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ELECTRON PARM'IAGNE1'IC R:0S0NANCE AND OPrICAL INVESTIGATIONS 

OF D~FECT CENTR2S IN DIAMOND 

ABSTRACT 

A survey of the optical and electron paramagnetic 

resonance (E.F.R.) absorption in a large number of diamonds 

from all major sources of production has revealed that 

perfect diamond is virtually non-existent. One or more of 

eleven different types of defect centres is found in each 

specimen. The presence or absence of nitrogen has long 

been known to give rise to the distinctive properties of 

Type I and Type II diamond. The present survey has shown 

that the form in which the nitrogen is present is signif­

icant. In most specimens the nitrogen is present in sub­

stitutional, non-paramagnetic platelet form, and these 

specimens were classified as Type Ia diamonds. 

A small group of transparent natural diamonds 

was found to contain dispersed paramagnetic nitrogen. The 

optical properties of these diamonds are unlike those of 

other diamond types and have hitherto not been reported. 

It is proposed that these diamonds be classified as Type 

lb. 

Three ne 1,r systems of E.P.R. lines were found in 

Type Ib diamond. They are shown to be due to: (i) 13C 
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atoms situated in different positions relative to the 

substitutional nitrogen, (ii) interaction of the small 

quadrupole moment of the nitrogen with the electric field 

gradient, and (iii) the presence of the l5N isotope. 

Synthetic diamonds are found to be exclusively 

of the Type Ib variety, whereas natural Type Ib diamond 

are rare exceptions. This is attributed to the growth 

history of the specimens. 

In order to investigate the defect centres 

associated with nitrogen in diamond, Type Ia and Ib dia­

mond were irradiated with 0.78 MeV electrons. The effects 

observed were complicated and therefore led to a general 

investigation of irradiation damage, and the annealing of 

irradiation damage in diamond. 

In addition to the G.R.l and D.V. bands induced 

in all diamond by irradiation damage, another optical ab­

sorption feature, the N.D.l band, is found in all Type Ia 

diamond after irradiation and limited heating. It is 

suggested that the N.D.l centre arises from the combina-

tion of a carbon interstitial, and nitrogen in platelet 

form, and that the ot~er primary product of irradiation 

damage, a vacancy, is responsible for both the G.R.l and 

D.V. bands. 
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The N.D.l centre acts as an acceptor, the G.R.l 

centre as a donor. In the ionized state G.R.l is inactive 

i in optical absorption; N.D.l is active. Electron trans-

fer by thermal excitation results in the bleaching of G.R.l 

and the enhancement of N.J.l. Illumination with light in 

the N.D.l band causes electron transfer in the reverse 

direction, restoring band strengths to their former con­

dition. A model is proposed which defines the energies 

within the forbidden gap of the ground and excited states 

of G.R.l and N.D.l. 

On heat treatment at temperatures of 5000 C and 

above, the G.R.l band in all diamonds anneals out. The 

rate of annealing, hO\'Tever, is founa to be dependent on 

the nitrogen concentration. Thus in Type IIa diamond 

(which contains no nitrogen) G.R.l anneals very slowly, 

resulting in the formation of an absorption tail. In Type 

Ia diamond G.R.l anneals much faster (the actual rate de­

pending on the nitrogen concentration), and two optical 

absorption bands, 5032A and H2, are formed. 

It is proposed that the vacancy in diamond be­

comes mobile at about 5000 C, and that the G.R.l band in 

Type IIa diamond anneals because of the agglomeration of 

vacancies, which results in the formation of defects 
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responsible for the 9.bsorption tail. In Type Ia diamond 

the nitrogen platelets are ideal sinks for vacancies, 

because the lattice on either side of a platelet is in 

compression. G.R.l therefore anneals more rapidly and 

5032A centres are formed due to the cOITJ.bination of a vac­

ancy and a nitrogen platelet. The nature of the H2 cen­

tre is much more obscure, but a possible explanation is 

that H2 centres are formed in addition, because the N.D.l 

centres (nitrogen platelets with embedded interstitials) 

also succeed in trapping vacancies. Vacancy/interstitial 

recombinations are prevented since these defects are 

pinned to different locations in the platelet region. 

In'rype Ib diamonds N. D.l centres were found to 

form at a lower temperature than in Type Ia diamond. It 

is suggested that the carbon interstitial in diamond is 

mobile, and combines with SUbstitutional nitrogen in iso­

lated positions at temperatures below 250 0 0. In Type Ia 

specimens, where the nitrogen is segregated in platelets, 

this process only occurs at about 250 0 0, when the inter­

stitial has enough kinetic energy to overcome the energy 

barrier preventing it from combining with nitrogen inside 

the platelet region where it will relieve strain. Because 

of the different substitutional nitrogen configuration, 

the energy levels of N.D.l centres in Type Ib diamond are 
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such that electron transfer by thermal excitation from 

G.R.l to N.D.l occurs at room temperature. Most of the 

G.R.l centres are therefore permanently ionized and op­

tically inactive. 

After heat treatment, a new band called the 

6400A band is formed in irradiated Type Ib diamond. It 

is suggested that 6400A centres are formed by the combin­

ation of mobile vacancies with substitutional nitrogen in 

isolated positions. The 6400A band is therefore analogous 

to the 5032A band produced in Type Ia diamond. As expec­

ted no analogue of the H2 is formed in Type Ib diamond, 

as both an interstitial and a vacancy cannot co-exist in 

combination with a single isolated substitutional nitro­

gen atom. 
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CHAPT-~R I 

1.1. General Properties of Diamond 

Diamond has been ~nown for centuries as a 

natural mineral of exceptional hardness and a gem of as­

tonishing outward beauty. From the scientific point of 

view it is the prototype of crystals which show covslent 

bonding, and is of p:;reat interest since the «"hole cryst~:3l 

can be regarded as one giant molecule. 

Diamond, like graphite, consists of carbon only. 

Each carbon gtom is tetrahedrally bonded to four neigh­

bouring atoms and provides one of the two electrons in 

each bond. The crystal structure exhibits cubic symmetry 

and may be regarded 3S consistin~ of two interpenetrating 

face-centered cubic lattices, displaced from each other 

quarter way alon~ a 00dy diagonal. The carbon atoms are 

held together by strong covalent bonding, the nearest 

neighbour separation being 1.54A. The unit cell contains 

eight atoms and h3.s sides of length 3.57A. The structure 

is very open with no close-packed directions but with 

tunnels along <_110>- directions in the lattice. 
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As a result of the strong covalent bonding 

diamond is very hard and also has a high refractive index 

(2.42 at 5890A). Both these properties contribute to its 

value as a gem stone. For a non-metal, diamond has an 

exceptionally high thermal conductivity, this being about 

four times higher than that of copper at room temperature. 

II/hen heated above 5000 C diamond is attached by 

oxygen and carbon dioxide is formed. In vacuo diamond 

reverts to graphite at temperatures above l700 0 C. The 

melting point of diamond is estimated to be about 36000 C. 

1.2. Imperfections in Diamond. 

The diamond specimens encountered in practice 

exhibit many diverse physical properties 1rJhiCh one would 

not expect from such a simple covalent solid. Most stri­

king of these is the large variety of colours, which en­

compasses practically the whole of the visible spectrum. 

During the last two decades it became increasingly appar­

ent that a number of physical properties of solids are 

determined more by the number and the nature of the im­

perfections present, than by the host lattice itself. It 

is therefore not unexpected that a natural mineral such as 

diamond exhibits such varying physical properties, since 
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these specimens probably contain many imperfections. 

The imperfections in diamond can be of more 

than one type. Crystal imperfections such as cracks 1 

flaws and inclusions of foreign compounds, will in gen­

eral affect only the mechanical properties, and not the 

electronic properties. Imperfections in the lattice 

bonding such as vacant atomic sites, interstitial atoms 

and foreign atoms in solid solution, will change the elec­

tronic configuration in diamond, and for the purpose of 

this study such imperfections will be referred to as 

defect centres. 

1.3. Outline of this Study. 

This project involves a study of the defect 

centres in diamond, and is of course not the first attempt 

at such a study. Since 1932 defect centres in diamond 

were studied by workers at many research institutions all 

over the world, and altogether about two hundred papers 

have been published. Before embarkinG on this study 

therefore, a comprehensive literature survey was under­

taken. It is beyond the scope of this thesis to review 

all the work previously conducted; only those contribu­

tions of direct interest to this particular study will 
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therefore be discussed. 

Although a lot of information about the nature 

of defect centres in diamond was obtained by previous 

authors, a great deal of uncertainty still exists. Dia­

mond is an especially costly commodity and difficult to 

shape to experimental requirements. Previous studies 

were therefore mainly concerned with specific defect cen­

tres in a few isolated samp18s. Very little is known 

about the occurence of defects in run-of-mine diamonds 

and the relationship between different defect centres. 

In an attempt to obtain more infor~ation on these aspects, 

this project was undertaken. 

A large variety of defect centres is involved; 

to facilitate presentation of the results, the work of 

previous authors is therefore not presented in a single 

chapter, but is discussed in appropriate sections through­

out this thesis. 

This project was approached in two ways. Firstly 

experimental methods were used to study the electronic 

properties of diamonds containing defect centres, and 

secondly experimentel methods were employed to produce 

defect centres in diamond and to change existing defects 

in these specimens. The experimental met~ods used are 
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discussed in Chapter II and the apparatus employed to 

conduct these experiments in Chapter III. 

The first step was to conduct a survey of 

natural diamonds from all major sources 0: production. 

This survey, described in Chapter IV, revealed that per­

fect diamond is virtually non-existent snd that most 

natural diamonds contain defect centres which are probably 

associated with either nitrogen atoms in solid solution, 

or combinations of nitrogen atoms and lattice defects. 

The nitrogen could be positively identified as 

being present in either of two substitutional forms, 

these are a well known non-paramagnetic configuration, 

and a relatively unknown paramagnetic configuration. The 

electronic properties arisinG from the defects centres 

which are associated with paramagnetic nitrogen, are de­

scribed in Chapter V. In Chapter VI the historic class­

ification of diamonds is reviewed. A new classification 

system, based on the presence or absence of defect centres 

due to nitrogen in solid solution is proposed. 

The defect centres encountered in synthetic 

diamonds are discussed in Chapter VII, where a comparison 

is made between natural and synthetic diamond. 

In order to study in more detail the interaction 
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between various defect types, diamonds containing the two 

known nitrogen configurRtions were subjected to irradia­

tion damage and subsequent heat treatment. The effects 

of irradiation damage in diamond are reviewed, and new 

mechanisms are proposed to explain these effects in Chap­

ter VIII, where the effects of irradiation damage on 

specimens containing non-paramagnetic nitrogen are dis­

cussed. The results of annealing the irradiation damage 

in these specimens are described in Chapter IX. In view 

of these results new mechanisms for the annealing of ir­

radiation damage in diamond are proposed. 

In Chapter X the effects of irradiation damage 

and subsequent heat treatment in diamonds containing 

paramagnetic nitrogen are discussed. A comparison is 

made between the effects observed in specimens containing: 

no-nitrogen, non-paramagnetic nitrogen and paramagnetic 

nitrogen. A model is proposed to explain these effects. 

Finally some concluding remarks and suggestions 

for further research are given in Chapter XI. 
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CHAPTER II. 

EXPERIMENTAL 11ETHODS. 

2.1. Introduction. 

It is convenient to divide the experimental 

methods used in this study into two groups: 

a) Those used to study the physical properties 

of diamonds containing defect centres. 

b) Those employed to create, or change, defect 

centres in diamond. 

A number of well developed experimental methods 

are available for studying the physical properties of in­

sulating crystals such as diamond. Because of the avail­

ability of equipment, the sensitivity of the techniques 

and the amount of information that can be obtained, the 

following two methods were used to study the properties 

of specimens containing defect centres: 

1) Optical Absorption (O.A.) methods in the photon 

energy regions: 

a) Ultra-violet (U.V.) between 3.0 and 5.5 eVe 

b) Visible (VIS) between 1.5 and 3.0 eVe 

c) Infra-red (I.R.) between 0.6 and 1.5 eVe 
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2) Electron Paramagnetic Resonance (S.P.R.) absorp­

tion at an x-band frequency in the vicinity of 

9.3 Gc/s. 

To introduce and to modify defect centres in 

diamond the methods employed were: 

1) Irradiation damage; using 0.78 MeV electrons. 

2) Subsequent heat treatment in the range 100 to 

10000C. 

3) Illumination with high intensity monochromatic 

light~ 

In addition, some of these methods were used at 

temperatures below room temperature, and standard x-ray 

diffraction procedures were used in some cases to determine 

crystal orientation. 

These methods are all described in detail in the 

literature, e.g. in the volumes edited by Lark-Horovitz 

and Johnson (1959). The underlying principles will there­

fore only be discussed in connection with their applica­

tion to a study of defects in diamond. 

2.2. Methods for Studying Defect Centres in Diamond. 

2.2.1. Optical Absorption in the U.V. - VIS Region. 

The band theory of solids predicts a completely 
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filled valence band, a forbidden energy gap and an un­

filled conduction band at OOK for perfect diamond. The 

O.A. spectrum in the U.V. - VIS region of perfect diamond 

at room temperature will therefore only exhibit an intrin­

sic or fundamental absorption edge at about 5.4 eV, 

broadened through the influence of lattice vibrations and 

the presence ofexcitons, corresponding to electronic tran­

sitions from the valence band to the conduction band by 

optical excitation. 

The presence of defect centres in perfect dia­

mond will introduce new electronic levels in the forbidden 

gap. These additional energy states, corresponding to 

electrons localized in the vicinity of defect centres 

differ from the valence or conduction bands of the crystal, 

since the latter are due to ~nteraction between identical 

atoms. when an electron is freed from a defect, it can 

enter the conduction band and the centre becomes ionized. 

Hence the ground state of a defect centre can be repre­

sented by an energy level lower than the bottom of the 

conduction band. If the density of defects is low, the 

wavefunctions of similar centres do not overlap and the 

resulting energy levels in the forbidden gap are discrete. 

Electronic transitions between the valence band, 
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the ground and excited states of defect centres, and the 

conduction band will be possible by optical excitation. 

Neglecting thermal vibrations of the crystal, transitions 

between the ground and excited states of defect centres 

will result in sharp optical absorption lines. Transi­

tions to the conduction band will give a region of con­

tinuous absorption. At higher temperatures, the modes of 

vibr&tion of the atomic nuclei of solids will affect the 

transitions. Since the amount of vibrational energy that 

may be involved has a finite range, the allowed optical 

frequencies extend over a finite range. Thus O.A. bands 

of diamond exhibit a line broadening that increases with 

increasing temperature. 

Since each kind of defect Gives a particular 

set of energy levels the O.A. spectrum of diamond can be 

used to observe different defect centres independently. 

Because of the difficulty in calculating exactly the 

energy levels of a defect, it is not possible to identify 

a defect centre unambiguously from its observed O.A. 

spectrum. 

The relationship between the strength of an O.A. 

band and the number of centres from which it arises in a 

solid was derived originally by Smakula (1930). More 
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recently Dexter (1958) has obtained an expression in the 

form. 

N.f if = 8.21 x 1016 (2.1.) 

Where 

N = Number of centres Icc absorbing through a 

transition from st9te i to state f. 

fif = Oscillator strength for the transition. 

n = Refractive index, being 2.417 for diamond. 

f)~if(E)dE = Absorption coeficient )L in cm-l measured 

as a function of the photon energy E in eV and 

integrated over the absorption band. 

If in diamond out of a concentration N of a 

particular type of defect, only a fraction p is in a 

state to be observed optically, eqn. (2.1) reduces to 

N P = 3.23 x 1015 f)L1of (E) dE. 
fif 

(2.2) 

If the concentration of defects varies through the thick-

ness of the diamond as is the case with electron-irradia-

tion induced defects, the general expression is of the 

form 
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(x,E) dEdx (2.3) 

Where d is the extent of the distribution of absorbing 

centres and, in this case, N is the total number of ab­

sorbing defects per cm2 on the diamond face. 

The f-value depends on the overlap of the wave 

functions of an electron in the initial and final states 

and is difficult to calculate as the effective electron 

mass and the internal electric field at the absorbing 

centre are involved in the theory. The f-value is there-

fore usually treated as an experimental parameter limit-

ing the sensitivity of O.A. as a means of detecting defect 

centres. The f-value of many centres in solids are found 

to lie between 0.1 and 1.0, but may be as 1010, as 0.01. 

O.A. spectra can be constructed by representing 
-1 the absorption coefficient ~. in cm as a function of 

photon energy in eVe The ~-values are calculated from 

the observed transmission of incident light normal to the 

specimen by using the relationship 

Where 

1m 
I = 10 = 

(1 - r)2 e-p,t 

1 2 -2JLt - r e r-

1m 
10 = Measured fractional transmission. 

(2.4) 
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t = Thickness of the specimen in cm. 

r = f~~i,2 The fraction of light reflected at 

at each surface. 

n = Refractive index of diamond. 

Values of n for various wavelengths of light were obtained 

from the data given by Peter (1923). 

In order to avoid calculating }kt for every 

value of I, the actual conversion of I to fLt was carried 

out by interpolation between lines of constant wavenumber 

values on graphs of )Lt as the abscissa and I as the or­

dinate. This method provided evaluations of ~t to a 

higher accuracy than that required, the errors being less 

than the errors in measuring I. 

2.2.2. Optical Absorption in the I.R. Region. 

In addition to electronic transitions, dealt 

with in the previous section, the atoms in a solid may 

change their energy in another way. This is accomplished 

by the vibrations of the nuclei within the solid. The 

vibrational energies are quantized so that certain def­

inite vibrational states are allowed in a crystal. The 

transitions between different vibrational energy levels 

give rise to near infra-red absorption spectra and are 
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stimulated, provided tbere is a change of dipole moment 

connected with such a transition. 

The vibrational transitions may also be induced 

in another way; by the scstterinc of liGht. Under certain 

conditions, the electric field of incident radiation may 

induce a dipole moment and energy can be interchanged with 

a photon. This exchange produces the Raman spectrum, 

which in its structure resembles the I.R. spectrum,al­

though the tv\JO originate from two different processes, 

namely light scattering and absorption of radiation. 

The selection rules governing the transitions 

associated with I.R. absorption spectra and Raman Spectra 

may be different. The I.R. selection rules are derived by 

calculating the matrix element of the dipole moment vector 

between the two states concerned, whereas the Raman selec­

tion rules are derived from the matrix elements of the 

polarizability. 

Because of the crystal symmetry of the perfect 

diamond lattice (Oh; two carbon atoms per Bravais cell) a 

factor group analysis predicts only one triply degenerate 

fundamental frequency, active in Raman scattering, but in­

active in I.R. absorption. The calorimetric value of the 

Debye characteristic temperature of diamond is about 18600 K, 
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which corresponds to a frequency limit of 1293 cm- l • A 

strong Raman line is observed at 1332 cm-l (0.165 eV). 

It is therefore generally accepted that the fundamental 

optical vibration of diamond is at 0.165 eV and that 

single phonon absorption of radiation in this region is 

forbidden for the perfect diamond lattice. 

Sutherland et al (1954) found that all diamonds 

exhibit I.R. absorption. The absorption in the region 

0.13 to 0.18 eV is highly specimen dependent, whereas the 

bands in the region 0.224 to 0.495 eV appear in all spec-

imens and can be regarded as an intrinsic property of 

perfect diamond. 

Lax and Bursteih (1955) have shown that the 

intrinsic I.R. absorption bands in diamond may be due to 

multiphonon processes. Lattice absorption may be assoc-

iated with two-phonon processes arising from second-order 

terms in the electric moment produced by charge deforma­

tion. Absorption by three-phonon processes can occur 

through third order terms in the electric moment. 

