds.

It should be noted that the large structural changes in N&tesys mean that the second
ionisation level is predicted to li@bovethe first, rendering it thermodynamically unstable in
the positive charge state. Thus, even if this structuredsqant in the material, in equilibrium
it would only exist in EPR-inactive forms, but optical exatibn may lead to populations of

the metastable positive charge state.

4.4.3 Ferro- vs anti-ferromagnetic interactions for neutial pair

For the neutral charge state, pairs of P1-centres mightdoggtht to interact in one of two
ways: N(T)...N2(1), or N2(1)...No(T). Indeed, since diamond often favours a high-spin
state, the formation of paramagnetic pairs of P1-centrgsbeaxpected to be the norm.
However, observation [1] seem to show the contrary, and tilestipn remains as to why
only three specific structures, NOC-1, NOC-2, and NOC-3saan in the&S = 1 spin state.
The calculations in this study give an explanation for theesige of paramagnetic N2N,
N3N, N5N, N6N, N7bN and N8N:

e For N3N, N5N and N8N there is a chemical re-bonding whichrsjtp stabilises the

S = 0 configuration over th& = 1.

e For N2N and N6N, charge exchange between the two sites yWlddN; complexes

which naturally favour th& = 0 configuration.

e For N7bN an exchange splitting of around 0.1eV in favour & 81= 0 state is

obtained, which may be traced to a very weak bonding intematietween the radical
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orbitals. This is much weaker than N3N, N5N, and N8N as thessire around 3A

apart and not on neighbouring C atoms.

This leaves N4N, N7aN, N9N, N10ON and more distant combimationatching the
possible structures for th® = 1 EPR centres as proposed in Ref. [1]. Of these, N4N is
the closest pairing which may yield a low-lyirf§) = 1 state. Although it is found here
that the model for NOC-2 is around 60 meV above the lowestggnstructure and spin
state, this is within the margin for error, and the model remaglausible. Indeed, it is
worth noting that the RZ5 = 1 EPR centre corresponding to the [001]-split self-inigedt
possesses a diamagnetic ground state around 50 meV belpariraagnetic state observed
experimentally [86]. This ordering is also determined gstomputational methods similar
to those employed in this study [87]. Therefore, even if$he 1 spin state is not the lowest
energy configuration, it is not clear that this is inconsisteith experimental work.

For the NOC-3 models, experimentation is unable to disistgbbetween N7aN and
NON structures. The calculations suggest low en&gy 1 states for both configurations.
For N7aN, the ground state structure is not that proposeN@€-3, whereas for the NO9N
model structure for NOC-3 it is; although in both cases thegina of stability over other
configurations are small. Therefore the simulations maityirfavour a N9N structure for
NOC-3, but the confidence level for such an assignment ondbis lof these calculations
must be low.

Indeed, the energies separatingfelient orientations and spin states of N1ON are also
too small to draw any conclusions regarding NOC-1.

However, it is perhaps surprising that N7aN and N9N are neh $&s separate centres,
whereas N10N does seem to be: all three cases are calcudateded more than one low
energyS = 1 configuration, and it is such a situation [1] that is the mddethe average
spectra labelled NOC-4.

Despite the lack of specificity in the assignment of e 1 configurations, through
a combination of charge-transfer and chemical re-bondhregcalculations have accounted

for the absence of many structures.
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4.5 Conclusions

Density functional simulations of nitrogen pairs in diandoimave largely confirmed the
atomistic models proposed for N-pair defects in diamondhwhree important qualifica-

tions:

e For W24, it is predicted that the hyperfine interactions am $h equivalent carbon

neighbours are opposite in sign from that on the N atoms.

e For N1, are-assignment is proposed of the hyperfine-intierasfor near-by*C and

the corresponding numbers of equivalent sites.

e For N4, in order to render the N-atoms equivalent, a rapidieatation between two
structures must be invoked, so that the low temperature EfeRtis are the result
of a thermal, or quantum-tunnelling average of two systernere the N-atoms are

nonequivalent.

In addition, values are predicted for the hyperfine-inteoas at the carbon sites where the
majority of the spin-density is located. Indeed, it is sorhatsurprising that at N1, W7,
N4, M2, and M3, this radical site has not been seen, even thouthe case of N1 many
other carbon sites have.

Reasons have also been determined for close-by P1 centresmbining in magnet-
ically paired,S = 1 combinations. Several form chemical bonds favouringaa 0 spin
state, or undergo charge transfer forming. N N pairs. Of the remaining nearby pairs,
generally an anti-ferromagnetic interaction2(N...NS(|) is favoured, or there is a very
small estimated exchange-splitting.

Finally, itis also noted that NSN and N8N species introdughtirequency local modes
through the chemical reconstructions possible in the aéalarge state, and although the
concentrations may be small, this provides a potentialerdatthe identification of N5N
in the neutral analogue of N4 and a second, highly stable fafrid-pairing in the N8N

complex.
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Muonium and Hydrogen in
Nitrogen-Aggregate containing diamond:

the Muy centre

5.1 Introduction

In the past decade, the quality of single-crystal diamoravgrfrom the gas phase has
reached levels suitable for use in electronics [88]. Howete incorporation of hydrogen
present in the growth gas leads to electrically active dsffl, 63, 89-93], and there is a
need to improve the understanding of H-containing poinédesfin diamond.

Muonium is a pseudo-isotope of hydrogen made up from a pesituon and an elec-

tron. Muon-spin-relaxationuSR) experiments are sensitive probes of structure, and have
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been highly successful in determining the properties of H iwide range of materials
[94-98]. For pure diamond, tweSR centres, labelled normal and anomalous muonium,
relate to the tetrahedral interstitial site (Muand bond centred site (Mg) respectively.
The former exhibits an entirely isotropic hyperfine intd¢rae (371121 MHz), whereas
Mugc is comprised of a combination of a relatively small isotoigrm, and an anisotropic
term along [111] As = —2057 MHz, A, = 1869 MHz) [95]. At low temperatures, both
Mut and Musc can be observed, but the relative amplitude ofsMuncreases between 350
and 800 K. This is explained in terms of an activated tramsifrom Mu; to a thermody-
namically more stable Myg.

As described in Chapter 1, another impurity common in diath@nnitrogen. Un-
der geological conditions or high-temperature, high-pues laboratory annealing, nitro-
gen migrates and forms aggregates. Of these, nearesthoeigpairs (A-centres) and four
N-atoms surrounding a vacant site (B-centres) are paatilyustable. Diamond contain-
ing aggregated N exhibits the Mwcentre inuSR [99], but the structure of this form has
not been unambiguously identified. Mexhibits less than axial symmetry, and the large,
isotropic hyperfine interaction is indicative of a chemigadon-bonded muonium config-
uration: theuSR spectra are fitted to hyperfine parameterf\gi4158-1500 MHz and
A,=248+13 MHz. Note here the large error bar fag.

Additional experimental studies indicate that muoniuneratts with HZH3 nitrogen-
vacancy complexes [100-102] produced under gamma-itradiaf type la natural dia-
mond followed by an annealing stage [103]. Theoreticaljdrbgen (or muonium) in H3
represents a highly stable structure with the hydrogen afoamically attaching to one of
the two carbon radical sites [91]. In material containing/ti2 Muy is suppressed and
the diamagnetic fraction increased, which is interpretetha H2H3 centres trapping the
muonium [103].

This work presents the results of density functional sirolkes to assess the interpreta-
tion of the experimental data in the formation of Mas a complex of muonium with either
an A-centre or a B-centre. Comments are also made abouttdradtion of muonium with

H2/H3, and some alternative structures potentially signiticarthe identification of My
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are examined.

5.2 Methodology

As was the case in Chapter 4, all calculations were carriedsing AIMPRO as described

in Chapter 2. The wave functions are expanded in atom-ag@erissian basis functions
with 22, 40 and 16 functions for C, N and H atoms respectivahg the charge-density
fitted to plane-waves up to 300 Ha. The optimised structwepdint defects are obtained
by relaxing all atoms in supercells comprised from 216 hitesgsimple-cubic lattice with
lattice vectors of length&). For platelet structures, supercells made up from 256 host
sites in an orthorhombic configuration corresponding tidatvectors [220o, [220]a, and
[004]ay, with the addition of 16 self-interstitials in the Humblerio [66, 104]. To obtain
total energies, the Brillouin-zone is sampled using the Kamst-Pack scheme [56] with a
uniform mesh of 2« 2 x 2 speciak-points. Electrical levels are obtained by reference to a

marker system [84].

5.3 Computation results

To confirm the accuracy of the computational scheme firséyptoperties of muonium in

the Mur and Musc configurations have been analysed.

5.3.1 Muonium in diamond

It was found that the T-site is 1.25 eV higher in energy thanlibnd-centred site, and that
the reaction T=BC is activated by 0.6 eV as shown in Fig. 5.2. These valuesarsistent
with previous theory and experiment [95, 105].

The calculated hyperfine tensors for the two sites are list&eble 5.1. Previous studies
have suggested that vibrational motion of §4us important [L06-108], and its impact
have also been estimated. The zero-point motion averagpevammed by evaluation the

probability of muon wave function at chosen positions wha muon is moved between
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(@)

Figure 5.1: Schematics of (a) the Muonium in bond-centre gMand (b) the
Muonium in tetrahedral site (My. Vertical and horizontal directions are approxi-
mately [001] and [110] respectively. Grey and white atones@iand Hmuonium,

respectively.

the C-C bond and then add up the hyperfine interaction acugtdi that. The probability
was calculated by using the trapezium method. Table 5.1 sleaeulated hyperfine with
and without zero point motion. The resulting average reduceby around 5% and the
anisotropic term by less than 1%. There is an 8% overestimdtes value ofAq for Mur.
However, this is somewhat mitigated if the value is congderelative to the calculated
value for free muonium, which is also overestimated. If takglated value oA for Mu+
is referred to thecalculatedvalue for muonium in a vacuum, rather than the experimental
case, a value of = 0.86 is derived, which is in closer agreement with the expenime
Most importantly in the context of the current study, thera tlear qualitative élierence
between My, where the muonium is non-bonded, and ddwvhich chemically interacts
with a nearby atom. The errors between the modelling and xperenent reported in
Table 5.1 are typical of hyperfine calculations [105], anel éimalysis of the\-tensors for

Mur and Musc is viewed as validating the present method.
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Energy (eV)
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Figure 5.2: The barrier of energy between tetrahedral amdlo@ntred sites.

Table 5.1: Calculated hyperfine tensors of Mand Musc (MHz). f is the ratio
of the isotropic hyperfine interaction for the defect to tlotmuonium in vacuum
(4463 MHz).

Mur Mugc
As f As A
This study 4000 090 -276 232
Zero-point motion average of this study - - —-260 231
Experiment [95] 3711 0.831-2057 186.9

5.3.2 Muonium N-aggregate complexes

Two model systems [99] for Muhave been simulated for complexes of muonium with
an A-centre or a B-centre. The resulting optimised striegware shown schematically in
Fig. 5.3. It should be noted that both A- and B-configuratiarsparticularly stable because

all atoms are chemically satisfied. The addition of muoniomh{ydrogen) may therefore
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be expected to result in the chemical passivity being inpaed.

Figure 5.3: Schematics of (a) the A-centre, (b) the B-cer(tgthe A-centre—
muonium complex, and (d) the B-centre—muonium complex amdind. Vertical
and horizontal directions are approximately [001] and [IE3pectively. Small
grey, large blue and white atoms are C, N angindonium, respectively. The

transparent cylinders in (c) and (d) represent broken bogldsive to (a) and (b).

Experiments show that Muhas a large isotropic hyperfine interaction of the same order
of magnitude as Mpand free muonium, accompanied by a small anisotropic tertn no

aligned to a crystal axis. Therefore, if a complex of an Atoer B-centre with muonium
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Table 5.2: Calculated hyperfine tensors of muonium-congdexith A- and B-
centres (MHz). The directions are indicate in sphericahpabordinatesd de-

grees from the — axis, and¢ from the x-axis towardy in the xy-plane.

System Al 0 ¢ 1Al 0 ¢ |Al 0 ¢
A-centrex -25 90 -45 3 20 45 95 110 45
B-centrey -92 90 135 -56 24 45 24 114 45

is a candidate for My, it must not have axial symmetry, and most probably will mvoive
a covalent bond between the muonium and any other atom.

However, this is not what was found here. In both cases, evsravthe muonium
is initially placed in a non-bonding site in the environmenthe N-aggregates, there is a
spontaneous chemical reactiogsulting in the production of a carbon radical some distanc
from the muon. The equilibrium structures for A-muonium a@Bemuonium complexes
are shown in Figs. 5.3(c) and (d) respectively. Consistetit & chemical reaction, zero-
temperature binding energies relative to dissociatioa the N-aggregate and interstitial
hydrogerimuonium are found for these complexes of 1.2 and 2.2 eV, wisielso in line
with the notion of N-aggregates acting as deep muonium tirapéscontaining diamond
[99].