Subs equently, Smith, Hardy and T'1i tchell (1962) 

have analysed the intrinsic I.R. absorption bands of 

diamond and found that they can be attributed to two­

phonon processes in the 0.2~4 to 0.330 eV region and to 
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three phonon processes in the region 0.330 to 0.495 eVe 

The I.R. absorption bands in the region 0.13 to 

0.18 eV occur in the region of the fundamental optical 

vibrational frequencies of the diamond lattice, in spite 

of the fact that absorption associated with single-phonon 

processes is explicitly forbidden by the selection rules 

associated with the symmetry of the lattice. 

Lax and Bur~stein (1955) showed that such ab­

sorption may be possible when certain types of defect 

centres are present in the diamond lattice, because they 

can destroy locally the symmetry of the diamond structure 

and thereby permit an electromagnetic coupling to the fun­

damental optical vibrational frequencies. 

2.2.3. E.P.R. Absorption. 

E.P.R. spectroscopy involves the resonant absorp­

tion of electro-magnetic radiation by unpaired electrons 

in a magnetic field. Before a magnetic field is applied 

to a system containing unpaired electrons, the energy 

levels are degenerate in electron spin. Upon application 

of an external. field the degeneracy will be removed and 

each level will split. 

If a free paramagnetic ion with a resultant 
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angular momentum J is placed in a magnetic field H, the 

energy levels are given by 

Where 

1 + J(J+l) + S1§+l) - L(L+l) the Lande 
g • 2J(J+l) 

factor. 

f1 eh 
j-' = 4 iT mc the Bohr Magneton. 

M = Component of the electric angular 

momentum J along the field acting on 

the ion. 

L = Orbital angular momentum. 

S = Spin angular momentum. 

If an alternating field of frequency y is applied at 

right angles to H, magnetic dipole transitions are pro­

duced, according to the selection rule 

At1=+l (2.6) 

Thus the photons which are resonantly absorbed are those 

whose energy is equal to the separation between adjacent 

levels i.e. 

hv =gj3 H 
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The simplest case is that of a single electron whose or­

bital moment L is zero. Then g = 2.00229. 

From a classical point of view one can think of 

the unpaired spins in a magnetic field being oriented 

parallel or anti-parallel to the applied field H. The 

anti-parallel orientation corresponding to the higher of 

the energy levels. The magnetic moment vector processes 

about the direction of H with a frequency; 

v = gh§ H 

which corresponds to the frequency of radiation required 

to cause a spin flip between the parallel and anti-parallel 

orientations, ;"hereby microwave energy is absorbed. If 

the converse occurs it is termed induced emission. Both 

transitions have the same "a priori" probability. In a 

system at thermal equilibrium the lower state has a greater 

population and a net absorption of energy will occur until 

the levels are equally populated. If this is to continue 

the system of spins must be in thermal equilibrium. 

Spin-lattice relaxation is one mechanism by 

which thermal equilibrium can be re-established. Coupling 

between the lattice and the spin system results in the 
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spins losing energy to the lattice and the restoration of 

the thermal equilibrium. If this coupling is weak, the 

system has a long spin-lattice relaxation time, and 

sufficient microwave power can be introduced to saturate 

the E.P.R. signal~ 

In addition to the external magnetic field, an 

unpaired electron may be associated with a nucleus possess­

ing a magnetic moment, which produces an internal field. 

This will cause a splitting of the simple energy levels, 

known as hyperfine splitting, depending on the nuclear 

spin. A nucleus of spin I will cause hyperfine splitting 

into (21+1) component levels. 

The simple picture of free unpaired electrons 

in a solid, even including hyperfine interaction, can be 

further complicated by many interactions such as those of 

the orbital motion and spin with each other, with the 

applied magnetic field, and with magnetic moments of 

nearby nuclei. There are also electrostatic and covalent 

interactions with the crystalline environment. Generally 

the theoretical description of a paramagnetic entity is 

so complex that a complete solution for the energy levels 

and wave functions is impractical. Commonly, the inter­

pretation of B.P.R. phonomena are limited to a set of 
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low-lying energy levels whose magnetic behaviour is des­

cribed by an expression known as the "spin-Hamiltonian." 

The concept of the spin-Hamiltonian was intro-

duced by Pryce (1950) and the theory was further developed 

by Abragam and Pryce (1951). The s:!)in-Hamiltonian is a 

polynomial in §, the effective electron spin, where 2S + 

1 is the number of levels whose properties are being des-

cribed. It also contains terms describing the interactions 

of nuclear spins 1, and yields the energy levels, tran­

sitions between which give rise to the E.P.R. spectrum, 

as the eigen values of: 

Where 

Heg·S + S·D·S + S·A·I + I·Q'.I 
--- --- -...;;lj-

p = Bohr magneton. 

~n = Nuclear magneton. 

o = Nuclear gyromagnetic ratio. 

In general the other quantities are tensors 

whose values may be determined experimentally. The first 

term in eqn (2.9) describes the Zeeman splitting of the 

lowest energy levels, whilst the second describes the zero 
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field splitting produced by crystalline field or spin-

spin interactions. The remaining four terms describe 

nuclear interactions, the first of thsse being the mag-

netic hyperfine interaction; the second the quadrupolar 

interaction, and the last two the direct interaction 

between the nucleus and the magnetic field. 

Perfect diamond is intrinsically diamagnetic 

and will exhibit no-<';.~F.R. absorption. The presence of 

defect centres may, however, provide a paramagnetic sys-

tem and hence S.P.R. absorption can be used as a very 

sensitive method for detecting t~e presence of certain 

defects. The type of defects expected to give rise to 

E.P.R. are twofold: 

1-~[ rc = 

a) Damaged lattice sites involving electrons 

localized in broken bonds. In this case 

nuclear interactions can be neglected 

because I12c = O. (I
13c 

= f, but this 

isotope is only l.llo/c abundant). For a 

spectrum exhibiting axial symmetry the 

spin-Hamiltonian IrVill then reduce to 

g 4 H S + /) g (HxS
x 

+ Hy Sy) + DS 2
z 11 j---' z Z j:::> -L 

(2.10) 
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The term D represents the presence of initial splitting of 

the electronic levels due to second order effects of the 

crystalline field. g IJ 

values of the g tensor. 

and g J- are the principal 

b) Substitutional impurity atoms such as/those 

of the Group III and V elements, will give 

rise to unpaired electrons in bonding with 

carbon (Gr. IV) atoms. As most of these im­

purity atoms have nuclear spin, nuclear inter­

actions ,.vi th the unpaired electrons are very 

important and may yield important information 

from which the impurity atoms may be iden­

tified. 

2.3. Methods for Producing or Changing Defect Centres in 

Diamond. 

~.3.l. Irradiation Damage. 

Irradiation damage is one way in which defects 

may be introduced in a controlled way into solids and has 

been studied extensively in the last twenty years. Com­

prehensive review articles e.g. by Kinchin and Pease 

(1955) and Seitz and Koehler (1956) are available. Only 
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a brief discussion of the underlying principles of the 

production of defects in diamond by irradiation damage 

will therefore be given here. 

1rJhen high energy charged particles pass through 

a solid, they can lose energy in two ways. They can ex­

cite the orbital electrons of an atom and thus cause par­

tial or complete ionization, or they can interact with the 

atomic nuclei in the solid. The latter process, known as 

Coulcmb interaction or Rutherford scattering, involves 

scattering of the incident particle by the Coulomb field. 

In this process energy and momentum, dependent on the angle 

of scatter, are given to the nucleus. Seitz (1949) es­

timated that only about 0.1% of the energy is lost in 

nuclear interactions. 

In non-ionic solids, it is only by Coulomb in­

teraction that sufficient energy can be transferred to an 

atom to displace it from its normal lattice site, thus 

producing a vacant atomic site (vacancy) and an intersti­

tial atom ( interstitial) • The minimum energy '-'.Thich must 

be given to an atom to disp13ce it from a lattice site 

when all the neighbouring atoms remain in their original 

pOSitions, is known as the displacement energy Ed. Cal­

culation of the values of Ed in solids is difficult and 
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Ed is therefore usually determined experimentally. From 

energies of sublimation Seitz (1949) estimated Ed to be 

about 25 eV for most solids. This agrees lfli th experimen­

tally determined values for many solids. 

If the energy of a displ9-ced atom in a solid, or 

primary recoil as it is termed, is greater than Ed, the 

primary itself may cause further displacements. These so­

called secondaries may cause further atomic displacements 

and a displacement cascade may continue until the displaced 

atoms have insufficient energy to displace any more atoms. 

A consequence of irradiation damage in solids 

is energy transfer to lattice vibrations. This may occur 

either from the excitation of electrons, which. subsequently 

give up their energy to lattice vibrations, or by direct 

excitation of lattice vibrations in non-displacement 

collisions. In some cases this can lead to high temper­

ature regions of the order of lOOOoK, involving thousands 

f . -10 -11 o atoms over a duratlon of 10 to 10 seconds. Such 

regions, known as "thermal-spikes" (Seitz 1949), may re-

main as disordered regions in a crystal on cooling. 

The ordered arrangement of atoms in a crystal 

lattice may affect energy transfer in irradiation damage 

processes. Silsbee (1957) suggested that energy could be 
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transferred over up to 150 atomic distances by successive 

collisions along lines of closely packed atoms, in 1.rfhat 

is termed IIfocussing collisions." Thompson et al (1956) 

considered a similar mode of energy transfer, the so­

called "dynamic crowdion." In an open structure like the 

diamond lattice, however, focussing of this type is not 

regarded as very likely. 

Effects of irradiation damage on diamond were 

reported 50 years ago. Crookes (1909) was one of the 

earliest investigators to notice that colour changes were 

produced in diamonds by radium radiation. Cork (1942) 

obtained a blue surface colouration in a diamond, as a 

result of 10 MeV deutron bombardment. Similar effects 

were obtained by Dugdale (1953) who used electrons of 

energy up to 3 MeV. Pough and Rogers (1947) showed that 

diamonds were not affected by x-ray irradiation. 

More recently, detailed studies of irradiation 

damage effects in diamond were undertaken, mainly by the 

Reading group (e.g. Clark et al 1956 a & b, Clark et al 

1961 and Duncan 1963). Since the optical absorption in­

duced in diamond by various forms of irradiation is sim­

ilar in many respects and because there exists a minimum 

energy below which no absorption can be produced, it is 
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noW generally accepted that the induced absorption arises 

trom electronic excitation in carbon interstitials, or in 

the atoms surrounding a vacancy, or in complexes of these 

detects. 

Atomic displacements may be produced in diamond 

by the following methods: 

a) Neutron Irradiation, whereby neutrons from 

an atomic pile lose energy only by hard sphere collisions 

with carbon nuclei. The probability of such collisions 

is low but when collisions do occur the recoil carbon 

atom receives high energy and creates a number of secondary 

displacements. The rate of energy loss of the recoil atom 

is such that initially secondary displacements are sep­

arated by several atomic diameters, but when the atom has 

lost a large fraction of its energy, secondary displace­

ments are separated by less than the interatomic spacing 

of carbon atoms in diamond. In such a region all existing 

order is destroyed, and this method is therefore not 

attractive for producing isolated point defects. 

b) Gamma Irradiation, whereby gamma rays dis­

sipate their energy by electron-positron pair production, 

Compton scattering and photo-ionization. For gamma rays 

from 60Co (1.17 and 1.33 MeV) Compton electrons are the 
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main agents in defect production. The disadvantage of 

using gamma-rays for producing lattice displacements in 

diamond is that the time involved in producing a reason­

able amount of defects (: l017/cc ) is of the order of 

months. 

c) Electron Irradiation, where relativistic 

electrons with energy higher than 0.3 r1eV possess suffic-

ient energy to displace carbon atoms from their lattice 

positions by elastic collisions. This provides a very 

useful method for producing single defects and was used 

in this study. The maximum recoil energy transferred by 

a relativistic electron to an atom in an elastic collision 

is given by 

Where 

Em 4Ei 
= Mc 2 

Ei = Incident electron energy. 

M = Mass of the struck atom. 

(2.11) 

When an electron is scattered through an angle e, the 

recoil energy of the struck atom is given by 

Ep = Em sin2 ( e /2) (2.12) 
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There is a minimum electron scattering angle ed, below 

which the energy transferred to the target atom is insuf­

ficient to cause a displacement. This is given by 

The number of primary displacements, Np ' when diamond is 

irradiated by relativistic electrons, is given by 

Np = up Ni Na (2.14) 

Ni = Incident dose (e/cm2) 

Na ~ Concentration of carbon atoms. 

crp = Total cross section for primary displace­

ments. 

The total cross section for primary displacements was 

evaluated by Seitz and Koehler (1956) in the form 

TI 

f d 4' ( e) 2 iT sin e de 

eel 
(2.15) 

Where d cP ( e) is the expression for the differential 

Coulomb scattering cross section of relativistic electrons 

by atomic nuclei derived by McKinley and Feshback (1948) 
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in the form 

( ) Z 
2 

e 
4 

( 1- ~ 2) cos e c 4 e /2 [1 A 2 dcP S ... ~e4 144 / -I-J 
o 

TT D<.ftsin 8/2 (l-sin e/2~ (2.16) 

This is accurate to terms in~2, where: 

0(= 1~7 = 0.044 for carbon. 

;9 = Vic. 

By inserting this value for dcp (E3) in eqn. (2.15), sub­

stituting Ep/Em from eqn. (2.12) and integrating between 

the limits Ed and Em, the expression for the total cross 

section for primary displacements is obtained as 

Up _ iTz2e4 (1_p2) 
- 1n02C 4,.8 4 

- (ft 2 + Ii cif3) Em] ln Ed (2.17) 

This treatment does not take into account sec-

ondary displacements. In this study on defects in diamond 

care was taken to choose electron irradiation conditions 

in such a way that secondary displacements will not be 
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involved. The theory also applies for mono-energetic 

electrons only, and hence a correction must be applied 

for the energy loss occurring by electron interaction 

within a diamond. 

Clark et al (1961) derived such a correction 

for the energy loss by assuming that the range of an 

electron o-r.t:!iven enerq:;y in diamond is the same as that 
~f the higher density of diamond is corrected for. 

reported for aluminium by Glendenin (1948)1\ By using the 

treatment outlined above they obtained theoretical curves 

for the energy dependence of the rate of production of 

vacancy/interstitial pairs in diamond by assuming values 

for Ed. These v,rere compared with the experimental results 

for the rates of production of optical absorption (a 

physical property of diamond that is sensitive to the 

number of defects present). Their results which were 

taken as a guide for point defect production in diamond 

in this study, can be summarized as follows: 

1) X-rays or electrons of energy less than 0.3 

MeV produce no O.A. bands. 

2) O.A. bands at 2.0 eV and 4.0 eV are produced 

linearly with the dose in all diamonds by 

electrons of energy 0.3 to 0.8 MeV, and are 

primary products of the damage process. 
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3) Electrons of energy greater than 0.8 MeV 

produce, in addition, O.A., most easily ob­

served at 2.696 eV, which is also very 

marked after neutron irradiation. 0.8 MeV 

therefore appears to be the threshold for 

multiple defect production. 

4) Ed ~ 80 eV for single defect production. 

~~Annealing of Irradiation Damar,e bZ Heat Treatmeg~. 

This implies the movement of irradiation induced 

defects in a solid, whereby the defect centres undergo 

such changes that they no longer exist in the same atomic 

configuration. Motion of defects in a solid can take 

place as a result of the thermal vibrations of all the 

atoms and will depend on the thermal energy E of the de­

fect. 

The probability of a lattice atom or defect 

having a thermal energy E is proportional to the Boltzman 

factor 

Where T is the absolute temperature. 

If Ei is the depth of the potential well in which a defect 
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is held, then the frequency r with which it jumps into a 

next lattice site is given by 

I' = 
,,) -E./kT 

I 0 e 1 (2.18) 

Where Yo is the vibrational frequency of the defect in 

its potential well and is usually of the order of 1013 per 

second (Seitz 1940). 

The simplest type of aRuealing of irradiation 

damage is the mutual annihilation of interstitials and 

vacancies. This process usually proceeds by jumps of one 

defect (mostly the interstitial; Lomer and Cottrell 1955) 

towards the other. At high temperatures, however, the 

mobile interstitials or vacancies may be trapped by other 

defects. 

Very little is known about t'b.e annealing of 

irradiation damage in diamond. The effects appear to be 

highly specimen dependent and probably involve combination 

with other defects. This will be fully discussed at a 

later stage. 

2.3.3. Thermal Ionization of Defect Centres. 

This process involves the transfer of ~lectrons 
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by thermal activation between defect centres, or between 

defect centres and the host lattice. Such thermally-ac­

tivated changes in the state of charge of defect centres 

influence optical and ~.P.d. absorption measurements, 

al though the atomic configur':J.tion of the defect remains 

unaltered. 

In the band picture of solids, the defects 

generally produced by irradiation damage in diamond give 

rise to ground stEl.tes in the forbidden gap. Transitions 

between occupied ground states and excited states give 

rise to optical absorption. Electrons may be thermally 

excited from ground states into the conduction band where 

they are free to move throuEh the crystal and can then be 

trapped by empty acceptor states. This is one mechanism 

by which so-c9lled "thermal-bleaching" can result. In 

this ease the effective activation energy is the thermal 

energy gap between the ground state level of the defect 

centre and the conduction band. Because of relaxation of 

the atoms around the defect during the ionization process, 

this energy is expected to be less than the enerGY for 

optical bleaching of the centre. 

On the other hand, thermal-activation of an 

electron from the valence band to the 8round state of a 
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defect centre may occur under favourable circumstances. 

The positive hole so generated is free to move through 

the cryst31 Gnd may be trapped by donor centres. In such 

a process the rate of thermal excitation to a defect 

ground stpte, R, will be given by 

R = Nv Se v (G-g) e-E/ kT (2.19) 

Where 

v = Thermal velocity, assumed to be the 

same for electrons in the conduction 

band and holes in the valence band, and 

given by + mv2 
= 3/2 kT. 

Se = Capture cross-section of empty states 

for electrons. 

G = Density of states. 

g = Density of occupied states. 

E = Activation energy of the process. 

Heat treatment of irradiated diamonds in order 

to anneal irradiation damage may simultaneously affect 

thermal ionization of the defects. Care was therefore 

taken to assess the contribution of each of these possible 

effects of heat treatment. 



- 35 -

go 3.4. Illumination with High Intensity l"Ionochromatic 

Light. 

The state of charge of defect centres may be 

altered permanently by illumination with lig'l.t of certain 

energies. Most com~only this results in optical bleaching 

by which an electron is excited from the ground state of 

one defect centre to the conduction band and then trapped 

by another defect centre. This effect will depend on the 

occupancy and capture cross sections of the defect states 

involved. A quantitative treatment of the processes in­

volved has been given by Bube (1960). 

This method has, in the present study, proved 

useful in obtaining the positions of defect levels in the 

forbidden gap. 

2.4. Discussion. 

The methods described above for studying defect 

centres in diamond have proved useful but in most instan­

ces the defect centres could not be identified from these 

observations alone. The methods used to produce defects, 

or to alter existing defects, provided valuable additional 

information, with the result that in some cases a reason­

able model could be proposed for a defect centre. 
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It must be emphasized that the methods employed 

are not the only ones available. Many other techniques 

can also be applied to a study of defect centres in dia­

mond, and by taking all the evidence into account, one 

usually obtains the best understanding of the nature of a 

specific defect centre. Two such additional experimental 

methods are: 

1) Excitation and luminescence spectra. This 

method was studied in some detail by Matthews 

(1956) and Maycraft (1960). 

2) Photoconduction in normally insulating dia-

monds, which was studied by Vermeulen (1965). 

The result& of these authors, as well as some additional 

crude observations made in the course of this study, will 

be discussed in appropriate sections later on. 
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CH.1PTER III. 

APPARil.TUS. 

3.1. Introduction. 

The apparatus used to carry out the experimental 

methods described in Chapter II can also best be described 

in two sections; that for studying diamonds containing 

defects, and that used for producing or modifying defect 

centres in diamond. As t~e aim of this study was to make 

a large number of measurements on as many diamond samples 

as possible, rather than to apply a specific technique to 

the study of diamond, apparatus known to 'Nork satisfac­

torily was used as far as possible and no special equip­

ment was developed. 

3.2. Apparatus for Studying Diamonds Containing Defects. 

3.2.1. Optical Absorption in the U.V.-VIS Region. 

Absorption spectra were constructed from trans­

mission values at various wavelengths of the incident 

light as described in Chapter II. The transmission values 

in the D.V.-VIS region were measured with a Unicam S.P. 
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700 recording double beam spectrophotometer, covering the 

spectral range 0.6 eV to 6.0 eVe 

A tungsten filament lamp is used in the visible 

and near infra-red region and a hydrogen arc for the ultra­

violet region, the change-over point being at 30 kc/cm. 

The beam of monochromatic light in the instrument is 

divided into two parts, which are chopped at 300 cis, 

passed alternatively through the reference and sample 

compartments at 25 cis, and then recombined on a single 

radiation detector producing a signal. This is then amp­

lified and switched, synchronously with the alternation 

of the beams through the compartments, between two output 

channels; thus producing a sample and a reference spec­

trum. Two detectors are used; a photomultipher for the 

U.V. and VIS regions and a lead sulphide detector for the 

near I.R. region, the change-over point being at 13 kc/cm. 

The sample and reference compartments were adopted with 

1 mm slits to accommodate small diamond specimens. 

In order not to deflect the beam of the srectro­

photometer from the detector, the diamond specimens used 

had to be provided with two opposed flat faces, parallel 

to each other to within better than 10 of arc. This was 

accomplished by a special technique developed by the 
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Diamond Research Laboratory. 

The 11lavelength settin;:::;s on the instrument were 

regularly checked against the 6563A, 4861A and 4341A hy­

drogen emission lines. The particular instrument avail­

able did not give reproducible transmission values over 

long periods of time. A reference transmission curve was 

therefore superimposed on every sample curve. Obtaining 

transmission values relative to these reference curveE, 

provided reproducibility to within 1% at all wavelength 

settings over long periods of time~ 

In order to carry out transmission measurements 

at temperatures below room temperature, a cryostat WqS 

constructed to fit the sampl~ compartment of the instru­

ment. The design was essentially that of ~edepohl (1963) 

and is illustrated in Figure 3.1. 

3.2.2. Optical Absorption in the I.R. Region. 

Transmission values in the I.R. region were ob­

tained with a Unicam S.P. 200 recording double beam spec­

trophotometer, coverin~ the spectral range of 0.1 eV to 

0.6 eVe Radiation is provided by a Nerst filament, this 

is switched between sample and reference at 10 cis and 

detected with a Golay Cell. Specimen preparation was the 
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same as for the D.V.-VIS region, and rock salt beam con­

densers were used to improve the intensity of light 

through the small windows on the specimens. 

The wavelength settings of the instrument were 

checked against the l.;o;:nown absorption lines in the poly­

styrene spectrum. The same procedure as for the H.V.-VIS 

region was adopted to ensure reproducible transmission 

values. 

3.'.3. E.P.R. Measurements. 

The E.P.R. spectrometer used ToJas of conventional 

design, operating at an X-band microwave frequency in the 

vicinity of 9.3 Gc/s, with 100 Kc/s field modulation. The 

arrangement of the components in the form of a block­

diagram is illustrated by Figure 3.2, which is self-explan­

atory. 

Microwave frequency stabilisation was effected 

by locking the klystron frequency to the reference cavity 

with an automatic frequency control unit, whi~h monitored 

the reflector voltage of the klystron. The sample cavity 

used was a reflection TBl02 rectangular cavity, equipped 

with a small copper wire coil inside, to provide 100 Kc/s 

modulation of the d.c. magnetic field at the sample 
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position. The electromagnet providing the d.c. magnetic 

field was operated by a 50 volt, 10 amp, voltage stab­

ilized solid state power supply manufactured by Grundy 

and Partners. A good quality Helipot potentiometer was 

built into this, and the magnetic field was swept by 

driving this potentiometer with a synchronous electric 

motor through a variable gearbox. 

A relative magnetic field calibration was ob­

tained by scanning the known spectrum of substitutional 

nitrogen in diamond (Smith et al 1959a), with a fixed 

recorder chart speed, and various gear ratios for driving 

the power supply. The magnetic field sweeps so obtained 

were linear and reproducible. From the known separation 

between the lines of the nitrogen spectrum, each sweep 

rate could be calibrated as scanning a known number of 

oersteds per cm of recorder chart. Magnetic field spac­

ings within about 100 Oe of g = 2 could hereby be measured 

to an accuracy of about 2%. No absolute calibration of 

the magnetic field strength was attempted. 

The g-values of the systems studied were com­

pared with the known values for Diphenylpicrylhydrazine 

(DPPH) and substitutional nitrogen in diamond, by simul­

taneously placing small amounts of these and the 
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specimens stuC.ied in the sample c~vity. The sensitivity 

of the spectrometer 1J9S eV;Jluated by detecting various 

amounts of a diluted semple of DP~H having a known amount 

of free spins. It is estimated that about (1013 • b,H) 

free spins could be detected with the instrument; .6H 

being the line width measured bet1deen the maximum and the 

minimum of the first derivative spectrum in oersted. 

Normally no sample preparation was required, the 

specimens were inserted in the cavity in such a position 

that they were in the maximum r.f. magnetic field and 

minimum r. f. electric field. \Jhen specific crystal di­

rections were required, the required orientations were 

obtained using standard back reflection x-ray diffraction 

techniques. Small facets were then polished on the spec­

imens normal to these directions, and they were then fixed 

with one of these facets flush to a flat piece of quartz 

which could be aligned normal to the direction of the 

d.c. magnetic field. 

3.3. Apparatus for Producing or Modifying Defect Centres. 

3.3.1. Electron Irradiation. 

A 2 MeV electron accelerator, developed for the 
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Diamond Research Laboratory by N.V. Philips, was used. 

This instrument was described in detail by Henneberke 

(1960 ). Briefly, the accelerator is of the cascade type 

incorporated in a tank with 10 atmospheres o~ nitrogen 

pressure. Zlectrons are emitted by a tungsten filament 

and accelerated down .~ 14 stase evacuated aG~~ler~t~ng tube 

which is supplied by a 7 st-[je 00ckcroft- i1al ton generator 

with selenium rectifying units. 

The accelerating voltage is measured with a ro­

tating voltmeter. The meter was calibrated by Horszowski 

(1963) with a st8cked foil current measurement technique. 

The beam current density was measured by collecting all 

the electron beam which passed through a collimator of 

known area in a Faraday cage. 

The specimens were held by wood's metal in a 

recess in the top of a copper cold finger which was 

mounted in::-1' evacuated container under the thin metal 

window of the accelerating tube, and was cooled by water 

or a solid-002 and acetone mixture. 

3.3.2. Heat Treatment. 

Heat treatment of the specimens was carried out 

in two stages. Between 100°0 and 500°0 the specimens were 
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beated in air in a small copper cup containing a chromel­

alumel t~ermocouple, lvhich :'[2S inserted in a \,vild and 

Barfield tube furnace. Because of the small size of the 

specimens and the copper cup, furnace temperature was 

attained very rapidly by the specimen. Since the furnace 

had a large thermal capacity, it was possible to control 

the temperature very accurately. After completion of a 

beat treatment the diamonds were dropped onto A. water­

cooled copper block where, because of their high thermal 

conductivity, they cooled very rapidly to room temperature. 

Since diamonds are attacked by air above 5000 0, 

heat treatment in the range 500°C to 10000C was carried out 

in vacuo. The apparatus used was similar to that des­

cribed by Clark (1955). It consists of a small furnace 

mounted in an evacuated bell-jar. Provision was made for 

dropping the specimens, with a magnetically operated re­

lease mechanism, onto a thermocouple junction, after the 

selected furnace temperature was obtained. Because of 

the low thermal capacity of the furnace the temperature 

fell between 10°C and 20°0 on entry of the specimens and 

took 3 to 5 minutes to recover its original value. At 

the end of the heating time the furnace current was 

switched off, and after about 5 minutes when the 
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temperature was below 5000 C, air was allowed into the 

system, and the specimens removed. In this temperature 

range the shortest heating time was 4 hours, so that the 

errors introduced by warmins up to the desired temperature, 

and cooling to room temperature, was Ernlall. 

2.'.'. Illumination. 

The diamond specimens were illuminated with 

light from a quartz envelope high pressure mercury lamp. 

The light was focused onto the specimens using a quartz 

lens. vmen light of specific wavelengths were required, 

a Hilger quartz monochromator was used to select the par­

ticular emission line. By mounting the specimens in the 

cryostat described in p,. 2 .1. illumination could be 

effected at temperatures below room temperature. 
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CHAPTZR IV. 

SURVEY OF NAf['URu; DIUlOND. 

4.1. Introduction. 

In all about 250 diamonds were selected for 

detailed study from about 10,000 individual stones, which 

were themselves surveyed for tQe more obvious visual char­

acteristics such as colour, morphol03Y etc. This large 

number of stones comprised a cross-nection of production 

from all major sources of natural diamond, and th.e final 

selection of 250 for detailed work was done as far as 

possible to yield a sample which was representative of all 

the batches surveyed. 

The specimens were studied using the O.~., I.R. 

and E. F. :a. absorption techniques described in Chapter II. 

Perfect diamond without defect centres in detectable 

amounts SQould only exhibit the following absorption 

fe3.tures: 

1) The fundamental absorption edge at about 

5 4 V · 0 A • +' '",' ,T .• 1IT • e In ._1-1.. In vee '~.v. re~:::"Oll • .1.'10 

absorption bands in the VIS. region. 

2) I.rt. bands between 0.224 elf and 0.495 
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eV associated with two and three phonon 

processes. 

3) No E.P.R. absorption. 

No such perfect diamonds were found in this 

survey. All the specimens investigated exhibited addi­

tional absorption which can only be attributed to the 

presence of defects. The defect centres encountered do 

not always reveal themselves in I.R. or E.?q. absorption; 

however, all exhibit characteristic C.A. systems in the 

U. V. -VIS region. '"lhere the nature of the defect centres 

was not known, they "'ere therefore labelled according to 

their characteristic absorption in the U.V.-VI& region. 

Altogether eleven different defect centres were 

found, and they are therefore labelled: 

1) Non-Paramagnetic Nitrogen. 

2) 4150A-Centres. 

3) Paramagnetic Nitrogen. 

4) Graphitic Regions. 

5) Acceptor Centres. 

6) G.R.I-Centres. 

7) 5032A-Centres. 

8) Pink Centres. 

9) Mauve Centres. 
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10) 4800A-Centres. 

11) Amber Centres. 

In this chapter the absorption systems produced 

by these defect centres are described individually. A 

discussion of the nature of theee centres is added, however, 

it must be stressed that at this stage the emphasis is to 

catalogue the defects occurring in natural diamond, and 

that a detailed discussion of the nature of some of these 

centres is presented in the following chap~ers. 

4.2. Non-Paramagnetic Nitrogen. 

4.2.1. Existing Knowledge. 

Sutherland et al (1954) reported an I.R. band 

system, the so-called A-bands, characterised by a strong 

band at 0.159 eVe The OoA. in the U.V.-VIS. of these A­

centres was described in detail by Clark et al (1956 a). 

The characteristic feature is an absorption edge, the so­

called secondary absorption edge, starting at 3.7 eV and 

extending to the fundamental absorption edge at 5.4 eVe 

No E.P.R. absorption associated with A-centres was repor­

ted in the literature. 

Kaiser and Bond (1959) found nitrogen, generally 
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in a concentration of about 102C atoms/cc, as an impurity 

in most diamonds. A linear correlation was demonstrated 

between the nitrogen concentration and the A-centre op­

tical absorption features. From lattice dilation and 

density measurements, Kaiser and Bond concluded that the 

nitrogen atoms are present in substitutional solid solu-

tion. 

Smith et al (1959 a) detected an B.P.R. spectrum 

in certain diamonds, which could be interpreted as arising 

from the presence of isolated substitutional nitrogen 

atoms in the diamond lattice. The amount of paramagnetic 

nitrogen present in the specimens, as estimated from the 

E.P.R. absorption, was between 1015 and 1017 atoms/cc. 

Smith et al therefore concluded that most of the nitrogen 

found by Kaiser and Bond must be present in a non-para-

magnetic form. 

It was not clear whether the secondary absorp­

tion edge is due entirely to non-paramagnetic nitrogen; 

nor was it known what effect the presence of paramagnetic 

nitrogen has on the optical properties of diamond. 

The apparent absence of E.P.R. absorption, and 

the strong I.R. band at 0.159 eV, associated 1,dth these 

nitrogen centres, was discussed by Elliot (1960). He 
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proposed that the substitutional nitrogen atoms are lo­

cated in a double nitrogen layer of the N-C-N type; thus 

effecting a non-paramagnetic confi~uration where inter-

vening carbon atoms are surrounded by a tetrahedron of 

nitrogen atoms, ·qith two extra electrons shared between 

the four bonds. As an alternative Elliot suggested a 

N-C-C-N layer arrangement, where extra electrons are con-

fined to particular b~nds. The possibility of pairs of 

nitrogen atoms, in the form of N2-molecules, was ruled 

out by the requirement of considerable charge transfer, 

(defect either charged or a dipole) to account for the 

strong I.R. absorption with maximum at 0.159 eVe 

This proposal of Elliot was supported by Evans 

and Phaal (1962), who observed platelets segregated in 

(100) planes in diamonds exhibiting the A-centre O.A. 

features, by transmission electron microscopy. Nitrogen 

is the only impurity found in a high enough concentration 

(1020 atoms/cc) to account for the observed platelet size 

and density. Small dislocation loops were found on (111) 

planes near the nitrogen platelets and were attributed 

to the condensation of vacancies following the formation 

of the platelets. 

The nature of these nitrogen platelets was 
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further investigated by James and Evans (1965), who com­

puted profiles for the electron microscope images of the 

platelets. By using the method described by Ashby and 

Brown (1963 a & b), estimates were obtained 0= the lattice 

displacements on either side of t 11e platelets. Thus James 

and Evans suggested that the platelets contain a varying 

number of nitrogen-rich planes and that each impurity 

plane produces a lattice displacement of approximately 

1/6 a, where a is the (400) interplaning spacing. The 

diamond lattice on either side of the platelets is there­

fore in compression and some strain could actually be 

detected in the plane of the platelets. 

Tagaki and Lang (1964) demonstrated a general 

proportionality between the strength of the secondary ab­

sorption edge and the anamolous "spike" x-ray reflections, 

(commonly found in diamond Frank 1956) point-by-point in 

several stones. Further evidence on the nature of nitro­

gen platelets was obtained when Franl:: (1964) reported 

that an error, by a factor of 4 in the lattice displace­

ment was contained in his 1956 interpretation of the 

x-ray diffraction spikes. These incorrect values of Frank 

(1956) were used by Elliot (1960) in his model for the 

nitrogen platelets. 
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Following Frank's correction Lang (1964) pro-

posed a platelet structure with six carbon and four nit­

rogen atoms per unit cell, which produce, IrJith standard 

bond lengths, an expansion normal to the platelet of 

1.18A, in accord with the evidence from the x-ray dif-

fraction spikes. This is illustrated in Figure 4.1. 

Such a structure produces no density change in agreement 

with observations of JVIykolajewycz et al (1964). 

Lang's model, however, does not seem to be able 

to account for the strong infra-red ~-bands which char-

acterizes non-paramagnetic nitrogen; it thus appears that 

while the general concept of nitrogen segregated into a 

platelet configuration is well established, the precise 

arrangement of the atoms in the platelet remains spec-

ulative. 

4.2.2. Results of this Survey. 

About 98% of all the diamonds investigated ex-

hibited the optical ~bsorption features shown to be char-

acteristic of non-paramagnetic nitrogen in platelet form. 

The nitrogen concentration, estimated from the optical 

absorption features as described by Kaiser and Bond 

( 19 ~o 1959) was found to be between 3 x 10 and 10- atoms/cc. 
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LANG (1964). 
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As rare exceptions, some specimens were found which con­

tained only about 1018 non-paramagnetic atoms/cc. All 

these specimens exhibited in addition to the non-paramag­

netic nitrogen absorption system an absorption system 

associated with the so-called 4150A-centres, which are 

discussed in the next section. 

A small group - possibly 0.5% of all the dia-

monds exhibit only the absorption features arising from 

non-paramagnetic nitrogen. The 4150A-centres, if present, 

are below the threshold of detection by optical absorption 

methods. No B.P.R. absorption could be detected in these 

specimens, although some of the larger specimens (~ 0.5 cc) 

contained as much as 3 x 1020 non-paramagnetic nitrogen 

atoms/cc and about 1013 free spins could be detected by 

the instrument. 

4.2.3. Discussion. 

It appears evident that the A-centre optical ab-

sorption features are due entirely to non-paramagnetic 

nitrogen in platelets. Subsequently it will be shown 

that paramagnetic nitrogen, presumably nitrogen in a 

dispersed, sUbstitutional form in the diamond lattice, 

give rise to completely different and hitherto unknown 
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optical abso·rption features which will be discussed in a 

later section. 

The evidence suggests that 98% of all diamonds 

grew in a nitrogen rich environment. Ni trogen ~r3.S incor­

porated in the diamond lattice in substitutional positions 

and probably by a vacancy mechanism migrated to form 

platelets. The vacancies then condensed into small dis­

location loops. 

It appears that the nitrogen platelets give 

rise to a level in the forbidden gap at about 3.7 eV below 

the conduction band. Transitions from this level to the 

conduction band may then explain the secondary absorption 

edge, stretching from 3.7 eV to 5.4 eV, in U.V. absorp­

tion. 

This picture has support from Vermeulen (1965) 

who found a photoconduction peak at 4 eV which could be 

qualitatively correlated with the secondary absorption 

edge. The low energy limit of a photoconduction peak 

defines the energy of the level (Bube 1960) so that this 

peak may very well be associated with the transition of 

electrons from a level 3.7 eV below the conduction band. 

The I.R. absorption system associated with the 

nitrogen platelets may conceivably arise from the creation 
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of a dipole moment which provides coupling between the 

normal lattice modes and the incident electro-magnetic 

radiation as suggested by Elliot (1960) and Smith and 

Hardy (1961). 

4.3. 4150A-Centres. 

4.3.1. Existing Kno~edge. 

In addition to t"b.e A-bands, Sutherland et al 

(1954) observed another common I.R. absorption system in 

diamond; the so-called "B-bands". The main features of 

this system are a strong band at 0.145 eV and a weaker 

sharp band at 0.165 eVe They reported that the B-bands 

correlated with the so-called 4150A O.A. system in the 

VIS. region. The 4150A system has been described in 

detail bJ Clark et al (1956 a). It is characterized by 

a set of absorption lines which consists of a sharp prin­

cipal line of lO"vest energy at 2.99 eV (4150A) and a num­

ber of successively more diffuse ancillary lines at higher 

energies. 