The spin-density is strongly localised in the vicinity oétbarbon-radical sites, leading
to small, highly anisotropic hyperfine-tensors for the muas listed in Table 5.2. They
are therefore completely inconsistent with MuTo illustrate the origin of the small hy-
perfine interaction at the muon, a plot shows the localisatibthe unpaired electron for
the B-centre-muonium complex in comparison to the well knd&®l EPR centre which is
chemically analogous (Fig. 5.4). In the case of the P1 EPRaeghe amount of spin den-
sity on the N site is relatively small [67], and therefore #meall values for the hyperfine
interactions for muonium can be readily understood.

Noting that Mu is a metastable configuration, it is possible that muoniury loeate

at a metastable site within or close to an A- or B-centre. &fuge the hyperfine inter-
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Figure 5.4: Unpaired electron Kohn-Sham functions for (ageBtre—muonium
complex and (b) neutral substitutional nitrogen (P1 EPRreg¢nOrientation is as
in Fig. 5.3.

actions for a muonium-B-centre complex have also beenmddaivhere the muonium is
constrained to not chemically react with the lattice. In ease, the muonium is fixed by
symmetry to lie at the centre of the B-centre, and in the se@pproximately at a T-site
neighbouring the N-aggregate. Where muonium is centreldarcore of the B-centre and
a T4 symmetry constraint applied, there is a repulsive eletdtasinteraction between the
high electron density associated with the lone-pairs aatliththe muonium. Consequen-
tially the orbital containing the unpaired spin is driven impenergy relative to the case
of Mur where there is a much lower electron-repulsion. In the presienulations the un-
paired electron becomes delocalisefiigetively the centre auto-ionises and the electron lies
in the conduction band), resulting in a small entirely isptc hyperfine interaction of just
86 MHz.

In contrast, for a non-bonded muonium in an interstitialcagighbouring the B-centre,
the electronic structure and localisation is practicatigistinguishable from Mg resulting
in a calculated value o\ = 3962 MHz. Similar results are obtained for muonium in the
vicinity of an A-centre.

Substitutional nitrogen in diamond has a deep donor levElLat1.7 eV [16], whereas

A-centres have a donor level close to the valence band [flBacentres are thought to be
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electrically inactive [84]. It was found that the additioihhydrogeimuonium in the A- and
B-centres (in their equilibrium configurations, Fig. 5.3p@uces deep donor levels. Using
the donor level of substitutional N as a marker [81], the ddexels areE.—0.9 eV andE. -
1.1 eV respectively for A-centre—muonium and B-centre-muoniNote that the structural
relaxation found for the A-centre—muonium centre leads tieaplevel rather than the
shallow level previously proposed [109]. However, in theypous study, the shallow level

corresponded to an on-axis structure which is found here torily meta-stable.

5.3.3 Muonium in nitrogen-vacancy complexes

The H2H3 centre is made up from an A-centre trapping a lattice vagad2 and H3 are la-
bels for optical transitions, which are associated withrtbgative and neutral charge states
respectively as shown schematically in Figs. 5.5 (a) andT(bé stability of hydrogen in the
H3 centre has been studied theoretically [84], and reg8R suggests a strong muonium
interaction with these centres [103]. The calculationddyee single clear minimum en-
ergy structure where hydrogénuonium is bonded to one carbon atom to titaodangling
bond. In the neutral charge state the unpaired spin is diydocglised on the remaining
carbon radical site in the vacancy (Fig. 5.5 (¢)), and as aegumence of the localisation
the hyperfine tensor on the/tduon site is small-62 MHz along []IO], —49MHz at 8
from [001] and 90 MHz at 8from [110]. In the negative charge state\NH (Fig. 5.5 (d))

is EPR-inactive. In agreement with the interpretation & ¢éxperiment, an HR3 centre
would be expected to be a deep trap for muonium or hydroge avitero-temperature

binding energy of around 6 eV for both neutral and negatiargh states.

5.3.4 Muonium in other sites

Simulations of N-aggregates and muonium have all resuftegkothermic chemical reac-
tions, leading to carbon radical sites and small, highlysatmopic hyperfine interactions
with the muons.

There remains the possibility that the Mcentre is not associated with the N-aggregates
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Figure 5.5: Schematics of (a) the H2-centre, (b) the H3reg(b) is chemically
identical to (a) the only dierent is extra electron on (a)), (c) the H2-centre—
muonium complex, and (d) the H3-centre—muonium complexiamdnd. Ori-

entation is as in Fig. 5.3.

directly. In type la material there are other candidatectmes. In particular, such dia-
monds also contain nano-cavities (aggregates of lattican@es) and platelets thought to
be made up from planar self-interstitial aggregates [68, 100]. Both have open regions
that may trap the mobile muonium, and this would result igéaisotropic components to

the hyperfine-interaction, consistent with the measurdaegfor My .
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Energy (eV)

1 2 3 4 5 6 7
Image Number

Figure 5.6: The barrier of energy for chemical reaction eswthe muonium and

the lattice in a \éNg cavity.

To simulate nano-cavities one, two, five and eight carbomatim symmetric arrange-
ments were removed. The remaining under-coordinated oasties are replaced by ni-
trogen to produce a chemically passive void in the diamottctéa The question specif-
ically addressed here is not whether or not these specifitsvaie responsible for My
but to assess how large a cavity might need to be to achiev&opic component of the
hyperfine-tensor on the muonium as large as that observedperienent. The values for
the hyperfine-tensors where the muonium is fixed at the centtes voids are listed in Ta-
ble 5.3. It should be noted that the theoretical ratio, ofrguc terms,f’, for a di-vacancy
gives the best agreement with the experimental rdtiéor Muy, and larger voids result in
muonium indistinguishable, at least in the present catimria, from free muonium.

The stability of these non-bonded structures requires sbseeission. Hydrog¢muonium
in a V,Ng cavity has many metastable configurations, including thelmnded case, and
several chemically reacted forms have similar structuwréisat seen for the B-centre (Figs. 5.3(d)

and 5.4(a)). It was noted above that the reactions of hydyogenium with the A- and
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B-centres are spontaneous; that is, there is no barriehelgase of the larger N-terminated
cavities the situation is closer to that for Muwuand a barrier exists for a chemical reaction
between the muonium and the lattice (Fig. 5.6). FeNythis activation energy is calcu-
lated to be 0.4 eV, and the reaction is exothermic by 1.2 e\é difemically reacted forms

all have hyperfine interactions at the muonium site whichsamall and highly anisotropic.

Table 5.3: Calculated hyperfine tensors for muonium in a eamigmodel cavi-
ties (MHz). f and f’ are ratios ofAs to the experimental and calculated values

for free muonium respectively. The experimental valuesMax, are shown for

comparison.

Model cavity A f Ay

ViNgy 86 0.02 0.02 0
V2Ne 4388 0.98 0.94 -12

VN2 4650 1.04 1.00 0
VgNig 4695 1.05 1.01 1
Mux 4158 0.93 - 248

Perhaps a more favourable option for the site ofyMmould be the self-interstitial
platelet, as this has a reasonably regular structure that@axpected to yield a non-axial
tensor. Fig. 5.7 shows four characteristic structures revttee combinations of five, six and
eight member rings are generated by the planar agglomeratietra-interstitials [66,104].
The lowest energy is found where muonium forms a three-edaand between two carbon
atoms that make up a next-neighbour reconstruction in thregarbon platelet (Fig. 5.7(a)).
The unpaired electron is highly localised and yields a mugrelfine tensor more charac-
teristic of Mugc than of My, (see Table 5.4).

However, in a form reminiscent of Mithere is a metastable configuration where muo-
nium resides in the open channel produced by the plateleth@asn in Fig. 5.7(b). The
hyperfine tensor for this structure is much closer in natafdt,. However, the stability of

this site is marginal, and it tends to react with neighbagidgarbon to form an anti-bonding
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Figure 5.7: Schematics showing selected structures of moom the platelet
defect. The grey and white atoms are carbon and muoniumecasely. Vertical

and horizontal directions are approximately [001] and [I&8pectively.

configuration close in energy, shown in Fig. 5.7(c), whicleslaot yield agreement with
the hyperfine interactions of Mu

However, the zero-point motion of a muonium species in thenakel is expected to
be appreciably large. Theftiérence in zero-point energy between chemically bonded and

non-bonded muonium in diamond has been estimated to be ofdlee of 0.2-0.3 eV, com-
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Table 5.4: Calculated hyperfine tensors for muonium in a rhpldgelet, (MHz),

for the structures presented in Fig. 5.7.

Structure As A, Principal direction

(@) -289 157 [110]
(b) 4594 1 [001]
(c) 367 5 [111]
(d  -278 230 [11]

parable to the energy fiierence between configurations (b) and (c). If, when vibratio
terms are included, the non-bonded form is more stable tt)athen it is possible that the
Muy centre is associated with non-bonded muonium in platdiet®al diamonds, platelet
structures are disordered, with nitrogen incorporated|, tie amount of relaxation is af-
fected by the platelet size [111-114]. This variability ites within the platelet may relate
to the uncertainty in the isotropic component of the hyperiimeraction reported for Mu
Finally, it is noted that there are many other metastablectires for muonium chem-
ically incorporated into the platelet. All of these struetsiintroduce deep electrical levels
similar to bond-centred hydrogen, and hyperfine tensorsecto Myc. In addition, the
energy for the case where the muonium is sited just outsitigegblatelet core (Fig. 5.7(d))
is 2.3 eV higher than the lowest energy state found here mvitie structure, showing how

the platelets represent trapping sites for hydrogen or numon

5.4 Discussion and conclusions

The small, anisotropic hyperfine-tensors for the grouradestonfigurations of complexes of

muonium with A- and B-centres mean that these centres areprasably not responsible

for Muy. However, this interpretation must be viewed in the contéx number of issues.
First it has been suggested that some of the error in the a&tgtiai the hyperfine-tensor

for anomalous muonium arises from the zero-point motiomefiery light muon along the
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axis of the C—C bond [106—108]. Could zero-point motion fitmer of the complexes result

in agreement with the Muparameters? This may be viewed as unlikely, since even in the
case of Myc the dfect of including motional averaging is a small perturbatimhereas

for either the A-centre—muonium or B-centre-muonium caempk the isotropic term must
increase by two orders of magnitude to match the measureeévalf M.

A second possibility is that Muresults from muonium in a region not directly within
the N-aggregates, but in an approximately tetrahedral aaglee immediate vicinity of
them. However, as indicated in section 5.3, the perturbatahe hyperfine-tensors of Mu
even in the T-sites immediately adjacent to the A- and Bfesrns very small. Coupled with
the small binding energies in these chemically unreactes sind barrier-less reactions
to form carbon radicals, it is not clear how near-by struesumight be responsible for
Muy. However, this remains a possibility given the large uraiaty in the experimental
parameters.

A final possibility is that muonium is tunnelling rapidly beten sites around the N-
aggregates. Indeed, suchieets are thought to be present in the case of muonium in Zn-
doped GaAs [115], but if this were the case in N-containingnbnd, it is not obvious
why the resulting hyperfine-tensor would be non-axial gitrehigh symmetry of the two
nitrogen aggregates involved.

If Muy is not associated directly with A- or B-centres, then a gaesexplanation is
that Muy relates to dierent centres also present in type la diamond. Small voielsl yi
hyperfine-tensors close to muonium in vacuum, and possessrbdo chemical reactions.
However, it is unclear how the anisotropic component in saichodel can be explained,
and there is relatively little evidence for small, chemligglassive voids. In contrast, the
evidence for the presence and structure of platelets indmdnd containing B-centres is
quite clear. Based upon the present calculations, a pesstifiguration for muonium
within the open channels of the platelets also has some,rhatiagain the identification of
the anisotropic term may be problematic.

In summary, although none of the models examined fok Mua particularly good fit,

the calculations show that a simple configuration made um o A-centre—muonium or
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B-centre—muonium complex is unlikely to be responsiblefufther investigate a potential
role for the platelet, it would be beneficial to explore theggnce of My in material
containing only A-centres. If a direct interaction is tafiplace between muonium and
A- andor B-centres, a centre with a small, isotropic hyperfineraxtgon with the muon,

would be expected to see.
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6

Nitrogen-Oxygen Pairs in Diamond:
the N3 and OK1 EPR Centres

6.1 Introduction

In isolated substitutional form, nitrogen is a deep don@j [due to a strong chemical re-
bonding dfect resulting in a dilated N—C ‘bond’, and it is possibly akso acceptor [84,
116]. Nf forms a tetrahedral structure with four equivalent carbeighbours [117]. Ris
associated with an unpaired electron, and this centre porssble for the well known P1
electron paramagnetic resonance (EPR) centre [67]. Afthoitrogen doped diamond is of
little value as an electrical conductor, it is of considéeahterest for guantum-computing
[18].