Dyer and Matthews (1957) examined the fluor­

esence spectrum associated with the 4150A system. The 

spectrum consists of a principal sharp line of highest 
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energy at 2.99 eV :::md a number of more diffuse lines at 

lower energies; i.8. the mirror image of the absorption 

system. The excitation spectrum of this fluoresence 

system followed the shape of the 4l50A - absorption curve 

very closely. 

Raal (1959) found another 0 . .1'1.. system, the so­

called 2360A system, which appeared to be associated with 

4150A - centres. This system consists of three O.A. 

bands between 5.2 eV and 5.4 eV; the strongest band being 

at 5.25 eV (2360A). 

Recently Holland and Raal (1964) have investi­

gated the correlation between the 2360A system in the 

U.V. region, the 4150A system in the VIS ref,ion and the 

B-bands in the I.R. region. The 4150A system was found to 

correlate well lid th the I.R. B-bands only in diamonds con­

taining large amounts (about 1020 atoms/cc) of non-para-

magnetic nitrogen. 'The correlation vms weak or non-

existent in diamonds containing less non-paramagnetic 

nitrogen. In these specimens the 4150A system was absent 

or much smaller than expected from the strength of the 

I.R. B-bands. The 2360A system correlated well with the 

B-bands. 

No E.P.I?. absorption associated with the 4150A 
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system was reported in the literature. 

~.3.2. Results of this Survey. 

About 98% of all the diamonds investigated ex­

hibited the 4150A system. All these specimens also con­

tained non-paramagnetic nitrogen. Strong 4150A systems 

were only observed when t~e non-paramagnetic nitrogen con­

centration ,das about 1020 atoms/cc; when lower, th.e 4150A 

system was much weaker. Al though no correlation bet1,veen 

the 4150A system and the non-paramagnetic nitrogen content 

exists, there appesrs to be some relation between these 

centres. 

An~. -'.3 .• absorption system, which will be re­

ferred to as the "14 line spectrum tl was found to be as soc-

iated with the 4150A O.A. system. This~.P.R. system was 

found to be precisely the same as that reported by Smith 

et al (1959 b) who did however, not associate it with the 

4150A O.A. systerr:. The 14 line spectrum 1'T8.S described in 

detail by Smith et 8.1 and as this investigation reveals 

nothing more th.gn to confirm the e8rlier observ9tions, it 

will only be described briefly here. 

The 14 line ~.?~. system is char8.cterised by 

a complicated anisotropic system of weak, narrow (6H~ 

tOe) lines near g = 2. Th.ere are between 14 and 30 or 

more lines in the spectrum, depending on the orientation 
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.of the d.c. magnetic field, with respect to the crystallo­

graphic axes. The resonances are easily saturated, full 

resolution of the spectrum being very difficult • {men the 

crystal is orientated so that the d.c. magnetic field Ho 

[lOOJ direction; the minimum number of lines, namely 

14, is found. In random orientation the whole spectrum is 

found in a magnetic field spread of approximatel~ 30 Oe. 

To investigate in more detail the correlation 

between this E.P.R. spectrum and the 4150A O.A. system in 

the VIS region, 10 diamonds were selected for careful 

study. From these specimens absorption coefficients were 

derived from transmission values at various photon energies 

across the 4150A system. Graphs of absorption coefficient 

versus photon energy were plotted. The bac'c:ground absorp­

tion continuum was sketched in for each graph and the 

resulting enclosed areas measured with a planimeter. These 

areas were used as a measure of the strength of the 4150A 

system, expressed in units of eV x cm-l • 

The 14 line E.P.R. spectra of these diamonds 

were obtained under as near identical conditions as 

A high modulation current was used in these 

~ts so that the individual lines of this system 

.J.10t resolved, and the spectra had the appearance of 
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of a broad single line, The first derivative spectra so 

obtained were integrated graphically at intervals of 1 

Oe, and the actual E.P.R. spectra constructed. The areas 

under these curves were taken as a measure of the strength 

of the 14 line spectrum in a particular stone. 

The degree of correspondence between the 4150A 

system and the 14 line spectrum was expressed in terms of 

a correlation coefficient. The correlation coefficient 

between two variables u.. and V is defined as 

INhere 

LlV - U V 
UtA. uv 

_2-
u.."2- - u... 

-z 
V2. - V 

Thus r = 0 implies an absence of correlation between the 

variables, and r = 1 implies a perfect straight line re-

lationship. 

A correlation coefficient, r = 0.94 was obtained 

between the 4150A system and the 14 line spectrum. This 

significantly high value indicates that there is a common 

cause for these absorption systems which will be referred 

to as 4150A-centres. 
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4.3.3. Discussion. 

Smith et al (1959 b) proposed that the 14 line 

E.P.R. spectrum could arise from substitutional aluminium 

atoms in the diamond lattice. They reasoned that when 

aluminium with 3 outer electrons is bound substitutionally, 

a large fraction of the resulting "holes" would be bound 

to their acceptor atoms at room temperature, because of 

the large ionization energy of diamond. The observed 

spectrum was then accounted for qualitatively as arising 

from an unpaired electron localized along one of the four 

tetrahedral bends joining an aluI:1.inium atom with its 

nearest neighbour carbon atom. 

As there are four equally probable bond direc-

tions along which the "hole" C!1n be orientated, there 

will be four dissimilar and overlapping sets of lines for 

an arbitrary orientation of Ho. If Ho is parallel to the 

[lOOJ direction, thus making an equal angle (6= 550
) 

with each of the tetrahedral bonds, the four sets should 

coincide and the minimum number of lines, 14, should be 

observed. 'rhe nuclear spin of aluminium, I Al = 5/2; 

there will therefore be six lines due to hyperfine 

splitting. The interaction of the quadrupole moment of 

the aluminium nucleus ( + 0.150 x 1024cm2) with the field 
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gradient of the unpaired electron will add so-called 

"forbidden" resonances. For 6r-1I = + 1 eight transitions 

will be added. The 14 lines observed could therefore be 

the transitions £::'1'11 = 0 (six) and D MI == :: 1 (eight). 

It is difficult to reconstruct this spectrum 

theoretically because the hyperfine, quadrupole and nuc­

lear magnetic energies are all of the same order of mag­

nitude. Recently, however, Every (1965), using computer 

calculations, has shown that it is unlikely that such a 

spectrum could result from substitutional aluminium atoms 

in the diamond lattice. Furthermore, the results of 

spectrographic analysis (Raal 1957) indicate that although 

aluminium frequently occurs as an impurity in diamond, 

there is no correlation or relation between 4150A-centres 

and the aluminium content of diamond. This coupled with 

the fact that there is a very distinct relation between 

4150A-centres and the presence of nitrogen platelets, in­

dicates that the 4150A-centres are not due to the presence 

of substitutional aluminium atoms only. 

The E.S.R. results indicate that the 14 line 

spectrum arises from centres having <Ill> symmetry. 

This is in agreement with the results of Maycraft (1960) 

on the polarisation of the luminesence associated with 
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~he 4l50A O.A. system, which hdicated a complex having 

~lll> symmetry. 

Any more specific model for 4l5CA-centres, 

apart from that they are sssociated with nitrogen in some 

way and have Zlll> symmetry, '.·vill be very speculative. 

One possibility is that the centres consist of nearest 

neighbour substitutional aluminium and nitrogen donor­

acceptor pairs. This proposal is favoured by Dean (1965) 

who from a study of luminesence in diamond suggested that 

the 4l50A optical transition may be due to the creation 

of an exciton bound to this centre in which the donor and 

acceptor are in an ionized st8te. 

Another possibility is that the centre involves 

nitrogen atoms in solid solution in a different state of 

aggregation than the non-paramagnetic nitrogen platelets. 

This would explain the relationship between these centres 

and the concentration of nitrogen platelets, as it is 

reasonable to expect that when the nitrogen content is 

high a large number of other nitrogen aggregates may be 

present as well. On this basis the simplest nitrogen 

defects responsible for 4l50A-centres would be nitrogen 

pairs in interstitial or sUbstitutional positions. 

The 4l50A O.A. band probably arises from 
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transitions between the ground state and excited states 

of the defect centre, in the forbidden gap. It has a 

principal line of lowest energy and additional less sharp 

lines arising from the interaction between the main 

electronic transition and vibrational states of the crys­

tal. That such a model involving transitions I'vi thin the 

forbidden gap and not involving the valence or conduction 

bands is feasible, was subsequently shown by Vermeulen 

(1965) who found a photoconduction minimum at the 4l50A 

region in the photoconduction spectra of diamonds contain­

ing these centres; indicating that absorption of light in 

this region takes place, which does not involve the gen-

eration of charge carriers. 

The mirror image similarity in shape of the 

4150A luminesence and absorption systems indicates that 

the absorption process is the exact reversal of the lum-

inesence process, both taking place at the same centre. 

4.4. Parama~netic Nitrogen. 

4.4.1. Existing Knowledge. 

As mentioned in ~ 4.2.1. Smith et al (1959 a) 
) 

reported the presence of an E.P.R. spectrum Hhich they 
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~ttributed to the presence of sinGle, iso10ted, substi­

tutional nitrogen atoms in the diamond lattice. 

This spectrum consists of a triplet of equally 

spaced, equally intense, lines with the d.c. magnetic 

field Ho parallel to a [lOOJ direction. The g factor 

of the resonance is isotropic being 2.0024 ~ 0.0005. The 

nuclear spin of nitrogen 114 = 1. From nuclear splitting 
N 

one would expect 21 + 1 = 3 lines. In other orientations 

of the d. c. magnetic field the outer tlNo lines of the 

triplet are resolved in as many as 4 lines each. This 

was explained by Smith et al by considering more than one 

centre. The model proposed by them comprises a substitu-

tional nitrogen atom with one of the C-N bond directions 

a hyperfine axis. The spectrum from a given nitrogen 

centre will thpn consist of 3 lines whose spacing 'KI 

depends on the angle between the hyperfine axis and Ho. 

With Ho fl [lCOJ direction, an equal angle, 6= 550
, 

will result from all four possible C-N bond directions. 

The spacings will therefore be equal, all four spectra 

will be superimposed, and only three lines will be ob-

served. 

No information as regards the optical absorption 

properties of diamonds containing paramagnetic nitrogen 
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was reported in the literature. 

4.4.2. Results of this Survey. -
In a relatively common form of diamond, disper-

sed or paramagnetic nitrogen was found to occur. These 

diamonds, known to the trade as coated stones, consist of 

a clear diamond core with an opaque overgrowth, often 

very thick, of very imperfectly grown diamond or coat. 

Paramagnetic nitrogen is found only in the opaque coat in 

a concentration as high as 1018 atoms/cc (assessed from 

the intensity of the ~.P.R. spectrum). As the coat con-

sists of such imperfect, opaque diamond, containing large 

numbers of impurities, it has not been possible to obtain 

any more information about the properties associated with 

paramagnetic nitrogen in diamond. According to Kemmey and 

Mitchell (1960), the ~.P.R. spectra of Smith et al were ob-

served in opaque, greenish stones from the Belgian Congo 

and Sierra Leone, which probably were coated stones. 

A rare group of clear diamonds--probably about 

0.1% natural occurrence--was found to show the 1..-;.P.R. 

spectrum of dispersed substitutional nitrogen. These 

diamonds were used for a careful study of the effects of 

these defects. The results of this examination will be 
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described fully in the next cha-pter. Briefly, however, 

E.P.R. studies revealed the presence of many lines besides 

those founcl by Smith et al (1959 a). 'lhese lines, spec­

ifically those attributed to 15N hyperfine splitting, 

provide additional evidence in support of the conclusion 

that the spectrum is due to single substitutional nitro-

gen atoms. The optical properties found to be associated 

with the presence of paramagnetic nitrogen were hitherto 

unknown, and unlike those of diamonds containing other 

defect centres. 

4.4.3. Discussion. 

It is now certain that the vast majority of all 

clear natural diamonds do not contain any paramagnetic 

nitrogen. * The coated diamonds of West Africa give every 

*Note added in proof. Since this survey was undertaken a 

more sensitive S.P.il. spectrometer was used, and it was 

found that virtually all natural diamonds contain a very 

small amount (1012 to 1013 atoms/cc) of paramagnetic nit-

rogen. Faramagnetic nitrogen in concentrations higher 

than this is only found in coated diamonds and in the 

small group of transparent natural diamonds mentioned abovE 
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evidence of two growth phases. The first a]pears to have 

been relatively slO\v and controlled , with clear diamond 

cores being formed. These cores contain non-paramagnetic 

nitrogen and 4150A.-centres, in varying concentrations. A 

subsequent, very different, and probably very rapid srowth 

phase must the~ have occurred, leading to the deposition 

of the opaque coat lIJhic!.1 contains paramagnetic nitrogen, 

and is t10St imperfectly crystallised. This rapid growth 

may have been initiated by the changes in pressure and 

temperature immediately prior to, and during the volc1nic 

erruption which led to ldmberli te pipe formation. This 

would result in relatively rapid quenching of the newly 

grown diamond, and any included nitrogen would be expected 

to remain largely dispersed. 

In the r2re clear diamonds containing up to 1017 

atoms/cc paramagnetic nitrogen, crystal perfection is such 

that very rapid growth processes 'ppear improbable. It 

may be that this small group of specimens was grown under 

unusually low temperature conditions, where the equili­

brium concentration of thermal vacancies presumably nec-

essary for nitrogen migration to form platelets, ~'Tas 

sufficiently low to prevent platelet formation. 
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4 5 G 1·t:· R . •• rapnl~lc e~lons. 

~.5.1. Existing Know1ed~e. 

Clar~ et al (1956 a & b) reported the existence 

of an absorption tEdl in all thE: so-ci-llled Type 110 spec­

imens (non-ni troge,n containing insu18tinc diamonds) 

studied. The gbsorption tsil comprises a monotonic in-

crease of absorption, ',vi th increasin< photon energy, 

starting at 1.5 eV and extending up to th,~ fundoment:'\l 

absorption edge at 5.4 eVe Clark et al found that this 

absorption tail could be enhanced by heating specimens in 

which single vacancies and interstitials were produced by 

electron irradiation at temperatures between 7000 C and 

900°C. They suggested that the absorption tail is due to 

extensive regions of3.morphous or graphitic carbon pro-

duced by the agglomeration of point defects. The point 

defects may either increase the number of these regions 

or migrate to and increase the size of existin~ regions. 

Clark et al adduced ~urther support for their 

model from neutron irradiation damage studies. In neutron 

irradiated Type IIa diamonds the absorption tail is pro-

duced without heating, by bombardment with pile neutrons, 

and is probably associated "lith regions of exte::lsive 
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damage near the ends of the trdcks of recoil carbon atoms. 

X-ray examination of heavily neutron-irradiated diamonds 

by Levy and Krammerer (1955) have revealed the presence 

of amorphous material. 

Vedepohl (1957 a) showed that the wavelength 

dependence of the apparent absorption tail is ~-3.6. 

As a result of this ~e pointed out that most of the tail 

might arise from a Rayleigh scatterin~ effect ( 1\ -4) • 

Bastin and f1i tchell (1959) investigated this system in 

plane parallel specimens, using an integrating sphere, 

and concluded that the apparent absorption tail is real 

and that the wavelength dependence with that required for 

Rayleigh scattering is fortuitous. 

Duncan (1963) found that the absorption tail 

could also be produced in Type IIa diamonds by 1.4 MeV 

electron irradiation without heating. He determined the 

displacement energy for these centres as 3d = 140 eVe 

4.5.2. Results of this Survey. 

From the specimens investigated it is estimated 

that between 1% and 2% of all nat'l~ral diamonds do not 

contain nitrogen in detectable amounts. These specimens 

are commonly referred to as Type II diamonds (Robertson 
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et al 1934). Of the Type II diamonds most are good in­

sulators and are referred to ~s Type IIa. A small per­

centage are s2mi-conductors and of the so-called Type lIb 

variety (Custers 1952). 

All the Type IIa specimens were found to ex­

hibit the absorntion tail in varying strengt~. No I.R. 

absorption apart from tlJ.e intrinsic diamond be.nds could 

be detected in these specimens. However a single iso­

tropic ~.P.~. line that appeared to be associated with 

the absorption tail was found. 

This ~.P.R. line in specimen Dl is illustrated 

by Figure 4.2. The g-value could not be distinguished 

experimentally from that of the resonance due to para­

magnetic nitrog~n in diamond (i.e. very close to the 

free electron value). The line width 6.R, measured 

between the maximum and mini~um value of the first deriv­

ative spectrum, was found to vary between 3 Oe and 4 Oe 

in the ten specimens investigated. A linear correlation 

coefficient r = 0.96 vlas obtained betj'Jeen the intensity 

of the absorption tail :::md the r',lati ve strength of tl-).e 

E.P.R. line. This is in agreement with independent re­

sults of Duncan (1963), who studied the formation of the 

absorption t,:dl anG. presumably the same E.:? a. line aft~r 
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electron irradiation at 1.75 MeV. 

The absorption tail T'T:}S also found in about 5% 

of the diamonds containin9; non-par3magnetic nitrogen. In 

most cases th9 associated~.~.R. line wis superimposed on 

the 14 line spectrum present in these specimens due to 

the co-existence of 4l50A-centres. The two spectra could 

be partially resolved at high levels of the microwave 

power in the resonRnt cavity. Under such conditions the 

intensity of the 14 line spectru~ was reduced considerably 

due to saturation, whereas no saturation of the line due 

to graphitic regions could be detected. 

4.5..:..2. Discussion. 

From the evide~ce it appears reasonable to assume 

that the absorption tedl and associated -:.:::::.L line ori­

ginate from defect centres compriSing regions of grossly 

disordered carbon 8toms in the diamonc1_ lattice, which for 

the sa;;::e o~ briefness are referred to as graphitic regions. 

1Jhether the: centres in fact consist of graphite, where 

carbon atoms are hex300nally close packed in basal planes 

which are bound loosely to one another, is not clear at 

all. Jagoner (196C) studied the free carrier resonance 

in graphite and found 8. line with an anisotropiC g-value. 
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gil = 2.0495 (H II hexap;oD.e.l axis) 
I 

g = 2.0026 (H-L hexagonal axis) _L 

No readily detectable changes in 6,l{, of the '=.~).?c. line 

due to tl:le graphitic regions, 1r{it:l orientation were ob-

served, l:lowever, the orientCition o+' the centres in th3 

diamond structure is not known. 

4.6. Acceptor Centres. 

4.6.1. Zeisting Knowledge. 

Custers (1952) discover~d that a small group of 

Type II diamonds are semi-conducting.· These specimens 

were classified as Type lIb and were investi~;'1.te~l exten-

sively by Wedepohl (1957 b). Se concluded that these 

specimens are p-type semiconductors with an acceptor 

level at 0.34 eV above the valence band. In VIS absorp-

tion they are characterised by an absorption continuum 

starting clt !J.bout 2.5 eV and extending to tlLe l.R. region 

where characteristic bands at 0.508 eV, o. 34Lj.. eV and 

0.306 eV are found. 
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Bell and Leivo (1961) reported Z.P.R. spectra in 

two semi-conducting diamonds. In the first, \rJ'hich con­

tained a high concentrstion of acceptor centres, a line, 

similar to that revealert b7 this survey to be due to 

graphitic regions, was found. The second diamond, which 

contained few acce)tor centres but exhibited an unusual 

red luminesence, which is not characteristic of the 

acceptor centres, exhibited a broad unresolved resonance. 

4.S.2. Results of this Survey. 

As semi-conducting diamonds are very scarce, 

some were specially selected for study from the produc­

tion of the Premier Mine (the only major source). Apart 

from the acceptor centres some of these specimens also 

revealed t 11e presence of graphitic recions. nO~.J:-'.R. 

features were detected in any of the specimens containing 

only acceptor centres. 

4.6.3. Discussion. 

~o E.P.R. absorption characteristic of the 

acceptor centres could be found. ~he line reported by 

Bell and Leivo (1961) in a diamond containing a large 

number of acceptor centres al~ost certainly derives from 
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\he presence of some graphitic regions in the cryst81. 

~imilarly the other spectrum could be the result of defect 

centres other than the acceptor centres whic'1 could pre­

sumbalY11so account for t~l.e unusual red luminescence. 

~he simplest and most probable atonic model for 

the acceptor centres would be a substitutionally bound 

Group III element in the diamond lattice such as boron or 

aluminium. The presence of such substi tution:ll atoms is 

expected to be revealed by :E. P .. 't. absorption, ho\,'Jever, 

no resonances due to such shallow acceptor impurities 

could be detected in p-type silicon crystals. The fail­

ure to detect such resonances in silicon is thouGht to be 

related to the structure of the valence band (Ludwig and 

Woodbury 1962). The degeneracy of valence bands at k = 0, 

the minimum hole energy in silicon, is related to the 

symmetry of the lattice, and can be lifted (except for 

spin) by subjecting the crystal to uniaxial stress. 

Feher et al (1960) observed a sin~le resonance line in 

boron, aluminium, Gallium and indium doped silicon crys­

tals su~jected to a uniaxial stress. Similar reasons 

may very well account for the absence of E.P.R. in un­

strained diamonds containing acceptor centres. 
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4.7. GRI-Centres. 

4.7.1. Existing Knowledge. -
Clar1-;.- et al (1956 a) found that an C.A. b::md, 

called GRl, consisting of a sharp principal line at 1.~8 

eV and successively more diffuse lineG at hir,her energies, 

could be induced in all di 3mon -~ s bv irradiation clama~e. 

It waS sug~ested that this band arose from t~e creation 

of vacancies or interstitials in the diamond lattice. 

No I. R. or -.:;. P. R. absorption features, "Thich could be 

associated with the }Rl band were reported. 

4.7.2. Results of this Survey. 

A GRl band could b~ detected in only a few rare 

natural diamonds only in a surface layer, approximat@ly 

0.5 mm thick. No I.R. or 3.P.R. absorption features, 

which could be associated with GRI-centres, were found. 

4.7.3. Discussion. 

The specimens in liliic~ a GRI band could be 

detected are thought to have be8n subjected to irradiation 

damage during some staGe of their geological environment. 

The defects associated with irradiation damage in diamond 
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are described in detail in Chapter VIII. G~l-centres may 

therefore more a~propriately b~ discussed there. 

4-.'3. 5032A-Cent~. 

4.3.1. Existin~ Knowledge. 

An C.A. bsncl with a principal line at ~.47 eV 

(503,2A) and associated more dif "use lines on the high 

energy side, was found in natural diamond. by Cl,:\rk et al 

(1956 a). Clark et al (1956 b) demonstr1ted that this 

O.A. band can be produced in certain specimens if irra-

diation damage is followed by heat treatment in excess of 

No associ8ted I.R. or T:i' u T) 
..J • ...: • • -.Io\. • absorption features 

were reported. 

4.3.? Results of this Survey. 

The 5032A O.L band was observed only in about 

0.1% of the specimens containing non~parama~netic nitro-

gen. No associated I.R. or 3.F.H. absorption features 

were observed. 

4.3.3. Discussion. 

The 5032A-centres appear to be associated with 
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'vacancies or interstitials and nitrogen platelets and 

. will be discussed in more detail in Ch2pter IX, ' .. There 

the effects of heat treatment on irradiated diamonds 

containing non-paraTIl:osnetic nitrogen are described. 

4.9. Pink and tIauve Centres. 

4.9.1. Existing Ynowledge. 

Raal (1953) found a broad C.A. band in the VIS 

region centered at approximately 2.23 eV in all pink and 

mauve coloured diamonds. This b~nd could to some extent 

be correlated with the manganese impurity content of the 

specimens. Subsequently \,Jright (1961) reported that the 

band in pink diamonds only could be bleached by x-rays 

and again restored by exposure to D.V. light. Holland 

(1964) demonstrated that both pink And mauve diamonds 

have the O.A. band at 2.:::3 eV, but that the pink diamonds 

exhibit two additional overlapping bands with peaks at 

3.13 eV and 3.18 eV respectively, while the mauve diamonds 

only exhibit an absorption tail extendin0 from 2.7 eV to 

as far as the secondary absorption edge at about 3.7 eVe 
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,.9.2. Results of this burvey. 
r-

A very small percentage of the diamonds encoun­

tered normally exhibits pink or mauve centres. Some 

specimens were therefore specially selected. The diamonds 

containing mauve centres all contained large amounts of 

non-paramagnetic nitrogen (+ 1020 atoms/cc) and 4150A­

centres. Only I.R. and ~.P.R. absorption features char­

acteristic of 4150A-centres and nitrogen platelets were 

observed in these specimens containing mauve centres. 

The specimens containing pink centres all con­

tained little or no non-paramagnetic nitrogen. No 

additional I. R. bands >lere found. A weak single isotro­

pic Z.P.R. line could be detected in these specimens. On 

exposure to x-rays thisE.P.R. line nearly doubled in 

intensity and could be restored to its original condition 

by subsequent illumination Nith U.V. light. This is shown 

in Figure 4.3, for specimen D2, which in addition to pink 

centres also contained some graphitic regions as was 

evident from the O.A. spectrum. 

4.9.3. Discussion. 

It appears as though pin1~ centres are normally 

not paramagnetic. The J~.P.R. line detected in these 
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<.pecimens presumably arise from the graphitic regions 

,!present. ~rlhen the pink diamonds are exposed to x-rays 

~he O.A. bands are bleached and the pink centres pre­

sumably become paramagnetic, giving rise to a single line 

superimposed on the existing E.P.R. line. This additional 

,E.P.R. absorption can be bleached by U.V. light, a pro­

cess whereby the O.A. bands are restored. 

From this scanty evidence no model for pink or 

mauve centres can be proposed. Presumably these centres 

do not arise from the presence of manganese in the diamond 

lattice, as no E.P.R. absorption which can be associated 

with manganese impurities is found. 

4.10. 4800A-Centres. 

4.10.1. E~isting Knowledge. 

None. 

4.10.2. R~~ults of_this Survey. 

These defect centres were encountered in most 

of the specimens containing paramagnetic nitrogen and 

also in some rare specimens containing about 1019 

atoms/cc non-paramagnetic nitrogen. They are characterised 
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~ a broad O.A. band in the VIS region, between 2.4 eV 

,and 3.0 eV, with a maximum at 2.6 eV (4800A). This is 

~illustrated in Figure 4.4 for specimen D3 which exhibits 

in addition a weak secondary absorption edge. As can be 

seen, only some imperfectly resolved structure at 2.5 eV 

was revealed at 80oK. All the specimens exhibiting 

4800A-centres fluoresced strongly with a flesh colour 

under ultra-violet light. 

In I.R. absorption 4800A-centres appear to be 

characterised by a weak band at 0.136 eVe This is illus-

trated in Figure 4.5 for specimen D3, ilJ'hich exhi bi ts in 

addition a 11J'eak b8.nd at 0.159 eV due to the presence of 

non-paramagnetic nitrogen. 

A complicated E.P.R. spectrum consisting of an 

anisotropic system of between 4 and 6 lines centered near 

g = 2 appears to be associated with the 4800A-centres. 

This is illustrated by Figure 4.6 with Ho applied in 

different crystallographic directions to specimen Di. It 

is evident that no symmetric pattern could be obtained in 

any of these orientations. Most commonly the 4S00A-centres 

were detected in specimens containing paramagnetic nitro-

gen. The E.P.R. spectrum of Figure 4.6 was then found 

superimposed on the spectrum resulting from paramagnetic 
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~trogen in diamond. 

No correlation coefficients could be calculated 

tor the U.V.-VIS, I.R. and ~.?R. absorption spectra, as 

only a fe 11T specimens were availb9.le. The spectra des­

cribed above were, however, always obt;:1ined when the 

4800A optical absorption band 1flas present. 

4.10.3. Discussion. 

The ~.P.R. spectrum of 4800A-centres does not 

lend itself to any straightforward analysis. An attempt 

to obtain the symmetry of these centres ".,ras made by 

studying the ~.P.R. spectrum in many different orienta­

tions, hOI."lever wi t 110ut success. A more comprehensive 

study may yield useful information, but W9.S not attempted 

at this stage in view of the many other centres that "Jere 

studied. 

Apart from the fact that the 4800A-centres 

appear to be associated with nitrogen in diamond and 

particularly nitrogen in the paramagnetic configuration, 

nothing can be said about the nature of the centres at 

this stage. 
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4.11. Amber Centres. 

4.11. 1 . Existing Knowledge. -
None. 

4.11.2. Results of this Survey. 

These centres were usually detected in specimens 

containing paramagnetic nitrog~n, in which they appear to 

be very common. In these specimens the presence of addi-

tional amber centres was revealed by an apparent single, 

isotropic, narrow ~.P.R. line superimposed on the central 

line of the paramagnetic nitrog8n spectrum. This is 

illustrated in Figure L1-.7 for specimen D4. In a fel'" rare 

specimens no other paramagnetic absorption, except that 

from the amber centres, was found. This is illustrated 

in Figure 4.8 for specimen D5 which exhibits only a 

single isotropic line with 6R = 1.8 Oe ::. 0.3 Oe. This 

E.P.R. line, thought to be due to amber centres, is quite 

different from the line associated with grap~itic regions 

c§ 4.5.2.) in that it is about two times narrower and do 

not have such broad flanks. 

The O.A. spectrum in the D.V.-VIS region of D5 

is shown in Figure 4.9. The amber centres apparently 
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give rise to: two broad structureless bands between 2.15 

and 2.36 eV and bebr.leen 3.1 and 3.55 eV; a weak system 

between 0.75 and 1.15 eV; and an absorption tail st3.rting 

at 1.15 eV and continuing presumably to the fundamental 

absorption edge .at 5.4 eV. 

The first two broad bands did not change on 

cooling the specimen to liquid nitrogen temperature and 

unlike the bands in pink diamonds, theY'.-ere not affected 

by exposure to x-rays .rhe 1\Teak system between 0.75 and 

1.15 eV in the near I.R., measured at room temperature 

and at 800 r, is shown in more detail in Figure 4.10. It 

appears as if this band, which will be referred to as the 

14,500A band, like the 4150A, GRl an~ 5032A bands, also 

consists of a principal line at 0.77 eV and less sharp 

lines on the high energy side, two of w1J.ich coul,: be re­

solved at C.83 eV and 0.,35 eV with the lead-sulphide 

detector of the spectrophotometer, which does not offer 

good resolution but has to be used at these lons wave­

lengths. 

Furthermore, in the I.R. region all the speci­

mens containing amber centres showed a weak band system 

between about 0.4 eV and 0.6 eV with a characteristic 

band at 0.52 eVe This is illustrated in Figure 4.11 for 
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specimen D5. From this figure it is clear that D5 con­

tains, in addition, some non-paramagnetic nitrogen. 

4 11 3 Discussion. • •• 

The nature of the amber centres is not clear at 

all. The fact that th~ amber centres usually occur in 

diamonds containing paramagnetic nitrogen and give rise 

to a single narrow ~.?R. line may indicste substitutional 

nitrogen atoms in such a position in the diamond lattice 

that exchange interaction can take p13ce along the bonds 

coupling the nitrogen atoms. Such a model was proposed 

by [31ichter (1955) to explain the sincleS. F. R. line when 

silicon is heavily doped with phosphorous donors, but 

with the information available at present such an assign-

ment to amber centres is mere speculation. 

4.12. 'General Discussion. 

?rom this survey it is evident that virtually 

all natural diamonds contain defect centres 1'Jhic'L could 

be detected by the absorption techniques used. A total 

of 11 different types of defect centres was observed. 

Of the s e, two could be definitely associa tee1 with the 

presence of substitutional nitrogen in diamond. Another 



- 85 -

three, graphitic regions, GRl-centres and acceptor centres, 

are not associated with the presence of nitrogen in dia­

mond. The remaining six defect centres could not be 

identified, but are associated in some way with the 

presence of nitrogen impurities. 

The substitutional nitrogen found in diamond 

appears to ~:13.ve been included in a dispersed paramagnetic 

configuration, and subsequently, durin~ growth and for 

millenia prior to kimberlite pipe formation, migrated by 

a vacancy mechanism to the more stable platelet configura­

tion. It is reasonable to expect that some nitrogen.re­

mained in positions intermediate between the two l~own 

configurations. Such nitrogen, in intermediate stages 

of platelet formation, may be responsible for the uniden­

tified defect centres observed in the nitrogen containing 

specimens. 

In order to investigate the feasibility of this 

proposal and to determine whether any of the unidentified 

defect centres could be synthesised, it was decided to 

attempt the conversion of nitrogen in the paramagnetic 

configuration to the non-paramagnetic configuration and 

vice versa, in a step wise way. 

In attempting such a programme the first step 
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would be to irradiate diamonds containing only the two 

nitrogen configurations in order to create vacancies in 

the diamond lattice. T~is would be follol1ed by mild heat 

treatment to render th~ vacancies mobile so that they can 

migrate to, and become attached to substitutional nitro­

gen atoms. Following this with heat treatment up to 

very high temperatures may then promote nitrogen migra­

tion and the possible formation of intArmediate nitrogen 

aggregates. This envisaged programme is illustrated 

schematically in Figure 4.12. 
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PARAI1AGNETIC NITHCGEF IN NATUR'l.L DI IU"IC:ND. 

5.1. Introduction. 

Before attempting a study of the conversion of 

substitutional nitrogen in the paramagnetic configuration 

to the non-paramaDnetic configuration nnd vice versa, it 

was decided to investigate the absorption spectra due to 

paramagnetic nitrogen in detail. Such an investigation 

was necessary in order to avoid possible confusion of the 

spectra due to paramae;netic nitrogen, with those spectra 

that may arise from the formation of new defect centres. 

From the specimens used for the survey, five 

transparent natural diamonds were specially selected as 

representing specimens containing only paramagnetic nitro­

gen defects in detectable amounts. The Z.P.R., D.V.-VIS 

and I.R. absorption spectra observed in these specimens 

are described in this chapter, and the correlation between 

these spectra is discussed. 

5.2. 3.2.TI. Absorption. 

2.2.1. ~xisting Knowledge. 
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As mentioned in :p4.4.1. Smith et al (1959 a) 

observed an qnisotropic spectrum consisting of 3 equally 

intense, equally spaced lines with Ho 1\ [lOCJ direction. 

This was called spectrum (A), and was attributed to sub­

stitutional nitrogen donors in anyone of four sites, 

which differ only in the symmetry axis for the hyperfine 

interaction with 14N• The symmetry axis is in any of the 

four nearest neighbour directions. The spacing JKt of 

the lines of the spectrum (A) was found to vary as; 

A2 2 B2 . / = cos 9 + sln-e 

and the hyperfine constants were determined as: 

A = 38.1 x 10-4 -1 cm 

If the nitrogen donor electron occupied a 

(5.1) 

hydrogen-like orbit of predominantly s character, the 

hyperfine interaction would be isotropic with A = B. As 

this is not the case, Smith et al concluded that there is 

a large admixture of p or a higher type orbit to the 

donor wave function, and proposed a model where the 
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electron with unpaired spin principally occupies an anti­

bonding orbital between the nitrogen atom and one of its 

carbon nearest neighbours. 

If the electron is in an orbital of this l::ind, 

the sites in which this particular neighbour is a 13C 

atom (I = f; 1.1% natural abund3nce), should give rise to 

additional hyperfine lines 180 times weaker than the lines 

of spectrum (A). These lines, called spectrum (B), were 

found by Smith et al.rhe hyperfine constants, with a 

14N _ 13C bond being the hyperfine axis, are: 

A = 113.5 x 10-4 -1 cm 

-4 -1 B = 47.4 x 10 cm 

(The values actually quoted by Smith et 01 were A = 56.75 

-4 -1 -4 -1 x 10 cm and B = 23.7 x 10 cm ,i.e. half as much~ 

An error must have slipped into their calculation.) 

Wi th Ho ! ( [)OO] , Smith et al found an addi tion­

al set of lines, called spectrum (C), spaced symmetrically 

6.4 Oe on either side of the three lines of spectrum (A). 

This was attributed to hyperfine interactions with 13C 

atoms in anyone of the three positions, basal to the 

nitrogen of t~e N-C bond. Their calculated antibonding 
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wave function did not have the required density at such 

a large distance, and t~ey suggested therefore a linear 

combination of antibonding orbitals. 

No evidence of any quadrupole effects was found 

by Smith et ale 

2. 2 .? General. 

By operating the sDectrometer at very low energy 

densities in the cavity in order not to broaden the 2.P.R. 

lines, many more lines due to the nitrogen donor could be 

detected. These new lines can be divided into three main 

groups, as they are due to three different causes. Follow­

ing the notation used by Smith et al, the first group will 

be referred to as spectrum (C) as they are attributed to 

the interaction with the l3C isotope. The other two groups 

will then be classified as spectrum (D) and spectrum (E) 

respectively. 

These lines, in specimen D6, are illustrated in 

Figure 5 .1 with Ho \ l [lOOJ. The three lines of spectrum 

(A) are so much more intense that they overran the limits 

of the recorder. 
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~.2.3. Spectrum (C). 

T1:lis spectrum "VIas found to consist of three 

pairs of lines symmetric~lly spaced on either side of 

the intense lines of spectrum (A). The outer pair is 

at 6.4 Oe ~ 0.2 Oe. on each side of the central line of 

spectrum (A). This pair is therefore identified as the 

spectrum (C) lines of Smith et al, and will now be re­

ferred to as spectrum (Cl). Smith et al could detect 

these lines only for Ho II (lOa); it is now evident that 

they can also be observed in the other orientations and 

that the hyperfine constants CGn therefore be evaluated. 

The second pair of lines was observed at 4.6 Oe 

! 0.3 Oe on either side of the intense spectrum (A) lines 

in all orientations. This will be referred to as spec-

trum (C2). 

The third pair of lines clos8st to the intense 

lines of spectrum (A) could only be resolved for Holl<'lOO), 

but did not seem to move with change of the applied field. 

They will be referred to as spectrum (C3). 

The lines of all these spectra of the (C) 

series have equal intensity, and are about 60 times less 

intense than those of spectrum (A). They are therefore 

attributed to interaction with 13C• The results of the 
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.measurements on these lines are tabulated in Table 5.1. 

Also included in this table are the values of the hyper­

fine consta~ts A an~ B calculated on t~e assumption that 

the hyperfi~e spacing IKI depends on the angle Gaccord­

ing to equa~ion 5.1. 

Sllith et al suggested that the spectrum (Cl) 

lines are caused by 13C in one of the three basal carbon 

positions attached to the nitrogen atom, as illustrated 

by the Cl positions in Figure 5.? This is a reasonable 

assumption since these carbon pOSitions are closest to the 

nitrogen. It is suggested that the lines of spectrum 

(C2) are caused by 13C in one of the carbon positions 

basal to the carbon in the N-C bond as illustrated by the 

C2 positions 5.2. The underlying assumption is 

that the unpaired electron in its antibondin~ orbital 

spends most of its time close to the nitrogen. 