Although combustion may indicate high levels of oxygen itunal diamond [118],

94



6.1. INTRODUCTION 95

there is little evidence for oxygen dispersed in the diamiattice. A small number of
optical centres may be related to oxygen [119, 120], andetieispeculation regarding
oxygen defects from EPR [121]. Unlike with nitrogen, theuratly abundant isotopes of
oxygen have no nuclear spin, and therefore afiécdit to identify directly.1’O, which has
a natural abundance of around 0.0486eshave a nuclear spin and ion implantation of
this isotope into diamond films has been performed [122]. &l@x, the centres observed
after implantation are dominated by lattice damage wheze#ygen may be trapped, and
these do not represent likely structures for oxygen in dguim. Of the EPR centres
described in this implantation study, a thermally stableieelabelled KUL12 is thought to
exhibit’O hyperfine interactions at an axially symmetric centre with- —362 MHz and
A, = -315MHz.

The most detailed data for oxygen defects comes from atansishulations. On-site
substitutional oxygen (€ yields two defect-related energy gap-states:aastate lying
in the mid-band-gap and @&-state close to the conduction band [123, 124]. An on-site
structure is metastable [124], with reconstructions tbegitdivalent or trivalent oxygen
being favoured. For example, @S = 1) and Q favour just two C-O bonds [124]. Os
theoretically electrically active, with donor and accepévels atE.—2.8 eV andE.—1.9 eV,
respectively [124]. Since the acceptor level lies belowdbaor level of N, in material
containing both types of centre one would expect chargesteano occur.

Amongst the many tentative assignments for EPR centres ygemxcontaining de-
fects [121], the two centres labelled N3 (not to be confusid thie optical centre labelled
N3 [125]) and OK1 have been suggested to contaim@ssociation with N with clear
evidence for nitrogen from the hyperfine interactions Witk [126,127], and possible cor-
relation with oxygen content [128]. At low temperaturestbate planarCs symmetry),
but N3 is trigonal at 550C, which is interpreted in terms of motional averaging betwe
three symmetrically equivalent planar geometries.

One model for N3 is a nearest neighbous9; pair [8]. However, at least two other
models have been proposed: nitrogen neighbouring a direggdd21], and N neighbour-

ing substitutional titanium [11]. OK1 has been assigned?8, 129] to the atomic arrange-
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ment N—C—-Oi¢e. where substitutional N and substitutional O are separageddingle host
site), to substitutional nitrogen next to a lattice vacafidi], a N-vV—-O complex [9, 121]
or to substitutional N bordering a Ti-vacancy complex [11].

Previously it has been shown [130] that N-O pairs favour aestaneighbour config-
uration, being bound by 3.9 eV with respect to separatedtisutisnal centres. Nearest
neighbour N—-O pairs were also analysed by Lowther [131],iibtihat study the structure
seems to be axially symmetric and no analysis was providethéoassignment to the N3
EPR centre. It has also previously been found that the segeigthbour pair is around 3 eV
less stable than when the N and O impurities are adjacergilpppsasting doubt on the as-
signment of such a configuration to OK1. In this chapter tisalts of density functional
simulations are presented for the two N-O pair models for EBRres in diamond, and
their hyperfine tensors in comparison to the alternativggested in the literature for the

N3 and OK1 centres are critically assessed.

6.2 Methodology

All calculations were carried out as described in chaptefi2e charge-density was fitted
to plane-waves up to 300 Ha. C, O, N and Ti are treated usind fiRear-combinations of
s and p-orbitals of four widths. One (four) set(s) dfGaussians are included for C and O
(N and Ti) to accommodate polarisation. Generally 216-ateimple-cubic supercells of
side length 3, are used, except for the calculation of reorientation besrusing climbing
nudged elastic bands [59, 60], where cubic unit cells of &agth 2, are used due to
computational cost. Electrical levels are estimated bgutating the formation energies of
different charge states and determining the critical valugseoékectron chemical potential
[81].
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6.3 Computation results

The analysis of the models for the N3 EPR centre are first ptede followed in sec-
tion 6.3.2 by those for OK1.

6.3.1 The N3 EPR centre

N3 is anS = 1/2 EPR centre [8, 127, 132] commonly observed with other Ntaioimg
centres. It ha$Cs symmetry at room temperature af@j, at 550°C. A small nitrogen
hyperfine interaction suggests that the spin density idikeAmostly some distance from
the N atom, and in particular is much smaller than that 9f182]. An absence of any other
resolved hyperfine interactions points to other impuritre®lved, if any, possessing zero
nuclear spin. Thus, anNO; model has several points in its favour. First, the minuterat
abundance of’O, the only radio-stable isotope with a non-zero nucleam,sSpiconsistent
with the absence of resolved hyperfine interactions at ites Secondly, divalent oxygen
is consistent with a planar symmetry; and thirdly the lamatdf oxygen could motionally
average to axial at elevated temperatures [8].

The proposeds-symmetry structure is shown in Fig. 6.1(a). When the N and®© a
constrained to lie on a commdhl1l) axis Cs, Symmetry) the energy is 0.5 eV higher. This
is consistent with the low temperature symmetry and motiamaraging observed. It is
noted that the bond-lengths of tleenstrainedstructure are in good agreement with the
published data [131], suggesting that the analysis predentthat study may relate to this
high energy structure.

The electronic structure of the complex is a simple comimmaadf the constituent parts.
The band structure for the planar geometry shows an occly@ed close to the valence
band top, chiefly made up from the dne-pair, and a partially filled band around mid-gap,
mainly associated with the single carbon radical site. Tates deep in the gap render the
NsOs both an acceptor and donor; the/Q) and (Q+) levels are placed &, + 3.7 eV
andE, + 1.5 eV respectively. Critically, the acceptor level lies @de butabovethe donor

level of Ns, consistent with such a centre being in the paramagnetitralecharge state in
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Figure 6.1: Schematics of three structures proposed foNBBIEEPR centre in
diamond: (a) N-Os, (b) NV, and (c) N—Tis. Vertical and horizontal directions
are approximately [001] and [110] respectively. Impustae as labelled withf

indicating vacant sites.

material containing Ndonors.

The calculated hyperfine tensors are also in reasonableragrd with experimental
values (Table 6.1): the calculated value of Zibm (110) agrees with the experimental
value within the quoted error bars for the measured values Ayperfine interactions for

170 are also reported, although to-date there is no experahéeata with which to compare
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them.

The next question concerns the motional averaging at650 he barrier to reorienta-
tion of 0.45 eV was obtained, via a slightlyfexis route. Classical reorientation rates,
are governed by three key parameters: temperaiuragctivation energyt?, and attempt
frequencyyo, such that:

v = voexpE?/kgT).

At 550°C, the exponential term is210-3, so for reasonable valueswf[61] one would ex-
pect axial symmetry at this temperature, consistent wigeokation. At room temperature,
N3 has planar symmetry. However, the exponential term irrébeentation rate at 300 K
is 3x 1078, so based upon the Vineyard theory of attempt frequency,noigét still ex-
pect a trigonal symmetry, and so some doubt is raised ragathis assignment. However,
combining the energetics from previous studies [130] whih hyperfine and reorientation
data, it is concluded here that the calculations are broeaihgistent with the assignment
of N3 to an N—Os pair, subject to the uncertainty in the temperature at wimdtionally
averaged axial symmetry should occur.

Given the qualified agreement between the-® model and experiment, the alterna-
tive structures proposed for N3 must now be considered.eS\hhyperfine is observed, any
model must contain nitrogen. One model, as shown in Figb®, i€ a nitrogen—divacancy
complex (NV,) [121]. Here an electronic structure was found which muchiemammplex
than N-Os, with the five carbon-radicals combining to produce sevecaupied and un-
occupied bands in the lower half of the band-gap. By examginarious charge states, an
acceptor level is found &, + 1.8 eV, with (NV,)~ having a spin-triplet ground state, 0.4 eV
below the spin-singlet. The acceptor level in the lower bathe band-gap means that it is
likely to be negatively charged in material containing Nadcs.

A possibility remains that M, is in the—2 charge state, which is predicted to®e- 1/2
in line with the N3 centre, although the spin-quartet configjon lies just 0.1 eV higherin
energy. The second acceptor level is predicted to lie ar&yrd.4 eV, so in N containing
material this charge state is plausible. Although &{X~ may have the correctfiective

spin for N3, a decisive objection to this model is that therea obvious mechanism for the
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Table 6.1: Hyperfine tensors fétN, 'O and*’Ti based upon the models for the
N3 centre depicted in Fig. 6.1. In each case the magnitudezj\dkecedes the
spherical-polar anglesandg in parentheses, whe#ds relative to [001], ana is
measured from [100] toward [010] in the-plane.¢’ is the magnitude of the angle
A makes with{110) within the mirror plane. Experimental values are taken from
Ref. [8]. (s) and (d) indicate the values for static and dyitaity reorientating

geometries respectively, as described in the text.

Site Ay Ay Ag 4
NsOs, Fig. 6.1(a)

N(s) 50 (11745 35 (90,135) 3.6 (153,225) °27

O(s) -233.2 (127,225) -185.9 (143,45) -185.2 (90,315)

N (d) 5.0 (125,45) 3.5 (90,135) 3.5 (3545) °35

O(d) -190.6 (12545) -207.8 (90,135) -207.8 (35,45)
(NV,)°, S = 1/2, Fig. 6.1(b)

N -1.0 (67,45) -1.4 (92,315) -1.5 (157,45) °23
(NV,)', S = 1 Fig. 6.1(b)
N 00 (90315) 01 (3145 0.8 (12145) <31
(NV,)?, S = 1/2 Fig. 6.1(b)
N 38 (90315) 41 (1045) 51 (10045) 10
(NV,)?, S = 3/2, Fig. 6.1(b)
N 05 (90,135)  -0.5 (145226) 0.3 (12545) °35
Ti—Ns, S = 1/2 Fig. 6.1(c)
N(s) 1342 (4945) 812 (41,225)  80.9 (90,315) °41
Ti () -4.9 (59,45) -0.6 (31,225) 2.9 (90,135)
N (d) 84.0 (125,45) 106.3 (35,45) 106.3 (90,135) °35
Ti (d) 1.3 (55,225) -0.7 (35,45) -0.7 (90,135)
N3 (Experimental data)
N(G) 428 312 312 26: 3°
N (d) 4.4 3.8 3.8 352
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conversion from planar to axial symmetry at 580

Nevertheless, given the structural similarity betwees thbdel for N3 and a later one
for OK1, the calculated hyperfine tensors fovi\complex are presented in Table 6.1. They
are in very poor agreement with N3, and exclude it as a vialdéehon both symmetry and
hyperfine tensor grounds.

Finally, a recent proposal is that N3 is a nearest neighbobstgutional Ti (Tk) and
Ns pair [11, 12], as shown schematically in Fig. 6.1(c). Thelewce for the presence of
Ti comes mainly from x-ray phase analysis which shows thatdinds exhibiting N3 are
correlated with the presence of Ti(Q1, 12]. In order for the T&Ns model to proceed,
it is first necessary for the ground state structure to hasagyl symmetry, which is what
is found here; the relaxed structure is three-fold co-catéd N neighbouring on-site Ti
The reorientation, which would lead to axial symmetry affisiently high temperatures,
is found to be activated by 0.9 eV, broadly consistent with planar symmetry at room
temperature, and the axial symmetry at 860of N3. However, the calculated hyperfine
tensors (Table 6.1), reflect the localisation of the spinsitg close to the N-site and mag-
nitudes closer to P1 than N3. The agreement between thé&ldimnodel and experimental
values is very poor.

In summary, of the models proposed in the literature for tBEHRR centre, only N-Os
is consistent with experiment, and even in this case theamtation barrier may be viewed
as being rather low for a convincing assignment. Regrsttabldefinitive model is not

possible with the currently available experimental data.

6.3.2 The OK1 EPR centre

OK1 is commonly seen along with N3 [8], and there are at least proposed models.
One closely resembles theMDs model for N3, but where the N and O are separated by a
host site (N-C—Q.). Severametastablestructures are found here, based upon the relative
positions of dilated N—C and O—C bonds, of which one strecpuoposed [9, 126, 129] for
OK1 is shown in Fig. 6.2(b). This has the required planar sytnmand as the N atom is

on-site it can be viewed as being ionised JNThe oxygen is in a divalent co-ordination
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Figure 6.2: Schematic of NC—Q, complexes. Vertical and horizontal directions
are approximately [001] and [110] respectively. In eactedhg impurity on the
left is N and that on the right is O. The inter-nuclear int¢i@ts best described as

broken bonds are shown as transparent sticks, and covaledslas solid sticks.
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with two carbon neighbours, leaving two carbon sites unaatd.