The probable positions of the 13C giving rise 

to spectrurr (C3) are as indic9ted by positions C3 in 

Figure 5.2. Again this is based on the assumption that 

the electron spends more of its time on the nitrogen in 
next 

the N-C bord. That it is not one of the sixi'f-earest 

neighbour positions in the plane perpendicular to the 

N-C bond ccntaining the electron, is borne out by the 



13C HVPERFINE LINES - SPECTRUM (C) 

e = ANGLE BETWEEN Ho HYPERFINE SPLITTING DUE TO l3C 
AND THE NITROGEN HY-

PERFINE AXIS SPECTRUM (Cl) SPECTRUM (C2) SPECTRUM (C3) 

e = 00 + 15.1 - 0.5 De + 9.2 - 0.5 De Could not be resolved 

e = 90
0 + 1l.4 - 0.5 De " " 

6 :; 35° + 13.7 - 0.5 De " It 

e = 70
0 + 1l.7 - 0.5 De " n 

e = 55
0 + 4-" 11 ~ I." .5' Oe... 12.8 - 0.5 De II 

CALCULATED HYPERFINE + [j-4 A(C1)=14.1 - 0.5 x 1 em 
-1 + -4-1 

A(C2)=8.6 - 0.5 x 10 em 
+ -4-1 

A(C3)=4.5 - 0.5 x 10 em 

CONSTANTS (ASSUMING 

THE 13C HYPERFINE AXES + -4-1 
B(C1)clO.7 - 0.5 x 10 em A(C2) ~ B(C2) A(C3) ~ BeC3 ) (probably) 

COINCIDENT WITH THE 

l4N HYPERFINE AXIS) 



FIGURE 5.2 SCBElW'IC lmPBESElrl'ATIClf OF THE 130 CENTRES RESPatSIBLE 

FOR THE GROUP (C) SPECTRA.. 
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fact that the three (C) spectra all have the same inten-

sity. 

2_ 2 •4 • Spectrum (D). 

This spectrum "JaS first observed 3S two lines 

unequal in intensity approximately h.?lf1fTay between the 

intense lines of spectrum (A). The relative intensity 

of these lines varied with different orientations of Ho. 

The line at the higher magnetic field side is more intense 

than the line at the lower field side with Ho II ~100>, of 

almost equal intensity with Hol!~llO> and less intense 

wi th Ho II Zlll). 

These lines show no sign of saturation at the 

highest levels of microwave power available, 1iJhereas the 

lines of spectra (A), (B) and (C) give evidence of satur-

ation at low energy levels. 

Using the lowest 100 l:C/S modulation possible, 

it was found that some of these lines are actually com-

posed of two overlapping components. This is illustrated 

'.,.", ~ 1 
~n .r ~gure ./. • The separation of the components that 

could be resolved, for different orientations of Ho, is 

given in Table 5.2. This differ~nce in separation of the 

component lines would account for the different intensities 



TABLE 5,2 

14N QUADRUPOLE HYPERFINE LINES - SPECTRUM (D) 

e = ANGLE BETWEEN Ho AND OBSERVED SEPARATION OF LINES CALCULATED SEPARATION WITH P = -2.0 De 

THE NITROGEN HYPERFINE I LOW FIELD SIDE HIGH FIELD SIDE LOW FIELD SIDE HIGH FIELD SIDE AXIS ! 

+ 1.68 De e = 55
0 L. 100 '/ 

1.7 - 0.2 De Cannot be resolved 0.2 De 

e" 35° J + + De 2.0 De 3.4 - 0.2 De 2.0 - 0.2 De 3.5 

e = 90
0 

<,110) 
No lines found No lines found Zero intensity Zero intensity 

(j. 100} + 0.07 De 1.56 De . ,Cannot be resolved 1.4 - 0.3 De 

6= 00 .(111/ r 
No lines found No lines found Zero intensity Zero intensity 

I - - - -------.. 
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'Observed at higher modulation levels, ~\There the compo­

nents were not resolved. 

The intensities of the lines of spectrum (D) 

are difficult to measure ~ccurately; however, an estimate 

of their intensities relativs to the lines of spectrum 

(A) indicsted th~t they could be due to a quadrupole term 

in the Hamiltonian P ~ 12_+ I (1+l)} with IPI between 

1.5 and 2.5 oersted. 

The splittings of the spectrun (D) lines which 

were obtained from the me3surements described here, were 

explained quantitatively by Loubser (1965) by using sec-

ond order perturb3.tion theory for the so-called f!forbidden" 

b,m = :t:. 1 lines, as developed by Bleane.1j (1951) • The 

value of the coefficient F of th9 quadrupole term in the 

spin Hamiltonian had to be assigned a value of -2.0 + 

0.2 oersted = -5.6 + 0.5 I1c/s, in order to fit t~e ex-

perimental values. The correspondence obtained by Loubser 

is shown in Table 5.2. (The nuclear Zeeman term was 

taken to be -0.374 Oe for 14N in the magnetic field used 

33700e). The 6m = + 2 lines will be displaced by only 

0.75 Oe on either side of t'le isotropic centre lin2 of 

spectrum (A), 8.nd thus, as expected vvere never resolved 

in this investigation. 
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From this value found by Loubser for the co-

efficient P, t~e quadrupole coupling constant eq~ for 

nitrogen can be calculated and co~pared with the values 

found for nitrogen in other cODpounds, and 1:Ii th values 

quoted in the literature for the valence electron of 

nitrogen. It follows from the thGO~y (Ble3n:~ 1951) that 

P 3 eqQ (5.2) = Ii=" 

Where: 

q = El~ctric field e;radient Rt the 

ni trogen nucleus. 

\~ = ~~uadrupole moment of the nucleus. 

The value of Q for 14N is believed to be between 0.016 x 

10-24cm2 and 0.0071 x 10-24cm2 (Lin 1960, Kato and Nakahara 

1959 and Bassompierre 1955). 

If it is assumed that the unpaired electron is 

responsible for the total field 0radient, then it follo1',Ts 

from the theory for a p electron that 

(5.3) 

iroere P~\T = 1.9 x 1024 em -3 is the value calculated by 
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Smith et al from the nitrogen hyperfine constants. 

From the experimentally measured value of P for 

spectrum (D) it is founi t~at 

eqQ = -7.5 + 0.6 Mc/s. 

Using the value of q = 1.82 x 1015 e.s.u. which 

is calculated fro~ expression 5.3 above 

-?4 ? Q = 0.057 x 10- cm-

This is about four times larger thnn the largest 

accepted value, and also larger than the upper limit of 

the quadrupole moment as predicted by the nuclear shell 

model. 

If the value of q is taken as n.6 x 1015e • s •u • 

as estimated by Townes and Schawlow (1955) for a valency 

electron of nitrogen, a value of 

~ -?4 ? 
~ = 0.011 x 10 - cm-

is obtained, ,tJhich is surprisingly close to the accepted 

value. 
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A possible explanation for this may be that the 

unpaired electron polarizes and distorts the other elec­

trons around the nucleus so much that "antishielding" 

occurs and the field Gradient is increased by a fF.lctor 

of four or five. This perturbation of the closed elec­

tron shells by an external unpaired electron '!\Till affect 

the magnetic hyperfine splittings only very slightly 

(Sternheimer 1952). 

5.?5. Spectrum (5). 

This spectrum consists of tv-TO weal~ lines about 

200 times less intense than tb.e lines of spectrum (A) when 

Holl<lOO). 1hey are illustrated for this orientation in 

Figure 5.1, and are thouC;h.t to arise from hyperfine 

splitting by the 15N isotope. This isotope, being 0.365% 

abundant and with nuclear s~in I = +, \,vould be expected 

to give rise to two weak lines of intensity 1/180 of that 

of the spectrum (A) lin?s. 

The average separation between the two lines of 

spectrum (E) with Holl (100) is 48.4 Oe. Using this value, 

the ratio of the magnetic moment of 15N to that of 14N is 

found to be 
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0.72 + 0.02 

The accepted ratio is 0.701, so tbat it can be confidently 

stated that spectrum (.2;) is really due to 15N• 

The presence of this spectrum due to 15::~_ serves 

to remove any doubt that the observed ~.P.R. spectra are 

really due to the presence of substitutional nitrogen 

atoms in isolated positions in the diamond lattice. It 

is clear that although the electron is tiGhtly bound, the 

degree to 1,vhich it is confined to a particular ni trogen­

carbon bond is less than is suggested by the work by 

Smith et 0.1. 

A more detailed theoretical investigation is 

needed to find an acceptable vTave function explaining all 

the observed facts. This is currently being undertaken 

by SC10nl3.nd and Every (1965). 

5.3. O.A. in the D.Ve-VIS Region. 

The O.A. spectra for the five specially ~elec-

ted specimens, which were shown by the::S.?R. studies to 

contain only paramagnetic nitrogen in detectable quan-

tities, were obtained. The O.A. spectra of two of these 
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,pecimens, D6 and D7, are illustrated in Figure 5.3. To 
, 
obtain these spectra it proved necessary in all cases to 

work with very thin specimens (of the order of 0.1 to 0.2 

mm) as the absorption coefficient bet1.'lTeen 4 eV and the 

fundamental absorption edge (5.4 eV) is in general large. 

The form of the absorption spectrum character-

istic of all diamonds cont 8.ining only paramggnetic ni tro-

gen in detectable amounts with ~.P.R. absorption, has 

been found to be the same. By using an appropriate nor-

malizing factor all the spectra obtained can, within the 

limits imposed by experimental technique, be brought into 

coincidence. 

No fine structure was found in the spectra re-

corded at room tempe:rature • -'it liquid nitrogen temper-

ature some structure was observed hetween 4 eV and 5 eVe 

This is shown for specimen D6, in Figure 5.3. Imperfectly 

resolved lines !.'Jere observed at 4.07 eV, 4.15 eV, 4.24 eV, 

4.58 eV and 4.64 eVe 

5.4. O.A. in the I.R. Re~ion. 

The five specimens, mentioned in the previous 

sections, all exhibited the intrinsic bands of diamond 

between 0.185 eV and 0.5 eV and, in addition, a completely 
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new band systsm. This ne 1'1 system in specimen D6, which 

definitely contains no 4150A-centres, and probably no 

non-paramagnetic nitrogen, is shown in :Figure 5.4. 

The main features of the new systeT are: 

a) The main band, with its peak at 0.140 eVe 

b) A small sharp peak at 0.167 eV, and possibly 

c) A broad saddle between 0.155 eV and 0.166 eVe 

The uncertainty about the saddle arises because 

this occurs in the spectral resion of the main band due 

to non-paramaGnetic nitrogen platelets.(0.159 eV). The 

situation where a weak A-band due to platelet nitroGen 

is obviously present in a specimen D8, containins dis­

persed paramagnetic nitrogen as well, is illustrated in 

Figure 5.5. 

The secondary absorption edge at 3.7 eV, assoc­

iated with nitrogen platelets, does not help to resolve 

the uncertainty as to whether the broad saddle is due to 

dispersed or platelet nitrogen, because it cannot be re­

solved from the intense D.V. absorption arising from 

nitrogen platelets. However, the following facts suggest 

that the saddle is really part of the I.R. system spec­

ific to paramagnetic nitrogen: 
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a) The shape of the saddle is not precisely 

that of a weak 0.159 eV band. 

b) Several specimens show spectra of exactly 

the form of Figure 5.4. This implies either 

that this is the true paramagnetic nitrogen 

spectrum, or that the non-paramagnetic to 

paramagnetic nitrogen ratio is precisely 

the same for each of t'lese specimens, which 

appears improbable. 

c) A simildr saddle is observed in synthetic 

diamond; this will be discussed in Chapter 

VII. 

It is of interest to note that the so-called A 

and B bands, due to non-paramagnetic nitrogen and 4150A­

centres respectively, and the band system observed in 

paramagnetic nitrogen-containing specimens, can all co­

exist in one specimen. This is illustrated in Figure 

5.6 (Specimen D9). 

5.5. Correlation between the Absorption Features. 

It is difficult to measure accurately all the 

absorption features believed to be related to paramag­

netic nitrogen in diamond in the same specimen, since the 
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u.V.-bands are intense and the I.R. bands are much weaker. 

For accuracy, thin specimens ar'; needed in the former 

case, thick specimens are needed in the latter. 

In the five specially selected specimens, the 

I.R. and ~~.F.R. spectra were measured when the specimens 

were relatively thick (2 to 3mm). I.R. measurements 

through various portions of the diamonds revealed that 

the absorbing centres were homogeneously distributed. 

The specimens were then thinned to about 0.2 mm, and the 

accurate D.V. measurements made. 

The strengths of the .. ~ ·c _) 
_..J.-L._.l. and I.R. absorption 

were assessed by measuring the areas enclosed by the band 

systems. In the case of th? D.V. features, this was not 

possible, as the major part of the absorption is a con-

tinuum; the slope of the absorption curve at 2.6 eV was 

therefore taken as a measure of the U.V. absorption in-

tensity. 

Linear correlation coefficients were calculated, 

and these are listed in Table 5.3. The significantly 

high values obtained indicate that there is a common cause 

for all three absorption systems, 1"rhich, from ':;.2. R. 

evidence, is identified, as single substitutional nitro-

gen atoms in the paramagnetic configuration. 



TABLE 5.3 

LINEAR CORRELATION5 BETWEEN THE ABSORPTION FEATURES IN 

PARAivv\GNETIC NITROGEN CONTA INII\G D lAi"ONDS 

ABSORPTION FEATURES CORRELATION COE F FIC IE NT 

E.P.R./U.V. 0.94 

E • P. R ./ I • R • 0.99 

I.R./U.V. 0.94 



- 103 -

5.6. Discussion. 

It is n01rv certain that t 11.e intense -~.P.R. spec­

trum first observed by Smith et al (1959 a), "\11[1:10 referred 

to it as the A-spectrum, arises from nitrogen in isolated 

substitutional positions in the diamond lattice. Many 

other -~.? R. lines, which are due to the intere.ction of 

the unpaired electron with the 1.1% abundant 13C isotope, 

and the interaction of the small quadrupole moment of the 

nitrogen nuclsus with the field gradient, occur in addi­

tion to this spectrum. These lines were catalogued so 

that they will not be confused with ~.P.R. lines due to 

other defect centres in paramagnetic nitrogen containing 

diamonds. 

The presence of nitrogen atoms in the paramag-

netic configuration has the effect of introducing a strong 

absorption continuum beginning nt 2.4 eV and stretching 

to the fundamental absorption edge at 5.4 eVe This con­

tinuum may be explained by postulating th;1t the ground 

state of the extra unpaired electron of the isolated 

nitrogen atom is at about 3.0 eV above the valence band 

(2.4 eV below the conduction band). Transitions from 

this level to the conduction band would be expected to 

give rise to absorption beginning at 2.4 eV, and 
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increasing with an incre~se in photon energy. The general 

shape of the absorption continuum is similar to that of 

the U.V. band associ~ted with irradiation damage and 

believed to be due to tr8nsitions from the ground state 

to the conduction band, as the result of experiments 

which "I·\Jill be described in Chapter VIII. Furt1:1er evidence 

for this postulate of the position within the gap of the 

ground state of the unpaired electron ',.ras subsequently ob­

tained by Vermeulen (1965) from a study of the photocon­

duction spectra of one of the specimens used in this 

study. 

The I.R. bands originating from nitrogen in the 

paramagnetic configuration in diamond, occur in the region 

of the fundamental optical vibrational frequencies of the 

diamond lattice, despite the fact that absorption assoc­

iated Hith single-phonon processes is explicitly forbidden 

in diamond. From the E.P.R. data it appears that the 

paramagnetic nitrogen centre is essentially a dipole 

whose axis is directed along one C-N bond. Such centres 

can locally destroy the symmetry of the lattice and there­

by per~it an electromagnetic coupling to the fundamental 

optical vibrational frequencies. 
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CHAPTER VI. 

CLASSIFIC\TION OF DIAMONDS. 

6.1. Introduction. 

Robertson et al (1934, 1936) originally divided 

natural diamonds into two groups, Type I 9.nd Type II, on 

the basis of differences in a wide variety of physical 

properties. More recent investigations (e.g. Clark et al 

1956 a), as well as this study, reveal that the basis of 

the classification of Robertson et al is the presence of 

the secondary absorption edge, (due to non-paramagnetic 

nitrogen) and 4150A-centres in Type I, and the absence of 

these defect centres in the Type II diamond. 

Custers (1952, 1955) has sub-divided Type II 

diamonds into subgroups; Type IIa, which are insulators 

and Type lIb, which exhibit p-type semiconducting prop­

erties and are usually blue. 

Although not describing all the defect centres 

knmm to occur in diamond this classification had def­

inite merit as a convenient and brief definition of the 

properties of a particular diamond beins described. 

However, diamonds containing paramagnetic nitrogen do not 
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fit into this system of classification. 

s.? Proposed New Classification. 

From this study it became evident that the large 

majority of diamonds contain substitutional nitrogen in 

two different configurations. \11 the other defect cen­

tres, except those attributed to graphitic regions and 

acceptor centres, were also only detected in nitrogen­

containing specimens and are therefore thought to be 

associated in some way with nitrogen. 

It is therefore proposed that the sole criterion 

for diamonds being divided into two main types be taken 

as the presence or absence of nitrogen. Thus any diamond 

containing any nitrogen in detectable amounts will be 

classified as Type I, whereas any specimen in which no 

nitrogen can be identified will be classified as Type II. 

As the nitrogen at this stage can be identified 

as being in two different substitutional configurations, 

it is further proposed that Type I diamonds be subdivided 

into Ia and Ib Types, depending upon whether the nitrogen 

occurs in platelet, non-paramagnetic form, or singly in 

dispersed, paramagnetic form. 

As before Type II diamonds, in which no nitrogen 
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can be identified, will be subdivided according to their 

electrical properties, Type IIa specimens being insulators 

and Type lIb diamonds being semiconductors due to the 

presence of acceptor centres. 

The characteristic physical properties of the 

various types of natural diamond are set out in Table 

6.1. Also included in this table is the morphology, 

which the diamonds investigated in this study were found 

to exhibit. It can be seen that the presence and config­

uration of substitutional nitrogen in natural diamonds 

appear to effect the crystal morphology, however, it must 

be emphasised that this statement is based merely on the 

observations made during this study, and is essentially 

highly speculative. 

6.3. Discussion. 

In Table 6.1 no mention was made of the 4150A­

centres. These occur in the great majority of Type Ia 

diamonds, but the nature of these centres is not suffic­

iently well understood to form the basis of a useful 

classification system. 



TABLE 6,1 

CHARACTERISTIC ABSORPTION PROPERTIES OF THE DIAMOND TYPES 
; 

: 
I CHARACTERISTIC CHARACTERISTIC CHARACTERISTIC ELECTRICAL I 

TYPE I CHARACTERISTIC 
U.V.-VIS, O.A. I. R., O.A. E.P.R. ABSORP- RESISTANCE CRYSTAL 

DEFECT CENTRES MORPHOLOGY 

1 
FEATURES FEATURES nON FEATURES (Ohm. em.) 

A-bands (Suther- I None 1015 and Ia I Nitrogen in Secondary absorp- (This I Well-defined 

Platelet form tion edge (Clark land et al 1954) study above I feces. Dode-

(Elliot 1960) et al 1956a) cahedra and 

Octahedra 

Ib I Nitrogen in Paramagnetic Paramagnetic Paramagnetic 15 
10 and Poorly defined 

dispersed form nitrogen bands nitrogen bands nitrogen spec- above faces. Cubese< 

(This study) (This study) (This study) trlJm. ( This 

study) 

IIal No nitrogen; Absorption ta~l None, only in- Single isotro-t 10
3 

to I No faces. 
I 

Structural de- between 2.0 eV trinsic bands of pic line (This : 1015 I Nondescript 

fects (Clark et I and 5.4 eV (Clark diamond (Lax and study) 

al 1956b) et al 1956b) Burstein) 



TABLE 6.1 (Continued) 

i 

CRYSTAL \ 
I CHARACTERISTIC CHf'\RACTERISTIC CHARACTERISTIC \ ELECTRICAL 

TYPE I CHARACTERISTIC 
U.V.-VIS, O.A. I.R., O.A. E.P.R. ABSORP- I RESISTANCE DEFECT CENTRES MORPHOLOGY 1 FEATURES FEATURES TION FEATURES (Ohm. em.) I 

IIb No nitrogen; ;:"bsorption tail Acceptor bands None (This 50 to No faces. 