However, structure (b) is not the lowest in energy, albeilbgmall margin. Structure
(a) is a diferent orientation chemically equivalent to structure (bjl & more stable by
around 70meV. A third analogous structure, shown in Fig(dj,2s 0.55eV higher in
energy than the ground state. In principle another planafigoration with oxygen bonded
to C-atoms in the plane containing the two impurities cousw &e formed. However, it is
found that under these bonding conditions the substitatiNns in the neutral charge state,
generating a dilated N—C bond, as shown in Figs. 6.2(c) apdéng 0.28 and 0.70eV
higher in energy respectively than the ground state stractu

As with the nearest-neighbour pairing, the N-C-O complefoisid to be both a donor
and acceptor with levels located &f + 1.7 eV andE, + 3.8 eV respectively, so the most
probable charge state in N-containing diamond is neutral.

The hyperfine parameters and relative energies for the Ngd@tural configurations
are listed in Table 6.2, but none of the static structuresgead fit to the observedN
hyperfine interactions for OK1.

No motional averaging has been Experimentally observed @ keast 600C [9], so
another criterion that a model for OK1 must satisfy is thattiomal averaging must not
change the symmetry from planar up to such temperatures.

For the N-C-O structure, the reorientation found betweénata the symmetrically
equivalent structure obtained by reflection in th&_z(I)LpIane is activated by just 0.4 eV, as
is the reorientation between structures (a) and (b). Algfmoaveraging between these three
geometries would result in a planar defect consistent wkii Qhe simulated hyperfine in-
teractions averaged over (a) and (b) are not in agreemeniQKil (see Table 6.2). Indeed,
to obtain a'*N hyperfine of sfficient magnitude it is necessary to mix in configurations
such as (c), where the N site iffectively in the neutral charge state (Table 6.2, average
over (a)—(c)). Including such structures is contrary tartredative total energies, and there-
fore it is concluded unlikely that a motional averaging ofitenergy N-C-O structures is
responsible for OK1.

Based upori*C hyperfine data, Hilet al.[10] offered a revised structure for OK1 with

CHAPTER 6. NITROGEN-OXYGEN PAIRS



6.3. COMPUTATION RESULTS 104

Table 6.2: Calculated relative energi€Z®(, eV) of N hyperfine tensors (MHz)
for structures in Fig. 6.2. In each cageand¢ are given as indicated in Table 6.1,
¢’ indicates the directions oA, with (110) for axially symmetric tensors. Ex-
perimental parameters fofN in OK1 are taken from ref. [9]. Where a range of
structures is indicated, the corresponding hyperfine tsnspresent an average
over these geometries. For averages involving (a), bothHdime shown and its

symmetric equivalent reflected in thel() plane are included.

Ere A A A o
(@) 0.00 -1.2 (86,21) 1.6 (84,111)  -1.7 (173,79) -
(b) 0.07 -2.0 (121,225) -25 (90,315) -2.6 (149,45) -
() 0.28 -89.8 (126,225) -63.1 (90,315) -62.9 (144,45) ° 36
(d) 055 8.6 (116,184) 8.3 (85,96) 08.1 (153,16) -
() 0.70 76.7 (123,45) 458 (90,315) 457 (33,45) ° 33

) 0.70 86.9 (122,45) 56.4 (104,305) 56.1 (36,15) °32
Motional averages

@-@ 13 (94,225) -15 (90135) 17 (4,225 -

(a)-(b) -1.5 (75,45) 1.9 (90,135)  -2.0 (165,45) -

(@)—(c) -23.6 (127,225) -17.2 (90,135) -17.2 (127,225)° 37

Experiment 21.66 15.48 15.19 25

the under-co-ordinated oxygen atoms out of the mirror plloag the lines of Fig. 6.2(e).
The calculatedA-tensors for these sites are listed in Table 6.3. Again, nglsistructure
yields quantitative agreement with the observed valueskif.CAveraging the low-energy
structures, (a) and (b), yields superficial agreement, ingeshe corresponding values for
1N are very poor, it is concluded that the balance of evidesahat the N-C-O model
for OK1 is probably incorrect. Nevertheless, noting that %fO hyperfine interactions in

N-C-O complexes are rather large, tAdensors for the structures in Fig. 6.2 are listed in
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Table 6.3: Calculated hyperfine tensors'# in N-C-O complexes as shown in

Fig. 6.2 (MHz).0 and¢ are given as indicated in Table 64L,ndicates the direc-

tions of A, with [001] for axially symmetric tensors. Experimentalwas are from

Ref. [10].
Site A A As
(a) o} 65.1 (127,43) 34.4 (103,304) 34.1 (40,18)
(a) G 383.7 (125,314) 167.4 (94,46) 167.4 (35,322)
(b) C 60.7 (127,45) 31.7 (37,45) 31.5 (90,315)
(b) C 386.1 (126,225) 168.1 (144,45) 168.1 (90,135)
(©) C -362.8 (137,225) -189.4 (90,135) -182.0 (47,225)
(©) C 383.1 (126,136) 171.0 (143,305) 170.2 (85,222)
(e) C 8.1 (117,113) 5.2 (97,20) 4.9 (153,276)
(e) G 399.8 (125,45) 183.9 (90,315) 183.7 (35,45)
(@)-@ G 193.5 (125,314) 83.7 (37,334) 83.4 (100,50)
(@)-(b) G 128.6 (125,314) 56.4 (38,342) 55.1 (104,53)
(@-c) G 192.3 (125,314) 85.1 (38,338) 84.0 (102,52)
Experiment
______ Ref.[10] 127 (120,141) 74 (139,306) 74 (97.45)
Ref. [11] 122.87 - 73.37 - 73.37 -

Table 6.4 in order to allow future comparison with experinatlata, should’O enriched
doping be achieved.

Alternative models for OK1 must now be considered. One suatighis the nitrogen—
vacancy [127]. However this model can be easily discountethe simple grounds that
this structure is identified with other experimental spgcés pointed out previously [11].

The next OK1-model to be examined is made up of a Ti-vacantytex decorated by
a nitrogen atom [11], as shown schematically in Fig. 6.3@)e advantage of this model

is the rather simple way in which the structure agrees withdhserved symmetry, since
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Table 6.4: CalculatedO hyperfine tensors (MHz) for structures in Fig. 6.2, as
specified in Table 6.2.

A Ao As
(@) -139.7 (130,326) -90.7 (73,251) -87.0 (45,359)
(b) -137.7 (114,225) -87.3 (156,45) -83.6 (90,315)
(c) -295.0 (90,135) -274.1 (178,210) -239.1 (92,45)
(d) 9.0 (45,87) 44.6 (90,177)  54.3 (45,267)
(€) 4.9 (34,225) 0.2 (56,45) 0.9 (86,315)
(f) 3.3 (122,127) 46.0 (135359) 81.9 (61,57)

(a-(a) -91.0 (74,45) -112.3 (17,225) -119.4 (92,315)
(@)-(b) -102.7 (50,225) -107.5 (84,135) -107.8 (41,45)
(a)-(c) -154.4 (89,135) -148.3 (168,225) -138.0 (102,45)

the N atom is locked in a substitutional location and anyiesdation of the defect cannot
easily be allowed.

However, the calculated hyperfine interactions for thidieeare in very poor agreement
with the observations (Table 6.5) for all three chemicalcgg® The reason for the small
interaction on the N site, and the relatively large magretad the Ti, is rather simple. The
unpaired electron density is mostly distributed over thard its five carbon neighbours.
The trivalent nitrogen atom is fully bonded, and the onlyrsewf spin density at this site
is due to polarisation of the valence states by the nearbgitegelectron, as seen in the
1N hyperfine tensors in theW§ centre (see Table 6.1).

Based upon the calculated hyperfine values, it is concluldadthe Ti-v—N model is
probably not correct for OK1. Perhaps more problematic tthenhyperfine tensors is a
predicted acceptor level &, + 1.6 eV, which means that TV-N would be expected to be
in the EPR inactive (TW-N)~, S = 0 state in material containing N-donors.

If the assignment to Ti is correct, then there are many otbafigurations containing

both Ti and N that would be consistent with OK1, at least atékel of structural symme-
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Figure 6.3: Schematics of models proposed for OK1: (a) tlkeVHNs and (b)
NsV—Os complex. Vertical and horizontal directions are approxeha/001] and
[110] respectively.

try. The structure and hyperfine interactions for Ti, C andNis-C-Ng (second-neighbour
substitutional pair) and complexes made up from inteadtifi in the vicinity of substitu-
tional N have all been analysed. However, in all the striaswxamined, the spin density
generates hyperfine interactions at the Ti site that areitggin h

The final model [9] studied here is an\WO complex. The ground state structure found
is shown in Fig. 6.3(b). The oxygen and nitrogen both adogettiold co-ordinated sites,
suggesting that the oxygen is ionised. Indeed, this is thetsire found for the simple
oxygen-vacancy complex [124]. Therefore the carsphdangling bonds are occupied by
three electrons.

As was the case for the M-N complex, this leads to a small hyperfine interaction at the
N-site in comparison with OK1, as listed in Table 6.5. Thegilntity of a charged VO
complex was also examined. The carbon radical sites rem@ecamplex both a donor
and acceptor, with the calculated donor and acceptor letd&s+ 1.1 eV andE, + 2.4 eV
respectively. In material containing nitrogen donorssilikely that NV/-O would occur in

the negative charge state, and therefore it would not besicdinrect spin-state for OK1.
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Table 6.5: Hyperfine tensors for the VHN and N\VO complexes (MHz)# and
¢ are as indicated in Table 6.%, is the angleA; makes with(110) within the
mirror plane for axially symmetric tensors. Experimentalues are taken from
Refs. [8,11,12]

Site Ay A, Az o
Ti-V-N, Fig. 6.3(a)

N 04 (150225) -0.2 (90,135) 02 (12045 °60

Ti 26.8  (116,225) 10.1 (90,315) 9.5  (26,225) -

C 46.7  (119,316) 17.0 (124,204) 16.7 (132,77) <119

C, 64.5  (120,317) 24.3 (150,127) 24.1 (86,44) 120

Cs 25.9 (128,45) 8.9 (90,315) 7.9 (142,225) 128

(NVO)°, S = 1/2, Fig. 6.3(b)

N 26 (128225) -23 (90315) -19 (14245 °38

C: 320.6 (123,315) 192.4 (85,42) 192.1 (34,305) <123

O 454  (139,225) 48.4 (90,135) 49.3 (131,45) -
(NVO), S =1

N 251 (51,225) 160 (90,135) 160 (39.45) °39

C: 218.6 (125,315) 106.5 (35,311) 106.1 (88,44) °125

O -11.2  (42,45) -7.8  (90,135) -7.6  (132,45) °48
(NVO):-,S =1

N 16 (5000) -15 (120298) -13 (12552) -

C, 168.6  (124,315) 100.4 (34,304) 100.6 (85,41) 124

@) -100.0 (129,306) -66.1 (115,194) -65.0 (49,260) -

Experiment

N 2186 - 1548 - 1519 - 25

C  Ref.[10] 127 (129,141) 74  (139,306) 74  (97,45)

C Ref [11] 122.87 - 73.37 - 73.37 -

Ti A=1.55 -
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In the negative charge state the oxygen atom becomes twaz@mrdinated, and an
additional carbon radical is formed. The spin-triplet cgaofation is more stable than the
spin-singlet by around 0.4 eV, but the magnitude of the hypeon the N atom is very
small, at variance with the OK1 centre. In the positive chastate a spin-triplet configu-
ration is around 0.3 eV higher in energy than the spin singpeifiguration, and although
there is superficial agreement with experiment (see Taldlg ée location of the donor
level close to the valence band makes this charge and spiigaation unlikely.

It is therefore concluded that none of the current model©idd. is a strong candidate.

6.4 Conclusions

The results of density functional simulations of candidgttectures for the N3 and OK1
EPR centres in diamond have been presented.

Of the configurations investigated, the most suitable ahatdistructure for N3 is N
O.. The spin density is mostly associated with a carbon siedively distant from the N
atom, consistent with the small hyperfine interactionsudated and observed. Additional
support for the model comes from the motional averaging filo@planar to axial symmetry
activated by 0.45 eV, which is broadly consistent with arabkiyperfine interaction mea-
sured at 550C. The lack of any direct observation of oxygen remains aiggmt problem,
and a definitive assignment cannot be made at this time. Hawiae calculations allow a
more definitive rejection of other models such as-Ns.

For OK1,noneof the proposed models yield hyperfine tensors in agreemigmewper-
imental values. For N-C-Q,, although a contrived combination of structural configionas
can yield a passing resemblance to experiment, this steitB eV higher in energy than
the nearest-neighbour pair, and the evidence for the pcesaioxygen is very weak. The
Ti-V-N and NV-O complexes are similarly poor fits with experiment, andase rejected
these as candidates for OK1. Itis concluded that a plausibtiel for the OK1 EPR centre
in diamond remains to be found.