I Acceptor centres I between 1.0 eV (Wedepohl 1957b) study) 1,000 Nondescript 

I I (Wedepoh1 1957b) land 2.0 eV 

I~~ ~Wedepohl 1957b) __ 
-~- ----- ----- ----- ---- -- ------ --
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The validity of this system of classification 

may be questioned in vie"" of the possibility of a large 

measure of overlap between classes. However, from the 

survey of many natural diamonds it was evident that, 

while some overlap between classes 1"as found, for the 

great majority of diamonds the characteristics of one 

particular class are dominant, and those of other classes, 

if present, are very much weaker. 
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CHAPTER VII. 

SYNTm~TIC DIAMONDS. 

7.1. Introduction. 

Although sought for very hard, a technique for 

producing diamond'sylithetically from graphite was not 

found until 1955 when the first successful synthesis was 

reported by Bundy et al (1955). Since then the problem 

has been investigated extensively by various laboratories, 

and today the technique for producing diamonds synthetic­

ally is well established. 

In brief, synthetic diamond growth occurs only 

at high temperatures and pressures in the presence of 

certain molten metals which serve as solvents for carbon­

aceous material. The zones in the pressure/temperature 

phase diagram of carbon in which diamond can be grown 

from graphite have been determined for a number of 

metals. These zones are bounded by the melting line of 

the metal-carbon eutectic, and by the diamond-graphite 

equilibrium line. The experimentally determined equil­

ibrium line agrees very closely with the linear extra­

polation of the thermodynamically calculated line 
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proposed by Berman and Simon (1955), viz. 

P (k bar) = 7.1 + 0.027 T (oK). 

Very little has been published about the 

occurence of defect centres in synthetic diamond. As 

these diamonds are generally dark yellow, sUbstantial 

concentrations of defect centres of some form can be ex­

pected. In view of the classification system proposed 

in the previous chapter the question arose: can synthetic 

crystals be classified according to the proposed scheme, 

and if so, to which type do they belong? It was there­

fore decided to extend the survey of defect centres in 

diamond to include synthetic diamond. For this purpose 

batches of synthetic diamonds were grown using various 

metal solvents under several conditions of growth. The 

crystals obtained ranged in size from about 200 microns 

to about 500 microns, and exhibited a distinct dark­

yellow to amber colour. 

2 .• 2.. Ferro-Mapnetic Impurities. 

In distinction to natural diamonds, all the 

synthetic diamond crystals exhibited ferromagnetism. 
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X-ray fluoresence and diffraction analysis revealed the 

presence of inclusions of the solvent metal used to grow 

the crystals, which in most cases was ferromagnetic (e.g. 

iron, cobalt or nickel). In no instance could any of the 

included metal be found in solid solution in the diamond 

lattice. Careful investigations of the lattice parameters 

and density of the crystals revealed no metal atoms in 

solid solution in specimens containing up to 3% metal 

impurities by weight. 

It appears evident therefore that most synthetic 

diamond samples contain included solvent metal giving rise 

to ferromagnetism; not being in solid solution in the 

diamond lattice, and will therefore not be classified as 

defect centres in diamond. 

7.3. E.P.R. Measurements. 

Huggins and Cannon (1962) briefly reported 

E.P.R. spectra which they, on rather indirect evidence, 

attributed to the presence of paramagnetic nitrogen in 

synthetic diamonds. Powder samples of average crystal 

size 400 microns, selected from batches grown under sev­

eral conditions of growth, were investigated in more 

detail. 
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The majority of these samples exhibited the 

E.P.R. spectrum shown in Figure 7.1. The isotropic 

g-value of 2.0024 ~ 0.0005 found for the system is the 

same, within experimental error, as that observed for 

natural Type Ib diamond. 

The spectra differ from those observed in 

natural diamond in that the lines are considerably 

broader than that observed in natural diamond. The line 

widths LlH (measured between maxima and minima of the 

first derivative spectra) are between 0.3 Oe and 1.0 Oe 

in natural Type Ib diamond. The central line of the syn­

thetic diamond spectrum (Figure 7.1) has ~H = 7.9 Oe + 

0.5 Oe. This broadening is believed to be due mainly to 

the presence of the ferromagnetic inclusions discussed in 

the previous section, which not being uniform in com­

position, and not randomly dispersed through the crystal, 

provides different magnetic field strengths, to which the 

paramagnetic centres are subject. 

To check this latter point, crystals were grown 

using a non-ferromagnetic alloy, "Bright-Ray-S" (800,;b Ni, 

20% Cr) as solvent. The B.F.R. spectrum exhibited by 

these crystals is shown in Figure 7.2. It can be seen 

that the central isotropic line is much narrower 



JJ.&. HA&NL.TIC T/LL.JJ (H) ..... ________________________ 01 

FIGURE. 1il ROO}( TEMPERATURE FIRST DERIVATIVE E.P.R. SPECTRUlL OF 

SYlft'BETIC DI.Al4OND, :eATCH S.D.I, WICH CONTAINS FERROMAGNETIC 

IBCLUSIONS. 



FIGURE 7.2 ROOK TEMPERJ.TtJBE Fm8T DERIVATIVE E.P.R. SPEC'l'RUK OJ 

SylltflE:rIC DIAlIOBD, BATCH 8.D.2, GROD FROM NOB.FEBROKAGNETIC SOL-

VEft. 
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( L\ H = 3.9 Oe .:!: O. 5 Oe). 

The three satellite lines arlslng from hyperfine 

splitting by the 14N nucleus (referred to as spectrum (A) 

in Chapter V) have in this case the shape to be expected 

from an assembly of many crystals in random orientation. 

Using the same type of theory as that developed by Sands 

(1955), it can be shown that the maximum and minimum 

values of the spacing between hyperfine lines, A and B, 

can be readily obtained from the shape of the first deriv­

ative E.F.R. spectra for polycrystalline samples. Thus 

referring to Figure 7.2, the following values were ob­

tained for the hyperfine constants: 

A = Ox = 41.2 Oe + 0.8 Oe. -
B = Oy = 28.8 Oe + 0.6 Oe. 

This is in good agreement with the values of 

40.8 Oe and 29.2 Oe obtained by Smith et al (1959 a) and 

there is therefore no doubt that the E.F.R. spectrum ex­

hibited by synthetic diamond is due to the presence of 

paramagnetic nitrogen. 

The amount of this paramagnetic nitrogen can 

vary between large limits (1014 atoms/cc to 1018 atoms/cc) 
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and depends on the environment in which the crystals are 

grown. By outgassing the synthesis capsule and then 

flushing it with nitrogen prior to subjection to synthesis 

conditions, the E.P.R. line intensity could be enhanced, 

whilst by taking precautions to exclude nitrogen from 

growing synthetic diamond; by flushing the outgassed 

capsule with purified argon, batches have been obtained 

in which the characteristic nitrogen spectra are absent. 

7.4. Optical tleasurements in the D.V. and VIS Region. 

Several of the larger clear synthetic diamond 

crystals were selected for optical measurements. The 

specimens were too small for sccurate quantitative 

measurement of absorption spectra, but the transmission 

spectra are sufficiently good for qualitative comparison 

with those obtained for natural Type Ib diamonds. 

In Figure 7.3 transmission curves obtained from 

a natural Type Ib and a synthetic diamond are compared. 

It can be seen that the two curves are, as expected, very 

similar in nature. 

7.5. Infra-red tleasurements. 

Charette (1961) measured several synthetic 
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diamond specimens produced by the same technique as the 

batches used in this study. He reported the existence of 

the band system between 1000 and 1500 cm-l , reproduced in 

Figure 7.4, but was not able to interpret or explain its 

origin. 

Several synthetic diamond specimens were inves-

tigated in this survey. The spectra obtained confirm 

Charette's observations and are also closely analogous to 

those observed in natural Type Ib diamond (Figure 5.4). 

In view of this evidence, there seems no doubt tbat 

Charette's band system is due to paramagnetic nitrogen. 

In both Charette's measurements and those of 

this study, a saddle appears between 0.155 eV and 0.166 

eVe This is the saddle which could not positively be as-

cribed to paramagn&tic nitrogen from measurements on nat-

ural diamond. Its size and shape in relation to the main 

b~nd, at 0.140 eV, is the same as in natural Type Ib dia­

monds. It appears improbable that it can be due to the 

A-band system (which arises from non-paramagnetic nitrogen 

condensed into platelets) as it does not seem likely that 

migration and condensation of nitrogen into platelets 

could occur in the time necessary for the growth of the 

synthetic diamonds studied (of the order of minutes at 
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about l6000 C). In support, specimens grown at a higher 

temperature, and held at that temperature about five 

times longer, did not show a detectable increase in the 

saddle strength relative to the main line at 0.140 eVe 

7.6. Doping Experiments. 

1.6.1. General. 

By introducing foreign atoms into the diamond 

lattice, defect centres can be produced, which can then 

be compared with the unidentified defects occuring in 

natural diamond specimens. In theory this can be effected 

in either of two ways. Firstly, by diffusion-doping, 

where a foreign atom is incorporated by solid state 

diffusion at high te-r:r,perature in an existing crystal, or 

secondly, by growth-doping where foreign atoms are in­

corporated during cryst3.1 grovvth. 

Diffusion doping experiments up to 20000 C, at 

high pressure, so as not to graphitize the diamond, were 

tried with a great variety of elements. No defects could 

be introduced in natural diamond crystals by this tech­

nique, presumably because this temperature is too low, 

or because the foreign atoms formed stable carbides at 
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the diamond surface. 

Diamond s-.rnthesis offers an ideal opportunity 

for growth-doping. This was attempted by incorporating 

compounds, known to be unst~ble under diamond synthesis 

conditions, between the graphite and solvent metal inter­

faces; where diamond growth is believed to take place. 

Unfortunately the presence of these additional compounds 

made diamond synthesis very difficult, and diamond crys­

tals could only be grown from ferromagnetic solvent 

metals. The crystals obtained were very small (! 150 

microns) and of such poor quality that no optical measure­

ments could be made~ They were therefore only studied 

by 3.P~R. absorption, and this was further complicated by 

the presence of ferromagnetic inclusions in these 

crystals. 

The synthetic diamond specimens obtained when 

Li, Be, Na, Mg, 8i, P, S or As were present in the growth 

environment all exhibited only the S.?.R. spectrum illus­

trated in Figure 7.1 and were coloured dark yellow. 

There is therefore no positive evidence that any of these 

elements ~Nere incorpor~ted in solid solution in the 

diamond lattice. It may be possible that atoms of these 

elements cannot exist in solid solution in the diamond 
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lattice, or that they formed a stable alloy with the 

solvent metal 3.nd were therefore not available for incor­

poration. Judging from the ~.F.~. spectrum (Figure 7.1) 

it appears that nitrogen from the air, present in the 

growth environment, "\r·ras a.ppRrently incorpor3.ted in iso­

lated substitutional ~)ositions. This is not unexpected 

since nitrogen incorporation frequently occurs during 

synthetic diamond growth. 

The specimens obt::dned when either boron or 

aluminium was present ex'hibited no "S.J?R. absorption al­

though air was present in the growth environment. The 

aluminium doped crystals were colourless and the boron 

doped crystals dar'\: blue to indigo. It t':lerefore appears 

that boron and aluminium (A!ere incorporated in substi tu­

tional positions, thus creating acceptor centres T;Jhich 

compensated the substitutional nitrogen donor centres, 

but not giving rise to any ,;.:2.J.. absorption as discussed 

in § 4.6.3. 

7.6.2. Nitrogen Doping. 

AltlJ.ouSh nitroGen is incorpor:=tted rea.Jily in 

all synthetic diamond cryst,J.ls in isoL:lted substitutional 

positions, an attempt Has made to increase the nitrogen 
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content by growth doping, to dete~mine whether a different 

nitrogen configuration could be obtained. This was accom­

plished by incorporating sodium azide (NaN3), a good 

nitrogen generator, in the growth environment. The same 

difficulties, described in the previous section, were 

encountered and again only :S.:;?R. spectra broadened by 

ferromagnetic inclusions, could be obtained. No detailed 

analysis of the results could therefore be carried out. 

These experiments were limited to a minimum, because of 

the potential danger of explosions due to the presence of 

NaN
3 

at high temperatures in the pressure vessel. 

The ~~.P.R. spectra exhibited by the crystals 

grown with various ratios by weight, of NaN3 to graphite, 

are described in Table 7.1 and illustrated in Figure 7.5. 

It is clear that when the doping was l01~, the usual para­

magnetic nitrogen spectrum was obtained. With increased 

doping the spectrum became much broader and the satellite 

hyperfine lines apparently less intense. The colour of 

the specimens changed to yellow-green. After heavy 

doping a broad single line, which narrowed on still 

heavier doping, was obt3.ined (Table 7.1). These spec­

imens exhibited a dark green colour and the total amount 

of paramagnetj_c centres became less. 



TABLE 7 .. 1 

SYNTHETIC DIAIVOND-GROWTH DOPING WITH NITROGEN 

(All the E. P. R. s pect ra we re obtained from O. 5g samples) 

BATCH 
RATIO ESTIMATED NUfvBER OF 

NaN3/GRAPHITE E.P.R. SPECTRUM COLOUR PARAMAGNETIC CENTRES 
NO. BY WE IGHT FER cc. 

5.D.l 0 Paramagnetic nitrogen Yellow 2 x 1017 

Figure 7.1 

S.D.3 1/1000 Paramagnetic nitrogen Dark 1 x 10
18 

Figure 7. 5 ( a ) Yellow 

S.D .4 1/250 3 Broad overlapping Yellow 3 x 10
17 

lines Figure 7.5(b) Green 

S.D .5 1/80 Single broad line Green 2 x 10
16 

LjH ~ 20 De 

Figure 7.5 (c) 

S.D .6 1/20 Single narrower line I Dark 5 x 1015 

6H ~ 13 Oe Green 



DRGI.5 FlRS'f.J1l!R7TnIVE E.P.R.SPECTRJ. OBTUIED"FROIl THE NITROOTI1-

'paPBD SYNTHETIC DIAl(Cltl) CRYSTALS. 

(0) 

BATCH S.D., 

dX' 
dH (b) 

BATCH S.D.4 

.. ....... 
20.0 OERSTEO 

(c) 

BATCH S.D.S 

... 
D.C. MAGNETIC FIELD (w) 
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The cryst31s of batches (3. D. 3 (little doping) 

and 3.D.6 (heo.vy doping), \llTere mixed in equal amounts. The 

spectrum obtained from this ~ixture was very similar to 

that obtained from batch S.D.4 (medium doping). It is 

therefore concluded that the crystsls of b8tch 8.1.4 ex­

hibit two superimposed spectra; arisin~ fro~ paramagnetic 

nitrogen in isolated positions and from the defects res­

ponsible for the single ~.p.a. line. 

Additional growth doping experiments with var­

ious sodium containing compounds indic~ted that the single 

;.p.a. line does not orisinate from Na, but from the nit­

rogen. From the evidence available it appears that sub­

stitutional nitrogpn does not remain in isolated positions 

on heavy doping, but forms aggregates. Some of these 

aggregates are pres1.Imably non-parFlmae.;netic, which would 

account for the fact that the nuw.ber of paramagnetic cen­

tres becomes less 'vThen th.e nitrogen dopinG is increased. 

Others, giving rise to the single line may consist of 

substitutionll nitrogen atoms in positions so close to 

one another that exchange interaction, as described in 

~ 4.11.3, is effected. 

The he8vily doped cryst81s all had a green 

colour. The GRl b."1nd, found in irradiated natural diamond, 
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which is known to arise ~rom the presence of either vac­

ancies or interstitials (~4.7.1), is ~nown to impart a 

green colour to many diamond specimens. '{owever, there is 

no re:lSon to expect that he::.vy nitrogen doping would cause 

vacancies or interstitials; it is therefore suggested that 

the nitrogen ag~regates responsible for the single ~.F.R. 

line also give rise to an O.A. b8nd in the red portion of 

the visible spectrum, which would cause a green coloura­

tion. 

7.7. Discussion. 

when no deliberate attempt is made to change the 

gl!o.wth environment, synthetic diamond contain defect cen­

tres due to substitutional nitrogen in the p~ramagnetic 

configuration. This accounts for the dark yellQ1.v colour 

exhibited by these specimens. Synthetic diamon's can 

therefore be classified as Type Ib diamond. 

On the contrary, the vast majority of all nat­

ural diamonds are Type la, Type Ib diamonds beinG rare 

exceptions. This is an expected result as the srowth his­

tory of the specimens differs widely. Natur8l diamonds 

during growth and for subsequent millenia prior to ldm­

berlite pipe formation, had probably bepn maintained at 
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a temperature sufficiently high for the processes of 

migration and condensation of nitrogen atoms into plate­

lets to have been completed. This is certainly not true 

of the synthetic diamonds studied, whose total time at 

elevated temperature is measured in minutes. 

Due to the nature of the crystals, no positive 

evidence could be obtained from growth dopins experiments. 

However, the evidence indicates that boron or aluminium 

in substitutional p08itions can be responsible for the 

acceptor centres in natural diamonds, anQ that non-para­

magnetic nitrogen aggregat2s can be present in synthetic 

diamond if the nitrogen concentration is very high. 

Evidence has been obtained to the effect that substitu­

tional nitrogen aggreg8tes, where exchange interaction 

takes place, can exist. These aggregates do not appear 

to give rise to an amber colour in the diamonds, as sug­

gested in 0/4.11.3, but are responsible for a green 

colouration. 
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CHAF:r3H VIII. 

I-::t~ADIATIOl\T DA~AG3 HT TYE~ Ia DIM10ND. 

8.1. Introduction. 

As most of the defect centres in natural diamond, 

described in Chapter IV, could not be identified, but 

appeared to be associated with nitrogen, it was decided 

to try to synthesize them by creating defects in specimens 

containing only the two kno"ffi nitrogen configurations. 

Such specimens were therefore irradiated with fast elec­

trons, whereby vacancies and interstitia1s were created. 

During subsequent heat treatment, these point defects 

might be expected to combine with the nitrogen, thus 

forming new defect centres; and ultimately, at very high 

temperatures, substitutional nitrogen migration to other 

configurations might be effected with a vacancy mechanism. 

The first stage in this probramme was to irradiate Type 

Ia diamonds. 

The results of irradiation damage and limited 

heating in Type 1a diamonds are described in this chapter. 

Many phenomena which were not understOOd, or were un­

known in the past were encountered. An effort 1.lI[aS 
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therefore made to pursue this first stRge in the programme 

as extensively as possible. 

8.2. Existing Knowled~e. 

As described in ~ 2.3.1., the Reading workers 

found that irradiation vd th electrons of energy between 

0.3 and 0.8 MeV produces two O.A. systems in all diamonds. 