Finally, none of the calculateO hyperfine interactions are in close agreement with

CHAPTER 6. NITROGEN-OXYGEN PAIRS



6.4. CONCLUSIONS 110

the only known values from experiment, taken from the neimdyropic KUL12 EPR cen-
tre [122]. Indeed, of the centres analysed for this studyctbsest in magnitude to KUL12
is the model structure for OK1, shown in Fig. 6.2(c), whiclesmot have the correct axial
symmetry. Since KUL12 is seen in ostensibly nitrogen-freeenbnd which has been irra-
diated and annealed, it seems likely that KUL12 is a simpfeadgpossibly involving one

or more native defects, which are the topic of a future study.
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7

Calculated Hyperfine Interaction
Parameters for P-Containing Point Defects

In Diamond

7.1 Introduction

As described in chapter 1, A challenge in th#o& to produce diamond for electronics
lies in overcoming the dliculty in production of low resistivity n-type material. at
gen undergoes a significant chemical structural relaxagadering it a very deep donor at
aroundk. — 1.7 eV [16], whereas phosphorus undergoes a more modest ddllendistor-
tion. However, with a donor level at aroutity — 0.6 eV [17], P also has a low ionisation

fraction at room temperature.
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Electron paramagnetic resonance (EPR) is a powerful exigatial tool in the identifi-
cation of the microscopic structure for systems with urghielectrons. Since phosphorus
naturally occurs with 100% abundance with a nuclear spih ef1/2, hyperfine interac-
tions between unpaired electrons and P-nucleii provideextiprobe to the local symmetry
and localisation of spin density at the P site. Several ERRe® involving P have been
reported, including an assignment to substitutional P f138]. At temperatures below
around 30K, EPR data suggest thathRsD,q symmetry [135, 136], corresponding to a
Jahn-Teller distortion found from first-principles modietj [13, 137].

The evidence focomplexesnvolving phosphorus is much less clear. The assignment
[14] of an EPR centre to a complex of P with N is based upon anii#s to the N1 EPR
centre for which there is convincing evidence that the stmécis a second-neighbour pair
of nitrogen atoms [3-5, 117]. Another complex likely to benfied in consists of a P-
vacancy pair (P¥). Theory predicts [124, 138] that F—adopts the split semi-vacancy
structure with the P atom lying at the centre of a di-vacandye acceptor level of R~
lies below the donor level of §2 so one would expect them to be in the EPR-inactive,
negative charge state. This might explain the current atesehany evidence from EPR for
these complexes, which is in contrast to experimental e@asen split-vacancy complexes
involving sulphur [139] and silicon [63, 84,124, 140].

B impurity partners are also likely to produce EPR inactieenplexes. However, P
complexing with itself, forming nearest or next-nearesghbour pairs might be a candi-
date since theoretically such centres are energeticaliypthoand have donor levels above
the acceptor levels of R~complexes [79, 130].

This chapter presents the calculated properties of P-tongecentres in diamond, plac-
ing particular focus upon the hyperfine interactions attBssand, where possible, compare

the calculated values with experimental observation.
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7.2 Methodology

All calculations were carried out as described in chapter®.0O, N and P are treated
using fixed linear-combinations & and p-orbitals of four widths. One (four) set(s) of
d-Gaussians are included for C and O (N and P) to accommodéiagation. Generally
216-atom, simple-cubic supercells of side leng#y &re used, except for the calculation
of reorientation barriers. Electrical levels are estinddbg calculating the formation ener-
gies of diferent charge states and determining the critical valuekegtectron chemical

potential [81].

7.3 Substitutional P

Although experimentally Bis assigned to the tetragonal NIMS-1 centre at low tempegatu
(10s of K) [135], theoretically it is metastable under sevéypes of Jahn-Teller distortion
[13,137].

For the on-site, tetrahedral defect there is a single eaadtr a triply degenerate)
state, predominantly localised on the P atom and its imnedieighbours. A distortion to
trigonal (Cs,) or tetragonal D,4) splits the triplet intaa; ande, andb, anderespectively. In
a previous study [13] using methods similar to those empuldere, three distinct structures
were identified in the largest supercells examineds(dC The lowest energy tetragonal
form found previously is shown schematically in Fig. 7.1twihe wave function of the
unpaired electron. The total energie<®§, D,q andCs, structures were found to lie within
2meV of each other and around 20 meV lower than the on-sitorer

Geometrically, the distortions are extremely subtle, viith C—P bonds being the same
length in theD,q and T4 forms, and second-neighbour distanceeding by just 0.02A. The
simulated hyperfine tensors forffilirent symmetries are listed in Table 7.1. Starting with
a comparison of the higher temperature, isotropic hypeifiteractions. Comparison of
the on-site values with the room-temperature assignmaeart teotropic centre [133,134] is
tolerable, and calculating the motional average of theetlorgentations of th®,4(2) struc-

ture yields an isotropic interaction only very slightly gter, at 101 MHz. The magnitudes
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Figure 7.1: Kohn-Sham iso-surface for the highest occupréedal of theD,4(2),

Jahn-Teller distorted configuration of substitutional Rliamond.

for the low energy tetragonal structures are in reasonalieeanent with the low tempera-
ture hyperfine interactions, and in particular, the lowesrgg D,y(2) structure yields much
better agreement than the alternativg(1) symmetry.

It seems therefore plausible based upon the accumulatadradtiding structural dis-
tortions and hyperfine interactions that the NIMS-1 EPR reerst the phosphorus donor,
undergoing a Jahn-Teller distortion at low temperaturédngarticulaD,y structure iden-
tified previously from density functional simulations [13]

Finally, neighbouring®C are also expected to yield information to specify the stmec
of the phosphorus donor in EPR. For the experimentally eglewn-site and,4 structures,
the nearest carbon neighbours are equivalent and yield=ippately isotropic hyperfine

interactions between 40 and 44 MHz.
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Table 7.1: Hyperfine tensor magnitudes (MHz) and directiorspherical polar
angles for*'P in substitutional P in diamond forfeigrent distortions. Symmetries

follow the labelling in Ref. [13].

Calculation Experiment
Symmetry A A, Symmetry A A,
Cav 246 057 Isotropic [133] 119 119
Dag(1) 57 115 Isotropic [134] 114 114
D2g(2) 198 53 Dag [135] 241 48
T4 99 99 Daq [136] 246 51

7.4 Phosphorus—nitrogen pairs

Experimentally, the only other assignment is the monociinS = 1/2 NIRIM-8 centre
to a charged P—N complex [14]<MNs pairs at nearest and second nearest neighbour sites
have simulated. The neutral charge state is EPR inactivajrig P.—Ng, donor-acceptor
pairs, and both structures distort as shown schematicallyig. 7.2, consistent with the
predicted [116] structure if N (Possible structures with the C—N dilation irftdrent di-
rections have been examined, and those shown are the laweséigy by around 0.2eV.)
The donor level for the nearest and the next-nearest neighd®rs are estimated at 0.3 eV
and 0.5eV lower than Ni.e. E. — 2.0eV andE; — 2.2eV. In the overall positive charge
state, the phosphorus donor is ionised and most of the spisHy is associated with the
C-neighbour of neutral substitutional N. The calculategdrfine tensors are listed in Ta-
ble 7.2. The agreement with NIRIM-8 is poor, but consisteith\the calculated localisa-
tion of the unpaired electron in the vicinity of the carbodical site. Indeed, the hyperfine

interactions for these centres are very similar to the PR-Eéhtre arising from isolated2N
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Figure 7.2: Schematics of phosphorus-nitrogen complexesamond: (a) (P—
N)* and (b) (P-C-N). In both cases the structures may be viewedas\®pairs,
leading to the approximate axial symmetry for the dilatedCNsend. Horizontal

and vertical directions are [110] and [001] respectively.

Table 7.2: Calculated isotropi@\{) and anisotropicA,) hyperfine interactions
(MHz) of 3P, the under-co-ordinateédC and**N in (P-N)" and (P-C-Nj com-
plexes in diamond. These should be compared with the expatah[14] values

for the monoclinic-I NIRIM-8 EPR centre, withs = 98 MHz, andA, = 85 MHz.

(P-N) (P-C-Ny
As Ap A A As Ap A A
p 4 2 - - 39 4 - -

13C 230 74 378 156 235 54 343 181
YN 75 9 94 66 98 18 134 80

7.5 Phosphorus—boron pairs

P—B pairs have also been examined. In contrast to P—N, tloes®-ehcceptor complexes

haveno gap statesnd it is dificult to see how P-B pairs would be thermally ionised to
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Figure 7.3: Schematics of phosphorus-boron complexesi{a)idnised (P-B)
and (b) The ionised (P-C-B)

form an EPR active centre. However, in principle is shouldobssible to generate non-
equilibrium EPR active structures made up from+-B2 or P°-B;, perhaps under optical
excitation.

Perhaps surprisingly, it is found that P—B pairs are morelstat second neighbour sites
than nearest neighbours. The energyaitence between nearest and next-nearest neighbour
configurations is just 0.15eV, and in contrast to what willshewn for phosphorus—pairs
in section 7.8, there is no evidence in the calculations foratl bonding interaction in
the lower energy, second neighbour form. The marginal tgbf P-C-B over P-B is only
weakly dependent upon charge state, with both positive agdtive charge states favouring
second neighbour pairs by 0.19eV and 0.31 eV, respectively.

The hyperfine interaction in the thermodynamically metalstaharge states are listed
in Table 7.3. For the nearest neighbour pair in the overaltp@ charge state, the electron
spin is distributed over both impurity sites, whereas inritgt-neighbour configuration the
spin is more associated with the boron site, as one mightoexpeP;—BY.

For the overall negative charge state the system resemblestiPin terms of the mag-

nitude and directions of the hyperfine interactions at thesphorus-site.
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Table 7.3: Calculated hyperfine interactions f#P-'B complexes in diamond
(MHz). For axially symmetric (P-B)centres,A; lies along [111]. For (P-C-
B)? complexes in diamond both magnitude and direct@@) are in terms of the
inclination, 8, with respect to [001] and azimuthal angde,measured from [100]

towards [010] (degrees).

(P-BY (P-C-BY
q A A, As Az Aq
3p 41 58 21 13 (45,50) 1 (31590) O (45,140)
sp _1 25 58 171 (45,90) 39 (0,0) 30 (135,90)
ug 11 -68 -73  -117 (225,34) -115 (135,90) -110 (45,57)
U 1 41 40 0 (45,93) 0 (13590) -1 (45,3)

7.6 Phosphorus—oxygen pairs

The structure of P-O pairs have also been examined. As watR+B pairs, the neutral and
negatively charged P-O complexes favour a second-neiglsbrogture with low symmetry,
as shown schematically in Fig. 7.4(b). In the neutral chatgée, the nearest neighbour
form shown in Fig. 7.4(a) is favoured. Since there is likeybe an appreciable barrier to
conversion between first and second neighbour structimesalculated donor and acceptor
levels are required for both types of defect. The donor amégtor levels are calculated
to be at 2.8 eV and 3.7 eV from the valence band top in the neaegghbour pairing, and
at 1.9eV and 3.7 eV in the second-neighbour case. Therefd®econtaining material, the
most probable charge state is negative, and as such is EEfR@a

In the neutral charge state, the complexes may be considered P—O-, and one
would then expect most of the spin density to reside in theiicof the oxygen site. As
shown in Fig. 7.4, substitutional oxygen has neighbourindes-coordinated carbon sites,
and itis here that the electrical activity originates. Thé&ualated hyperfine interactions are
listed in Table 7.4.
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Figure 7.4: Schematics of phosphorus-oxygen complexesamahd: (a) P-O

and (b) P-C-0. In both cases the structures may be vieweg-&% Pairs in the
overall neutral charge state. Horizontal and verticalations are [110] and [001]

respectively.

Table 7.4: Calculated isotropi@\{) and anisotropicA,) hyperfine interactions
(MHz) of *'P, the under-co-ordinatedC and*’O in (P-OY and (P-C-OY com-

plexes in diamond.

(P-Oy (P-C-Of
As A, As A,
P 1770 109 -7 1
3C 223 45 29 5
0 62 20  -150 16

7.7 Phosphorus—vacancy complexes

Theoretically P can be readily incorporated into diamoné @smplex with a lattice va-

cancy [124,138], where P lies between two semi-vacancieg.i$predicted to be a deep
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acceptor, and thus a strong candidate for phosphorusdeks#lf-compensation. In the
negative charge state ¥Y-complexes are EPR inactive. However, under illuminatian th
complex might be photo-ionised to produce the EPR-actieetral charge state, and in
anticipation of such an experiment the hyperfine tensors Ihaen calculated for thiDzy
symmetry structure.

Since the centre has axial symmetry, there are two independties, which are found
to be-119 MHz for the axial component, ard.26 MHz for the two perpendicular compo-
nents, with the direction depicted in Fig. 7.5. The axial poment on the P atom is directed
at 35 from [110].

Thus, it is predicted here that tietensor for3!P in a neutral P¥ complex is nearly
completely isotropic. The six neighbouring carbon sites faund to have almost axial

A-tensors withA; = 56 MHz andA, = 26 MHz, the axes being around fBom [111].

Figure 7.5: Schematic showing the\Pstructure and the directions of the three

components of the hyperfine interactions at P and a neigiigpGrsite.
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7.8 Phosphorus pair

Previously it has been shown that P-impurities may be ssabiby the formation of second-
nearest-neighbour pairs [79]. The stabilisation may bevgdeas arising from the formation
of an additional bonding combination of electrons in a fifdvalent bond between the P-
atoms in addition to those with the four neighbouring carbtems. In heavily P-doped
material, P-pairs may form, since the binding energy isrtegliate between that of N-
and B-pairs [141], for which the binding is eitherfBaient or insdficient to overcome the
entropic and other temperature dependent terms in thesfieegy, respectively.

The stabilisation of the centre and the formation of a bortd/éen the P-atoms moves
the donor level of the pair deep into the band-gap. In therakaharge state the complex
would be EPR inactive, but in the presence of deep acceptoreample, those associated
with carbon dangling bonds in vacancy-related centre®),pirs would be expected to
become positively charged. Additionally, such deep carteaa be photo-ionised to produce
EPR-active states, such as is the case in N-pairs and the @iz §71-73].

In the positive charge state the formation of a P—P interacis weakened and the
spin density is distributed over the P-atoms and their can@ghbours. The calculated

hyperfine interactions are listed in Table 7.5.

Table 7.5: Hyperfine interactions (MHz) & and'3C for the sites indicated in
Fig. 7.6. The directions in parentheses are indicated ir$gdd-polar co-ordinates

with # measured from [001] angl from [100] towards [010].

Ay Az As
3P 12 (90,315) 14 (30,225) 159 (120,225)
13C, 107 (90,45) 109 (90,315) 141 (180,00)
13C, 68 (90,315) 68 (33,45) 86 (123,45)
13C, 25 (38,346) 27 (118,33) 35 (114,290)
8C, -1 (90,45) -1 (9,135) 4 (81,315)
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Figure 7.6: Schematic showing the P-N-P structure and tleetitbns of the three

components of the hyperfine interactions at P and a neigitzpQrsites.

7.9 Conclusions

Calculated hyperfine interactions for substitutional Phwit,y and T4 symmetries yield
reasonable quantitative agreement with experimentakgaland allow for increased confi-
dence in the sense of the Jahn-Teller distortion at thedesseiP—N and P—C—N complexes
are predicted to have very deep donor levels, and this rgisestions as to whether or not
one would expect the EPR active positive charge state todsept in n-type diamond. The
assignment of the NIRIM-8 centre to the P-C—N complex is tfotlgiven the localisa-
tion of the unpaired electron and the small hyperfine intigwas predicted for this centre.
The lack of a thermodynamically stable, EPR active chargte $or P-B complexes means
that these will be diicult to detect even if present in the material. Finally, tlypdrfine
interactions for P in P complexes have been calculated, and it is found that therfiype
interactions will be dominated by the isotropic contriloumtj similar to the S¥ complex

assigned to the W31 EPR centre [139].

CHAPTER 7. PHOSPHORUS



Part |l

Conclusions

123



CHAPTER

38

Summary

8.1 Summary

In this thesis the results was carried out using ab initio eloty code to determine some
of important properties of diamond such as hyperfine intevac stability, electrical and
electronic structure. Conclusion has been drawn at the tedah application’s chapter. In
this chapter the important areas are reviewed.

Density functional simulations of nitrogen pairs in dianddrave largely confirmed the
atomistic models proposed for N-pair defects in diamondhwio qualifications. (i) for
N1, itis proposed a re-assignment of the hyperfine-intavastfor near-by3C and the cor-
responding numbers of equivalent sites. (ii) for N4, in orderender the N-atoms equiva-
lent a rapid reorientation between two structures must eked, so that the low tempera-

ture EPR spectra are the result of a thermal, or quantumetling average of two systems
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where the N-atoms are nonequivalent. Values are prediciethé hyperfine-interactions

at the carbon sites where the majority of the spin-densityaated. Indeed, it is somewhat
surprising that N1, W7, N4, M2 and M3 this radical site haslen seen, yet in the case
of N1 many other carbon sites have.

The hyperfine-tensors for complexes of muonium with A- anceBtres mean that these
centres are most probably not responsible forkMHowever, there are a number of ways
that the calculation must be viewed. First is that the calooihs relate to a static structure,
whereas the experiment involves the motion of the constituéndeed, it has been suggests
that some of the error in the estimate of the hyperfine-tengwranomalous muonium in
pure diamond arise from the zero-point motion of the verjptligiuon along the axis of the
C-C bond [106-108]. It is might asked the question as to iiomad efects for either of the
complexes can result in agreement with thedMarameters. It seems unlikely since even
in the case of My the dfect of including motional averaging is a perturbation, vaaerfor
either of the two N-containing complexes with muonium, tbetiopic term must increase
by two orders of magnitude to match the measured values gf Mu

A second possibility, given the large uncertainty in theexkpental parameters, is that
uSR is resolving the muonium annihilation events in a regiohdirectly within the N-
aggregates, but in an approximately tetrahedral cage inntingediate vicinity of them.
However, the perturbation to the hyperfine-tensors of léen in the T-sites adjacent to the
A- and B-centres is very small, and the binding energieseselthemically unreacted sites
are also very small, so this interpretation seems unlikellge correct. A final possibility
that it will be discussed is that muonium is tunnelling rdpidetween sites around the
N-aggregates. Indeed, sucfiezts are thought to be present in the case of muonium in
Zn-doped GaAs [115], but if this were the case in N-contgjrdramond, it is not obvious
why the resulting hyperfine-tensor would be non-axial gitrehigh symmetry of the two
nitrogen aggregates involved.

There remains the possibility that the Mcentre is not associated with the N-aggregates
directly. In fact there are two good candidates for sites @tarial containing aggregated N.

In such diamond there is evidence for nano-cavities andaplself-interstitial aggregates,
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both of which have open regions to trap the mobile muoniuiet, Would result in isotropic
components to the hyperfine-interaction, consistent viighmeasured values for MuOf
these, perhaps the more favourable option would be thargelfstitial precipitate, as this
has a reasonably regular structure that would yield a neal-gensor. both of which have
favourable properties but also are imperfect fits to the erpental data.

Of the first row elements, it is perhaps most surprising tle#tively little evidence
exists for the presence of oxygen in the form of distributeshpdefects. The paramagnetic
centres labelled N3 and OK1 have been assigned to structhaes up from two structural
arrangements of pairs of substitutional nitrogen and orybat there is no direct evidence
for the involvement of the oxygen. The most plausible caagidtructure for N3 is N
Os. The small hyperfine interactions calculated consistett wibserved. This show that
the spin density is mostly associated with a carbon site. cWhkbuld be interpreted as
the unpaired electron is further away than the nearest beigh The proposed model
nitrogen with di-vacancy for N3 centre is contrast with nootl average that observed at
temperature more than 55G0. The relatively accurate result for N-O nearest neighbour
is agreed with the experimental where with barrier aboub0e¥ there is possibility to
get motional average at temperature less than’650However, the calculations allow a
more definitive rejection of other models such as-Ns. For OK1, the N-C-Q,, Ti-V-N
and N-V-O complexes are similarly poor fits with experiment, and iliso rejected these
as candidates for OK1. It is concluded that a plausible mfmdehe OK1 EPR centre in
diamond remains to be found.

Substitutional P withCs, gives quite a good fit compared to the experimental values
favouring the lower energy in 3 model for the Jahn-Teller system. The EPR centre called
NIRIM-8 is believed to be substitutional nitrogen at thetmeighbour to P, as it resembles
the N1 centre which is neutral nitrogen next to anri¢ighbour. P—N and P—C—N with very
deep donor levels have a small chance to be positively cidegel hence EPR active), and
combined with the hyperfine tensor values it cannot be coefirthat NIRIM-8 centre is
one of them. The same situation is found for P—-B, P—C-B witbamor levels in the band

gap. PV, however, with deep acceptor level, is expected to occUERIR inactive negative
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charge state. However, under illumination the complex migghphoto-ionised to produce
an EPR-active form, for which characteristic A-tensor hagen calculated.

It can be concluded that the ab initio modelling techniquagehbeen successful as a
guantitative tool, and have proven to be given a good fit feessd experimental result
assignments. This provides confidence in values obtainecafes where experimentally

based atomistic models yield hyperfine tensors in poor agee¢with observation.

CHAPTER 8. SUMMARY



Bibliography

[1] V. A. Nadolinny, A. P. Yelisseyev, J. M. Baker, D. J. Twlien, M. E. Newton, A. Hof-

[2]

staetter, and B. Feigelson, “EPR spectra of separated gfastgstitutional nitrogen
atoms in diamond with a high concentration of nitrogd®ys. Rev. B0, pp. 5392—
5403, August 1999.

C. A. J. AmmerlaanSemiconductors, Impurities and Defects in Group IV Elesent
and 1lI-V Compoundsvol. [1122B of Landolt-Bornstein, New SeriesSpringer,

Berlin, 1990.

[3] A. Cox, M. E. Newton, and J. M. Baker, “ENDOR studies of tR& di-nitrogen

[4]

[5]

centre in diamond,J. Phys. Cond. Mattet, pp. 8119-8130, 1992.

M. Y. Shcherbakova, E. V. Sobolev, N. D. Samsonenko, and.\Aksenov, “Elec-
tron paramagnetic resonance of ionized nitrogen pairsritadnd,”Sov. Phys. Solid
Statel1(5), pp. 1104-1106, 19609.

M. E. Newton and J. M. Baker, “Models for the di-nitrogeantres found in brown

diamond,”J. Phys. Cond. Matte3, pp. 3605-3616, 1991.

128



BIBLIOGRAPHY 129

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

M. E. Newton and J. M. Baker, “ENDOR studies on the W7 dragen centre in
brown diamond,J. Phys. Cond. Mattes, pp. 3591-3603, 1991.

R. M. Mineeva and A. V. Speransky, “EPR studies on theitfibgen centers with
nonequivalent atoms in a reddish-brown plastically defmtdiamond,Appl. Magn.
Reson28(3-4), pp. 355—-364, 2005.

J. A. van Wyk, J. H. N. Loubser, M. E. Newton, and J. M. BaK&NDOR and
high-temperature EPR of the N3-center in natural type-#minds,’J. Phys. Cond.
Matter 4, pp. 2651-2662, MAR 9 1992.

M. E. Newton and J. M. Baker,*N ENDOR of the OK1 centre in natural type Ib
diamond,”J. Phys. Cond. Mattet(51), pp. 10549-10561, 1989.

G. J. Hill, A. VanWyk, and M. J. R. Hoch, “EPR of oxygen ¢ess in natural dia-
mond,” Radiation Efects and Defects in Solid$6, pp. 221-225, 2000.

V. A. Nadolinny, O. P. Yuryeva, V. S. Shatsky, A. S. Stepg, V. V. Golushko, M. 1.
Rakhmanova, I. N. Kupriyanov, A. A. Kalinin, Y. N. Palyan@nd D. Zedgenizov,
“New data on the nature of the EPR OK1 and N3 centers in diafhdppl. Magn.
Reson36, pp. 97-108, 2009.

V. A. Nadolinny, O. P. Yuryeva, and V. S. Chepurov, A.aBldatsky, “Titanium ions
in the diamond structure: Model and experimental evidérfggpl. Magn. Resor6,
pp. 109-113, 2009.

R. J. Eyre, J. P. Goss, P. R. Briddon, and J. P. Hagon,dfihef Jahn-Teller distor-
tions of the P donor in diamondJ. Phys. Cond. Mattet7, pp. 5831-5837, 2005.

J. Isoya, H. Kanda, M. Akaishi, Y. Morita, and T. OhshiniBESR studies of in-
corporation of phosphorus into high-pressure synthetendind,” Diamond Relat.
Mater.6(2-4), pp. 356360, 1997.

E. Gheeraert, S. Koizumi, T. Teraji, H. Kanda, and M. lddek, “Electronic states

of boron and phosphorus in diamon@hys. Status Solidi A74(1), pp. 39-51, 1999.

BIBLIOGRAPHY



BIBLIOGRAPHY 130

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

R. Farrer, “On the substitutional nitrogen donor inrdiand,” Solid State Commuf,
p. 685, 1969.

E. Gheeraert, S. Koizumi, T. Teraji, and H. Kanda, “Elenic transitions of elec-
trons bound to phosphorus donors in diamor&hlid State Commuril3 pp. 577—
580, 2000.

A. M. Stoneham, A. H. Harker, and G. W. Morley, “Could oneke a diamond-
based quantum computerd,”Phys. Cond. Matte21(36), p. 364222, 2009.

V. Blank, M. Popov, N. Lvova, K. Gogolinsky, and V. Restwe “Nano-sclerometry
measurements of superhard materials and diamond hardeegs 3canning force
microscope with the ultrahard fullerite C-60 tig)” Mater. Res12, pp. 3109-3114,
1997.

S. M. Sze, Physics of Semiconductor Devigedliley-Interscience, New York,
2nd ed., 1981.

D. R. Lide, ed.CRC handbook of chemistry and physiCRC Press, London, 75 ed.,
1995.

Y. Yamamoto, T. Imai, K. Tanabe, T. Tsuno, Y. Kumazawal &. N., “The measure-

ment of thermal properties of diamondiamond Relat. Mater6, p. 1057, 1997.

S. Barman and G. P. Srivastava, “Quantitative estirodfghonon scattering rates in
different forms of diamond prb 73(7), p. 073301, 2006.

A. T. Collins, H. Kanda, and H. Kitawaki, “Colour chargyeroduced in natural
brown diamonds by high-pressure, high-temparature treatfhDiamond Relat.
Mater.9(2), pp. 113-122, 2000.

P. M. Martineau, S. C. Lawson, A. J. Lawson, S. J. Quinrk. Evans, and M. J.
CrowderGems GemoHQ, p. 2, 2004.

BIBLIOGRAPHY



BIBLIOGRAPHY 131

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

D. Fisher and R. A. Spits, “Spectroscopic evidence opgehpht-treated natural iia
diamonds, Gems GemoB6, p. 42, 2000.

J. Walker, “Optical-absorption and luminescence iandond,’"Rep. Prog. Phys42,
p. 1605, 1979.

G. Daviesproperties and growth of diamonthstitution of electrical engineers, Lon-
don, 1994.

D. J. Poferl, N. C. Gardner, and J. C. Angus, “Growth ofddedoped diamond seed
crystals by vapor-deposition]. Appl. Phys44, pp. 1428-1434, 1973.

R. M. Shrenko, H. M. Strong, and R. E. Téhil. Mag.11, p. 313, 1965.

J. E. Butlerand D. G. Goodwin, “Cvd growth of diamondyRroperties, growth and
applications of diamondM. H. Nazaré and A. J. Neves, edsMIS Datareviews Se-
ries(26), ch. B1.3, pp. 262—-272, INSPEC, Institute of Electri&agineers, London,
2001.

H. Windischmann, “CVD diamond for thermal managenieant,Properties, growth
and applications of diamondJ. H. Nazaré and A. J. Neves, edEMIS Datare-
views Serig26), ch. C2.2, pp. 410-415, INSPEC, Institute of Electritagineers,
London, 2001.

E. Vittone and C. Manfredotti, “Diamond x-ray dosimetg in Properties, growth
and applications of diamondJ. H. Nazaré and A. J. Neves, edEMIS Datare-
views Serig@6), ch. C1.5, pp. 386-392, INSPEC, Institute of Electri©agineers,
London, 2000.

C. Wild and P. Koidl, “Optical properties of diamond aagplications as radiation
windows,” in Properties, growth and applications of diamgnd. H. Nazaré and
A. J. Neves, edsEMIS Datareviews Seri€26), ch. C1.1, pp. 351-355, INSPEC,

Institute of Electrical Engineers, London, 2000.

BIBLIOGRAPHY



BIBLIOGRAPHY 132

[35] F. T. Charnock and T. A. Kennedy, “Combined optical anidrowave approach for
performing quantum spin operations on the nitrogen-vagaeater in diamond,”
Phys. Rev. B4, p. 041201, Jun 2001.

[36] R. Jones and P. R. Briddohheab initio cluster method and the dynamics of defects
in semiconductorsvol. 51A of Semiconductors and Semimetadll. 6. Academic

Press, Boston, 1998.

[37] P. R. Briddon and R. Jones, “LDA calculations using aida$ Gaussian orbitals,”

Phys. Status Solidi B171), pp. 131-171, 2000.

[38] M. J. Rayson and P. R. Briddon, “Rapid iterative method électronic-structure
eigenproblems using localised basis function§dmputer Phys. Comml78
pp. 128-134, Feb. 2008.

[39] M. Born and J. R. Oppenheimer, “Ann. Phys84, p. 457, 1927.

[40] D. R. Hartree, “The wave mechanics of an atom with a nati@mb central field.

Part 1. Theory and methodsRtroc. Cambridge Philosophical Sa24, p. 89, 1927.

[41] V. Fock, “Naherungsmethode zur Losung des quanteh@@schen
Mehrkorperproblems,Z. Phys61, p. 126, 1930.

[42] L. H. Thomas, “The calculation of atomic field&?roc. Cambridge Philosophical
Soc.23, pp. 542-548, 1927.

[43] E. Fermi, “Un metodo statistice per la determinazionie attune proprieta

dell’atomo,” Rendiconti Accademia dei Lincej pp. 602-627, 1927.

[44] P. Hohenberg and W. Kohn, “Inhomogeneous electron’ galsys. Rev1363B),
pp. 864-871, 1964.

[45] W. Kohn and L. J. Sham, “Self-consistent equationsudirig exchange and correla-

tion efects,”Phys. Rev14(04A), pp. A1133-A1138, 1965.

BIBLIOGRAPHY



BIBLIOGRAPHY 133

[46] W. Kohnand L. J. Sham, “Quantum density oscillationirirhomogeneous electron

[47]

[48]

[49]

[50]

[51]

[52]

[53]

gas,”Phys. Rev1376), pp. A1697—-A1705, 1965.

U. von Barth and L. Hedin, “A local exchange-correlatipotential for the spin po-
larized case,J. Phys. C5, pp. 1629-1642, July 1972.

J. P. Perdew and A. Zunger, “2 theorems on the self-att#on in density functional
theory,”Bull. Am. Phys. So@6(3), p. 470, 1981.

J. P. Perdew, K. Burke, and Y. Wang, “Generalized gratdegpproximation for
the exchange-correlation hole of a many-electron systéthys. Rev. B54(23),
pp. 16533-16539, 1996.

J. P. Perdew, K. Burke, and M. Ernzerhof, “Generalisediggent approximation made
simple,”Phys. Rev. Let7, p. 3865, 1996.

M. J. Shaw, P. R. Briddon, J. P. Goss, M. J. Rayson, A.idge; A. H. Harker, and
A. M. Stoneham, “Importance of quantum tunneling in vacahggirogen complexes
in diamond,”Phys. Rev. Let®5, p. 205502, 2005.

P. E. Blochl, “Projector augmented-wave methdeltiys. Rev. B0(4), pp. 17953—
17979, 1994.

C. Hartwigsen, S. Goedecker, and J. Hutter, “Reldiiviseparable dual-space gaus-

sian pseudopotentials from H to RiPhys. Rev. B8(7), pp. 3641-3662, 1998.

[54] A. Baldereschi, “Mean-value point in the brillouin zehPhys. Rev. B, pp. 5212—

[55]

[56]

5215, Jun 1973.

D. J. Chadi and M. L. Cohen, “Special points in the buailo zone,”"Phys. Rev. B,
pp. 5747-5753, Dec 1973.

H. J. Monkhorst and J. D. Pack, “Special points for Bxiin-zone integrations,”
Phys. Rev. B3(12), pp. 5188-5192, 1976.

BIBLIOGRAPHY



BIBLIOGRAPHY 134

[57] E. Polak,Computational methods in optimisation: a unified apprqagbademic
Press, Berkley, California, USA, 1971.

[58] W. Press,Numerical Methods in Fortran 77Cambridge University Press, Cam-
bridge, UK, 1996.

[59] G. Henkelman, B. P. Uberuaga, and H. Jonsson, “A clilgbmage nudged elas-
tic band method for finding saddle points and minimum energthg” J. Chem.
Phys.113(22), pp. 9901-9904, 2000.

[60] G. Henkelman and H. Jbnsson, “Improved tangent eséintathe nudged elas-
tic band method for finding minimum energy paths and saddlatpd J. Chem.

Phys.11322), pp. 9978-9985, 2000.

[61] G. H. Vineyar, “Frequency factors and isotof&eets in solid state rate processes,”

J. Phys. Chem. Soli& pp. 121-127, 1957.

[62] G. D. Watkins and J. W. Corbett, “Defects in irradiatéecen. 1. Electron spin res-
onance of the SA centre,”"Phys. Rev121(4), pp. 1001-1014, 1961.

[63] A. M. Edmonds, M. E. Newton, P. M. Martineau, D. J. Twiggch and S. D. Williams,
“Electron paramagnetic resonance studies of siliconedlalefects in diamond,”
Phys. Rev. B7(24), p. 245205, 2008.

[64] B. Hetényi, F. De Angelis, P. Giannozzi, and R. Car, ¢Bestruction of frozen-core
all-electron orbitals from pseudo-orbitals,”Chem. Physl15 pp. 5791-5795, Oct.
2001.

[65] R. Robertson, J. J. Fox, and A. E. Martin, “Two types adrdond,”Phil. Trans. R.
Soc. A232, pp. 463-535, 1934.

[66] J. P. Goss, B. J. Coomer, R. Jones, C. J. Fall, P. R. Bridatod SOberg, “Extended
defects in diamond: the interstitial platele®hys. Rev. B7, p. 165208, April 2003.

BIBLIOGRAPHY



BIBLIOGRAPHY 135

[67] W. V. Smith, P. P. Sorokin, I. L. Gelles, and G. J. LashEigectron-spin resonance
of nitrogen donors in diamondPhys. Revl15, pp. 1546-1553, September 1959.

[68] A. T. Collins, M. Stanley, and G. S. Woods, “Nitrogen tgpe dfects in synthetic
diamonds,J. Phys. D20, pp. 969-974, 1987.

[69] S. C. Lawson, D. Fisher, D. C. Hunt, and M. E. Newton, “@g existence of posi-
tively charged single-substitutional nitrogen in diam@rd Phys. Cond. Mattet0,
pp. 6171-6180, July 1998.

[70] G. Davies, “Decomposing the IR absorption spectra @htbnds,” Nature 290,
pp. 40-41, 1981.

[71] G. Davies, “A-nitrogen aggregate in diamond - its synmyiand possible structure,”
J. Phys. @, pp. L537-L542, 1976.

[72] J. A. van Wyk and J. H. N. Loubser, “Electron-spin resoceof a di-nitrogen center

in cape yellow type-la diamonds]: Phys. CL6(8), pp. 1501-1506, 1983.

[73] O.D. Tucker, M. E. Newton, and J. M. Baker, “ESR &fid electron-nuclear double-
resonance measurements on the ionized nearest-neightitvogien center in dia-
mond,”Phys. Rev. B0, pp. 15586—-15596, December 1994.

[74] M. Y. Shcherbakova, E. V. Sobolev, and V. A. NadolinnlgJéctronic paramagnetic
resonance of low-symmetry impurities centers in diamo8dy. Phys. DokR04(6),
p. 851, 1972.

[75] J. H. N. Loubser and A. C. J. Wright, “Singly ionized NXCeenter in diamond,J.
Phys. D6(9), pp. 1129-1141, 1973.

[76] R. M. Mineeva, A. V. Speransky, S. V. Titkov, and N. G. Znd‘The ordered cre-
ation of paramagnetic defects at plastic deformation air@atdiamonds,Phys. and

Chem. Mineral$4, pp. 53-58, 2007.

BIBLIOGRAPHY



BIBLIOGRAPHY 136

[77] M.Y. Shcherbakova, E. V. Sobolev, V. A. Nadolinnyi, avidk. Aksenov, “Defects in
plastically-deformed diamonds, as idenified by optical B&R spectra,Sov. Phys.
Dokl. 20(11), pp. 725-728, 1975.

[78] C. M. Welbourn, “EPR studies of a two-nitrogen-atomternn natural, plastically-

deformed diamond,Solid State Commug6, pp. 255-260, 1978.

[79] J. P. Goss, R. J. Eyre, and P. R. Briddon, “Bound suligiital impurity pairs in
diamond: a density functional study]. Phys. Cond. Matte20, p. 085217, Feb.
2008.

[80] D. A. Liberman, “Slater transition-state band-stwret calculations,”"Phys. Rev.
B 62(11), pp. 6851-6853, 2000.

[81] J.P. Goss, M. J. Shaw, and P. R. Briddon, “Marker-mettadulations for electrical
levels using gaussian-orbital basis sets, Timeory of Defects in Semiconductors
D. A. Drabold and S. K. Estreicher, ed$gpics in Applied Physic$04, pp. 69-94,
Springer, BerliiHeidelberg, 2007.

[82] S. Dannefaer, A. Pu, and D. Kerr, “Positron annihilatgiudy of vacancies in type
[la diamonds illuminated with monochromatic lighDiamond Relat. Mater10,

pp. 2113-2117, 2001.
[83] J. H. N. Loubser and J. A. van Wyk, “MRS Symp. Proel6, p. 587, 1985.

[84] J. P. Goss, P. R. Briddon, S. J. Sque, and R. Jones, “Damibracceptor states in
diamond,”"Diamond Relat. Materl3(4—-8), pp. 684—690, 2004.

[85] L.S.Hounsome, R. Jones, P. M. Martineau, D. Fisher,.I8haw, P. R. Briddon, and
S.Oberg, “Origin of brown coloration in diamondhys. Rev. B3(12), p. 125203,
2006.

[86] D. C. Hunt, D. J. Twitchen, M. E. Newton, J. M. Baker, T. &thony, W. F. Ban-
holzer, and S. S. Vagarali, “Identification of the neutrat@an [100]-split interstitial
in diamond,”Phys. Rev. B1(6), pp. 3863—3876, 2000.

BIBLIOGRAPHY



BIBLIOGRAPHY 137

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

J. P. Goss, B. J. Coomer, R. Jones, T. D. Shaw, P. R. Bridb Rayson, and
S.Oberg, “Self-interstitial aggregation in diamon@hys. Rev. B3(19), p. 195208,
2001.

J. Isberg, J. Hammersberg, E. Johansson, T. Wikstind, Twitchen, A. J. White-
head, S. E. Coe, and G. A. Scarsbrook, “High carrier mobilitysingle-crystal
plasma-deposited diamondStience297, p. 1670, 2002.

C. Glover, M. E. Newton, P. Martineau, D. J. Twitchengah M. Baker, “Hydrogen
incorporation in diamond: The nitrogen-vacancy-hydrogemplex.,” Phys. Rev.
Lett. 90, p. 185507, 2003.

C. Glover, M. E. Newton, P. M. Martineau, S. Quinn, andJDTwitchen, “Hydro-
gen incorporation in diamond: the vacancy-hydrogen corjpRhys. Rev. LetB2,
p. 135502, 2004.

J. P. Goss, P. R. Briddon, R. Jones, and S. Sque, “Thenggadtrogen-hydrogen
complex in diamond: a potential deep centre in chemical vageposited material.,”
J. Phys. Cond. Mattet5, p. R2903, 2003.

A. Kerridge, A. H. Harker, and A. M. Stoneham, “Quantuehlaviour of hydrogen
and muonium in vacancy-containing complexes in diamoddPhys. Cond. Mat-
ter 16, p. 8743, 2004.

K. lakoubovskii, A. Stesmans, K. Suzuki, A. Sawabe, &andamada, “Symmetry of
the hydrogen-vacancy-like defect H1 in diamonliys. Rev. B6(11), p. 113203,
2002.

S.F. J. Cox and R. L. Lichti, “Muonium states and dynasy@s a model for hydrogen

in semiconductorsJ. Alloys and Compound63 pp. 414-419, 1997.

E. Holzschuh, W. Kiindig, P. F. Meier, B. D. PattersonPJF. Sellschop, M. C.
Stemmet, and H. Appel, “Muonium in diamon@hys. Rev. 25(3), pp. 1272-1286,
1982.

BIBLIOGRAPHY



BIBLIOGRAPHY 138

[96] R.L.Lichti, S.F.J.Cox, K. H. Chow, E. A. Davis, T. L. Bt B. Hitti, E. Mytilineou,
and C. Schwab, “Charge-state transitions of muonium in geiam,” Phys. Rev.
B 60(3), pp. 1734-1745, 1999.

[97] S. F. J. Cox and M. C. R. Symons, “Molecular radical medelr the muonium
centers in solids,Chem. Phys. Letfl26(6), pp. 516-525, 1986.

[98] S.F.J. Cox, “The shallow-to-deep instability of hydem and muonium in II-VI and
[11-V semiconductors,J. Phys. Cond. Mattet5, pp. R1727-1780, 2003.

[99] I. Z. Machi, S. H. Connell, M. Baker, J. P. F. Sellschop, Bharuth-Ram, C. G.
Fischer, R. W. Nilen, S. F. J. Cox, and J. E. Butler, "A new muantrap in nitrogen-

rich diamond discovered ySR,” Physica B289-29(Q1), pp. 507-510, 2000.

[100] Y. Mita, Y. Nisida, K. Suito, A. Onodera, and S. Yazu htochromism of H2 and
H3 centres in synthetic type Ib diamond3,”Phys. Cond. Matte2(43), pp. 8567—
8574, 1990.

[101] S. C. Lawson, G. Davies, A. T. Collins, and A. Mainwod@he ‘H2’ optical-
transition in diamond: theffects of uniaxial stress perturbations, temperature and

isotopic substitution,J. Phys. Cond. Mattet, pp. 3439-3452, Mar. 1992.

[102] R.Jones, V. J. B. Torres, P. R. Briddon, an@®8erg, “Theory of nitrogen aggregates
in diamond: the H3 and H4 defect8fater. Sci. Foruni43-1471), pp. 45-50, 1994.

[103] I. Z. Machi, S. H. Connell, J. P. F. Sellschop, and K. BitlaxRam, “Interaction of
muons with HZH3-centres in diamondHyperfine Interactiond36-137 pp. 727—
730, 2001.

[104] P. Humble, “The structure and mechanism of formatibplatelets in natural type la
diamond,"Proc. R. Soc. London, Ser.381, pp. 65-81, 1982.

[105] J. P. Goss, “Theory of hydrogen in diamondl.,"Phys. Cond. Mattet5, p. R551,
2003.

BIBLIOGRAPHY



BIBLIOGRAPHY 139

[106] S. Chawla and R. P. Messmer, “Hyperfine properties aidecenter muonium and
hydrogen in diamond Appl. Phys. Lett69, pp. 3251-3253, November 1996.

[107] G.L.Bendazzoliand O. Donzelli, “UHF calculationgwyfperfine coupling constants
of anomolous muonium in C, Si and Gd&,” Phys. Cond. Mattet, pp. 8227-8234,
1989.

[108] N. Paschedag, H. U. Suter, Dj. M. Maric, and P. F. Méiégnfiguration interaction
calculation of hyperfine properties for bond-centered nmwnin diamond,’Phys.
Rev. Lett.70, pp. 154-157, January 1993.

[109] T. Miyazaki, H. Okushi, and T. Uda, “Shallow donor gtalue to nitrogen-hydrogen
complex in diamond,Phys. Rev. LetB8(6), p. 066402, 2002.

[110] J. P. Goss, P. R. Briddon, R. Jones, and M. |. Heggiaté&Rits and thél10ay/4
{001} stacking fault in diamondPhys. Rev. B3(11), p. 115204, 2006.

[111] S. D. Berger and S. J. Pennycook, “Detection of nitroge{100} platelets in dia-
mond,”Nature298 pp. 635-637, 1982.

[112] P. J. Fallon, L. M. Brown, J. C. Barry, and J. Bruley, tiégen determination and
characterization in natural diamond plateleliil. Mag. A72(1), pp. 21-37, 1995.

[113] J. Bruley, “Detection of nitrogen 4100 platelets in a type laB diamond,”Phil.
Mag. Lett.66(1), pp. 47-56, 1992.

[114] S. G. Clackson, M. Moore, J. C. Walmsley, and G. S. Woddike relationship
between platelet size and the frequency of the B’ infrafdesbaption peak in type la
diamond,”Phil. Mag. B62(2), pp. 115-128, 1990.

[115] K. H. Chow, B. Hitti, R. F. Keifl, R. L. Lichti, and T. L. Eel, “Muonium analog
of hydrogen passivation: Observation of the MZn~ reaction in GaAs,Phys. Rev.

Lett.87(21), p. 216403, 2001.

BIBLIOGRAPHY



BIBLIOGRAPHY 140

[116] R. Jones, J. P. Goss, and P. R. Briddon, “Acceptor lelveltrogen in diamond and
the 270-nm absorption band?hys. Rev. BQ(3), p. 033205, 2009.

[117] K. M. Etmimi, M. E. Ahmed, P. R. Briddon, J. P. Goss, andW Gsiea, “Nitrogen-
pair paramagnetic defects in diamond: A density functiostaldy,” Phys. Rev.
B 79(20), p. 205207, 2009.

[118] C. E. Melton, “Experimental evidence that oxygen is grincipal impurity in dia-
mond,”Nature263 pp. 309-310, 1976.

[119] J. Ruan, W. J. Choyke, and K. Kobashi, “Oxygen-relatecters in chemical vapor
deposition diamondAppl. Phys. Lett60(12), pp. 1379-1381, 1993.

[120] Y. Mori, N. Eimori, H. Kozuka, Y. Yokota, H. Moon, J. S.MT. Ito, and A. Hiraki,
“Oxygen defusion into diamond induced by hydrogen microsvglasma,”Appl.
Phys. Lett60(1), pp. 47-49, 1992.

[121] C. A. J. AmmerlaanSemiconductors/ol. 11122b of Landolt-Bornstein, New Series

Springer, Berlin, 1998.

[122] K. lakoubovskiiand A. Stesmans, “Dominant paramaigroenters irt’O-implanted

diamond,"Phys. Rev. B6(4), p. 045406, 2002.

[123] A. Gali, J. E. Lowther, and P. Deak, “Defect states whstitutional oxygen in dia-
mond,”J. Phys. Cond. Mattet3, pp. 11607-11613, 2001.

[124] J. P. Goss, P. R. Briddon, M. J. Rayson, S. J. Sque, addries, “Vacancy-impurity
complexes and limitations for implantation doping of diard@ Phys. Rev. B2(3),
p. 035214, 2005.

[125] C.D. Clark, R. W. Ditchburn, and H. B. Byer, “The abstop spectra of natural and
irradiated diamonds,237, pp. 75-89, 1956.

[126] P. E.Klingsporn, M. D. Bell, and W. J. Leivo, “Analysi$an electron spin resonance

spectrum in natural diamondsl)’ Appl. Phys41(7), pp. 2977-2980, 1970.

BIBLIOGRAPHY



BIBLIOGRAPHY 141

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

M. Y. Shcherbakova, E. V. Sobolev, and V. A. Nadolintilectronic paramagnetic
resonance of low-symmetry impurities centers in diamobaKkl. Akad. Nauk SSSR
[Sov. Phys. Dokl.1L7(6), pp. 513-516, 1972.

C. C. P. Madiba, J. P. F. Sellschop, J. A. Van Wyk, and .HArhegarn, “Light
volatiles in synthetic diamond analyzed by ion prob@gjtl. Instrum. Methods B5,
pp. 442—-445, DEC 1988.

D. A. C. Mcneil and M. C. R. Symons, “Electron spin reaane spectra of two
naturally occurring paramagnetic centres in diamordd,Phys. Chem. Solid38,
p. 397, 1977.

R. J. Eyre, J. P. Goss, P. R. Briddon, and M. G. WardleyltMmpurity complexes
for n-type diamond: a computational studihys. Status Solidi 204(9), pp. 2971—
2977, 2007.

J. E. Lowther, “Substitutional oxygen-nitogen pairdiamond,”’Phys. Rev. B7,
p. 115206, 2003.

J. M. Baker and M. E. Newton, “Nitrogen in diamond sealiby magnetic reso-

nance,”Appl. Magn. Resor8, pp. 207-228, 1995.

N. Casanova, E. Gheeraert, C. Deneuville, A. andU&agudy, and R. Kalish, “ESR
study of phosphorus implanted type lla diamorfliys. Status Solidi A81, pp. 5—
10, 2000.

M. E. Zvanut, W. E. Carlos, J. A. Freitas, Jr., K. D. Jaom, and R. P. Hellmer,
“Identification of phosphorus in diamond thin films usingatten paramagnetic-

resonance spectroscoppppl. Phys. Lett65, pp. 2287-2289, Oct. 1994.

J. Isoya, M. Katagiri, T. Umeda, S. Koizumi, H. Kanda,36n, A. Henry, A. Gali,
and E. Janzn, “Pulsed EPR studies of phosphorus shallowslamaliamond and
SiC,” Physica B376-377 pp. 358 — 361, 2006.

BIBLIOGRAPHY



BIBLIOGRAPHY 142

[136] M. Katagiri, J. Isoya, S. Koizumi, and H. Kanda, “Elect paramagnetic resonance
study of phosphorus-doped n-tye homoepitaxial diamondsfigmown by chemical
vapor deposition,Phys. Status Solidi 20313), pp. 3367-3374, 2006.

[137] B. Butorac and A. Mainwood, “Symmetry of the phosptodonor in diamond from
first principles,”Phys. Rev. B8, p. 235204, Dec 2008.

[138] R. Jones, J. E. Lowther, and J. Goss, “Limitations tgpe doping in diamond: the
phosphorus-vacancy compledppl. Phys. Lett69(17), pp. 2489-2491, 1996.

[139] J. M. Baker, J. A. van Wyk, J. P. Goss, and P. R. Bridd&iectron paramagnetic
resonance of sulfur at a split-vacancy site in diamoRdys. Rev. B§2), p. 235203,

2008.

[140] J. P. Goss, R. Jones, S. J. Breuer, P. R. Briddon, arfdb8rg, “The twelve-line
1.682 eV luminescence center in diamond and the vacancgisicomplex,”Phys.
Rev. Lett77(14), pp. 3041-3044, 1996.

[141] R. M. MacLeod, S. W. Murray, J. P. Goss, P. R. Briddord & J. Eyre, “Model
thermodynamics and the role of free-carrier energy at heghpteratures: Nitrogen

and boron pairing in diamondPhys. Rev. BO(5), p. 054106, 2009.

BIBLIOGRAPHY