These are a band with its maximum at approximately 2.0 

eV, known as G.R.l, and the U.V. band which extends from 

2.8 eV to the fundamental absorption edge 5.4 eVe They 

are illustrated in Figure 8.1, and are thought to result 

from the creation of single vacancies and/or interstitial 

carbon atoms. Electrons of energy greater than 0.8 11eV 

produce additional absorption most easily observed at 

2.696 eV, (",,11ich was termed the "absorption tail" in ~ 

4.B) and thought to be associated with so-called "gr9.ph­

itic regions" arising from multi1}le defect generation. 

The component lines of the G.R.l band, measured 

at 80oK, are very much sharper in the case of electron 

irradiation than that for gamma-ray or neutron irradia­

tion, although in each case irradiation is carried out 

nominally at room temperature. After heating gamma-ray 

or neutron irradiated diamond at 350oC, the G.R.l is 
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reduced in size, and the form of the remaining G.H.l ab­

sorption is the S3me as that observed for electron irra­

diation. 

C13rk et al (1956 9.) explained the breadth of 

the lines in the case of neutron and G."J.I'1ma-ray irr9.cliation 

as being due to perturbation effects arising from close 

interstitial/vacancy pairs. These close pairs recombine 

at 3500 C, leavinG only that absorption due to isolated 

and unperturbed defects (either vacancies or interstitials). 

In the case of electron irradiation at ?OOC, it was sug­

gested that this recombination of close pairs occurs 

during the irradiation, due to the high local temperatures 

which accornp9.ny bombardment with a high intensity e12c­

tron beam. 

Coulson and Kearsley (1957) found by a molec­

ular-orbital calculation t~at an isolated neutral vacancy 

would have an electronic transition of about 2.0 eV, 

which is approximately the en8rgy, 1.67 eV, of the 

principal G.~.l line. More recently Yama~uchi (1962, 

1963) performed a similar calculation. He evaluated the 

values of the intra-atomic orbitals in a modified way 

and concluded that the G.~.l band can originate from 

some transition in a neutral interstitial, w~ile the 
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U V band maximum value would corresp~ond to transitions . . -

in a negatively char~ed vacancy. E~hcoc coatradiotory 

bheorcticdl restllts ,\,\fcrc discussed in Har'~v'cll latclJ"; 

l't6 Tdcver, r"dth the present state of lrnohTledge the dispute 

e@~la not bc resolved.} 

Faulkner and Lomer (1962) observed complex 

E.P.::i. spectra in 2 f1eV electron irradiated diamond 1"'hich 

may be due to multiple defects. Baldwin (1963) demon-

strated that the S.P.~. absorption induced in diamond by 

0.75 MeV electron irradiation has the appearance of a 

single line, but is in fact composed of three super-

imposed lines arisinc from so-called A, Band C centres. 

The A-centre was shown to be due to isolated carbon vac-

ancies. Recent workers, however, have not been able to 

reproduce Baldwin's r~sults. 

Pringsheim (1953) found that the last four lines 

of the 4150A system were enhanced when a neutron irradia­

ted Type I diamond was heated in the dark at about 300°C. 

This ,enhancement could be optically bleached 1vi th lig"h.t 

of energy greater then 2.3 eVe This was interpreted by 

Pringsheim as resulting from perturbations, induced by 

irradiation damaGe, in the neighbourhood of the 4150A-

centres. He argued that the form of the perturbation is 
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reversibly altered by heating to about 3000 C, making 

transitions to certain vibrational levels of the excited 

state more probable, and thus enhancing certain lines; 

bleaching reverses this process. 

8.3. Specimen Selection. 

A total of six diamonds was selected for detailed 

study. The amount of nitrogen present in platelet form 

was determined for each specimen by optical absorption 

techniques as described by Kaiser and Bond (1959). 

Details of the specimens are listed in Table S.l. 

8.4. Results. 

8.4.1. Irradiation. 

Irradiation was carried out as described in 

Chapter III, electron energy was maintained at 0.78 MeV 

throughout to avoid the possibility of multiple defect 

generations occurring. 

After irradiation, specimens Dll , D12 and D13 

each exhibited a G.~.l and a D.V. band. The nitrogen-

containing diamonds (D12 and D
13

) Showed, in addition, 

an absorption system between 3.1 eV and 3.8 eV, which 



TABLE 8,1 

DESCR I PTION OF THE SF£C HE NS 

r A PPROX IIVIA TE I A PPROX IivlA TE 
SPECIIVEN 

"TYPE" 
NITROGEN 4l50A 

IRRAD IATION DOSE 
NUIVSE R CONCENTRATION SYSTEf'1 

E LE CTRONS/ cm2 
(ATOJVS/cc. ) 

DIl IIa None detectable None 2 x 10
18 

D12 Ia 2,0 x 10
20 

None 2 x 10
18 

D13 Ia 7.0 x 10
18 

None 2 x 10
18 

D14 Ia 3.0 x 10
20 

None 1 x 10
18 

D15 Ia 8.8 x 10
19 

None 6 x 10
18 

D16 Ia 2.8 x 10
20 

I Very 4 x 10
18 

I strong 

I 
I , 
I 
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will be referred to as the N.D.l band. This is illustra­

ted in Figures 8.1 and 8.2 for Dll and D12 respectively_ 

Because of the decrease in density of the absorption cen­

tres with depth below the surface of a diamond after 

electron irradiation, the total absorption I~vt has been 

quoted, rather than the absorption coefficient r; t is 

the specimen thickness. 

The N.D.l band in D12 , measured at room temper­

ature and at 80oK, is shown in more detail in Figure 8.3. 

The structure of N.D.l was found to be the same in all 

the specimens studied. The energies of the lines are 

listed in Table 8.2, where those of the 4l50A system are 

included for comparison. 

As suggested by Clark et al (1956 a) and Dyer 

and Matthews (1957) for other characteristic diamond 

systems (including G.R.l), it appears that the N.D.l 

band consists of a principal line of lowest energy; 

additional less sharp lines arise from the interaction 

between the main electronic transition and vibrational 

states of the crys~al. In this respect the system is 

quite typical of diamond. 

Froml'able 8.2. it is clear that by chance the 

principal line of the H.D.l band coincides in wavelength 
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TABLE 8,2 

ENERGIES OF THE MAIN OPTICAL ABSORPTION FEATURES OF THE 

N.D.I. AND 4150A BANDS 

OPTICAL ABSORPTION 
RJSITION IN eV 

fEATURE 
N.D. I. BAND 4150A BAND 

Lower ene:rgy limit I 3.10 2.95 

Principal line 3.16 3,00 

Second line 3.24 3.09 

Third line 3.31 3,16 

Fourth line 3.40 3,24 

Fifth line 3.48 3.31 

Sixth line 3.55 3.37 

Higher energy limit 3,80 3.60 



- 129 -

with the third line of the 4150A band. Furthermore, 

because the lines of the N.D.l band have about the same 

spacing, (about 0.08 eV) as those of the 4150A band, the 

first four lines of the N.D.l band coincide in wavelength 

with the last four lines of the L+-l50A band. This fact 

was verified by irradiation of specimen D16 which con­

tained a large 4150A band. ~fter irradiation the N.D.l 

band is observed to be superimposed on the 4150A band, 

and it appears as if the last four lines of the 4150A band 

are enhanced by irradiation. 

It is thus clear that Pringsheim's suggestion 

that the observed absorption in the region 3.1 eV to 3.8 

eV after irradiation was due to a modification of the 

4150A system, is incorrect. The N.D.l band is completely 

independent of th~ presence or absence of the 4150A band, 

and is a system in its own right. 

§.:.4.2. B.P.R. and I.R. Spectra after Irradiation. 

The i.F.R. and infra-red spectra of all spec­

imens were recorded before and after irradiation. No 

changes were observed at this or subsequent stages in the 

infra-red, so no further mention will be made of these 

measurements. 
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Before irradiation no ~.F.]. absorption was 

detected in Dl? and D13 • A single isotropic line, wbich 

was associ8.ted i·,!i th the C. A . "absorption tail" and~ttri­

buted to the presence of graphitic regions in ~ 4.5.3. 

was observed in Dll (Type IIa). 

After irradiation, the line found in Dll was 

enhanced; this is presu121ably due to the superiDlposition 

of the A, Band C lines reported by Baldwin (1<)63) upon 

the existing Type IIa line. In both Dl? and D13 a strong 

isotropic line was observed, that in Dl? being seven times, 

and in D13 twice as large as the tot31 line intensity in 

Dll after irradiation. 

In neither specimen was it possible to resolve 

the induced line into component lines, and th'3 line width 

(measured between maxima of the first 1erivative spectrum) 

of 1.9 Oe ~ 0.3 Oe was the same in each case. The spec-

trum me.:3.surecl for specimen D12 is sho\ilTll in Figure S.4; 

the total line intensity corresponds to a defect centre 

concentration of 3pproximately 1017/cc • 

8.4.3. Heat Treatment at 5000 C of the Irradiated 

SpeCimens. 

SpeCimens Dll , D12 and D13 were now heated in 
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the dark for four hours at 500 0 C in vacuo. In Dll (Type 

IIa) the effect was to reduce the strengths of G.R.l and 

the U.V. band. This is an expected result as Clark et al 

(1956 a) have shown that at about 3500 C limited vacancy 

interstitial recombination occurs leading to just such a 

reduction in absorption. In both nitrogen-cont3ining 

specimens these bands were observed to decrease by an 

amount gre3,ter than that observed in Dll • ?urthermore, 

the reduction appeared specimen dependent, D12 showing a 

greater decrease than D130 At the same time an increase 

in the N.il.l band was observed which showed a similar 

specimen dependence - i.e. an increase proportional to 

the nitrogen concentration. This is illustrated for D12 

in Figure 8.2. 

The change in intensity of the E.F.R. line as 

a result of this treatment was not consistent - in spec­

imen D12 the line decreased substAntially (Figure 8.4); 

in D13 it 1'/:3.S found to increase in intensity. 

8.4.4. Reversible Optical Bleaching of the Irradiation 

Induced B:mds. 

The specimens 1,"lere nm"l exposed to alternate 

bleaching and heating cycles~ Bleaching was done at room 
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temperature for periods of 10 minutes, using light from 

a quartz envelope his1.1 pressure mercury lamp. Heating 

was carried out in the dark for four hour periods at 

In both D12 and D13 exposure to mercury light 

resulted in an increase in the size of G.~.l ant the D.V. 

band while the N.D.l band and the "::;.P.R. line were reduced 

in size; prolonging the time of exposure beyond 10 min-

utes resulted in no further change. The Type IIa spec-

imen Dll was unaffected. 

Heating of D12 and D13 at 5000 C for four hours 

restored the H.D.l band and the ~.P.R. line to their 

former strengths, while G.R.l and the D.V. band were 

correspondingly reduced. Again Dll was unaffected. These 

changes are illustrated in Figures 8.4 and 8.5. 

The strengths of the R.D.l and G.rt.l bands were 

measured by obtaining the inte~rated total absorption 

between 3.1 and 3.8 eV for:'LD.l, and between 1.65 eV 

and 2.4 eV for G.R.l. A qualitative measure of the be-

haviour of the D.V. band was obtained by recording the 

total optical ~bsorption at 2.85 eV for each specimen 

after each stage in the treatment. 

'fhese band strengths, together v.Ti th thst of the 
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E.P.R. line, are plotted as a function of treatment for 

" "4'" (1 c. b d d each speclmen ln -'_ 19ures :.J. ,")a, ,c an • It can be 

seen that each of the b~nds has under~one cyclic reduc-

tion and en11:].ncement in D12 and D13 , lA!hile in Dll those 

bands (G.-eLl and the D.V. bond) lrJhiCh are observed are 

not affected. In addition, there is a slow reduction in 

the maximum strength of each band with time of heatin5. 

This is due to annealing processes w~ich, over periods of 

hundreds of hours at this temperature, cause other changes 

which will be discussed in the next chapter, but lvhich 

are not marked for the first thirty hours of heating. 

The rate of bleaching was not investigated in 

detail, but it was found tbat it was not greatly affected 

by coolin~ the specimen to SOoK during bleaching. It was 

also established that no detectable bleachin~ of t'J.erm-

ally enhanced bands occurred durin!! spectro])hotometric 

measurement, due to the low level of light intensity in 

the instrument. 

8.5. Discussion of the Cyclin~ Zffects in Irradiated 

Type Ia Diamonds. 
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8.5.1. Proposed ~odel. -
The cyclic behaviour of N.J.l, G.].l snd the 

u.V. band can be explained by the model illustrated in 

Figure 8.7a, band c. 

The K.D.l centre consists of a [round state and 

a main excited state. This gives rise to the principal 

absorption line at 3.16 eVe Additiono.l excited levels 

arise from the interaction between the main electronic 

transition and vibrational st9tes of the crystal. As 

transfer of electrons from these excited levels to the 

conduction bs.nd occurs even at 101,,' temperatures, the 

levels must lie just below the conduction band. If one 

assumes a gap of about 0.1 eV betv,Teen the top of the 

N.D.l system and the conduction band, the ground state 

of the system must lie at about 1.5 eV above the valence 

band. 

The parallel behaviour of G.R.l and th0 D.V. 

band suggests that these are two transitions within the 

same centre. The G.R.l band arises in a manner completely 

analogous to that described for N.J.l. The principal 

line is at 1.68 eV, and the band extends to about ~.4 eVe 

The D.V. band is explained by transitions from the ground 

state of the G.::?.l-centre to the conduction band. The 
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width of the U.V. band ( > 1.6 eV) is consistent with 

this proposition. ~s the U.V. band begins absorbin8 at 

about 2.8 eV, the ground state of the3-.R.l-centre is 

fixed at about 2.6 eV above the valence band. 

It is also proposed that the N.D.l-centre is 

optically inactive when neutral, and acts as an acceptor. 

Thermal activation of sn electron from the valence band 

to the N.D.l ground state renders this band optically 

active. The positive hole so generated is captured by 

a G.R.l-centre (which thus acts as a donor) and the G.R.l­

centre is thereby rendered optically inactive. 

Illumination with light in the N.D.l band 

raises electrons to the excited states of this band; 

these electrons are thermally excited to the conduction 

band (a small step energetic'llly) and are captured by 

ionized G.R.l-centres. This restores the original con­

dition, where the G.R.l-centre is unionized and optically 

active; the N.D.l band is bleached. 

The ~LD.l band e:xtends from 3.1 eV to 3.8 eV 

and the U.V. band associated with G.R.l extends from 

about 2.8 eV to 5.4 eVe There is thus a considerable 

measure of overlap of the t1AT O bands, and light of 3.4 eV 

will serve both to transfer electrons from N.D.l to G.R.l 
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(Figure 8.7b) and in the reverse direction (Figure 8.7c), 

as both G.R.l and IT.D.l-centres, when optically active, 

are ionized by this energy of light. Thus final electron 

population of these two levels will be some equilibrium 

state depending upon the relative absorption coefficient 

of the t 1-Jo systems at the energy of excitation. 'J:his is 

believed to be the reason why it was never possible to 

bleach the N.D.l band completely. 

8.5.2. Experiments Designed to Test the Model. 

a) Illumination with Monochromatic Light: 

The U.V. and N.D.l bands do not overlap 

completely. There is the spectral region from about 3.8 

eV to 5.4 eV where only the D.V. band is presumed to be 

absorbing. However, this is not available for experiment, 

as the very strong secondary absorption edge arising from 

nitrogen platelets is dominant over this range of photon 

energies. 

In addition there is a narrow spectral 

region from 2.8 eV to 3.1 eV in which only the U.V. band 

is absorbing, albeit very weakly. If the proposed model 

is correct, it should be possible to bleach G.~.l-centres 

and enhance the N.D.l band by illumination in this 
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spectral region. Specimen D14 was exposed to the 2.84 eV 

mercury emission line, selected using a quartz monochroma­

tor, and the expected affect was observed, but was small. 

Accordingly an interference filter was introduced into 

the optical path to increase the spectral purity of the 

light by reducing the intensity of the stray light of 

energy greater than 3.0 eVa With this modification, the 

enhancement of N.D.l was doubled, v"hile still not being 

quite complete as gauged by the size of NoD.l after 

thermal enhancement. The strengths of the NoD.l band at 

various stages are listed in Table 8.3. Corresponding 

changes in G.R.l and the D.V. band were also observed 

(i.e. reduction in these bands wherever N.D.l increased 

and vice versa). 

As expected, exposure of the specimen to 

the 2.27 eV mercury line caused no observable change, in 

any band, irrespective of its condition of enhancement. 

b) Irradiation of Type lIb Diamond. 

If, as is believed, GoR.l is a donor centre, 

it should interact with the acceptor centres ( ~ 4.6.1) 

known to exist in semi-conducting Type lIb diamond. These 

acceptors are quite different to the NoD.l-centres, and 

lie at 0.34 eV above the valence band. Thermal activation 



TABLE 8.3 

EFFECTS OF ILLUfvlINATION ON THE N.D.I. BAND IN D14 

NOjViINAL TRi.:ATlVENT LIGHT SOURCE 
STRENG TH OF N.D. I. 

BAND jJt.eV 

Heating for 4 hours at SOOoC - 0.038 

Illumination for 16 hours 3.40 eV jVercury line 0.006 
from monochromator 

Illumination for 50 hours 2.84 eV [Vercury line 0.014 
from monochromator 

Illumination for 16 hours 3.40 eV M:lrcury line 0.004 
from monochromator 

Illumination for 50 hours 2.84 eV rercury line 0.026 

I from monochromator 
I I plus filter 

I ! 
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of electrons to this level occurs at room temperature, 

and the G. ::{. 1 b9nd would therefore be expected to be in 

the bleached condition after room tGrnperature irradia­

tion.As a result o~ this proposal the effects of irra­

diating Type lIb diamonds were subseCluently studied in 

detail by Ferdinando (1965). Briefly it was found that 

neither the G.R.l band, nor the D.V. band, could be ob­

served in irradiated Type lIb diamonds, although the 

irradiation dose ",ras shown to be quite sufficient to pro­

duce these bands in Type IIa diamonds which do not con­

tain acceptor centres. 

No ~.P.R. absorption could be detected in 

the specimens studied, either before or after irradiation. 

8.6. Investisation of the N.D.I-Centre. 

8.6.1. ji;xperimental Results. 

It was at this stage not clear 1.fhether N.D.l­

centres are formed as a result of irradiation damage, or 

whether they are always present in Type Ia diamond, but 

are optically inactive until G.:~.l donor centres are 

created. D14 'Nas t1-J.erefore selected as having the highest 

platelet nitrogen concentration observed in this study, 
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and was irradiated at a very low dose rate, the specimen 

being held at about 200 0 K during irradiation. At five 

stages during the total irradiation the specimen was 

allowed to warm up to room temperature and the optical 

absorption measured. At no stage was the N.~.l band de-

tected. The optical absorption spectra before irradia-

tion and after the final dose are shown in Figure 8.8. 

This shows that the N.D.l band normally observed arises 

from the localised heating associated with normal room 

temperature irradiation, estimated by Clark et al (1956 b) 

to be equivalent to about 3500 C. 

D14 was now heated together with D15 , a spec­

imen in which a large N.D.l band had been developed by 

irradiation and heat treatment, and then bleached to is 

minimum by mercury light. Stages in the sequence of 

heating and optical bleaching of these two specimens are 

listed in Table 8.4. Only changes in the strength of 

N.D.l are shown; however, corresponding changes in G.R.l 

and the D.V. band were also observed (i.e. a reduction in 

these bands wherever N.D.l was observed to increase, and 

vice versa). 

It is clear that temperatures in the range 180-
o 250 C are adequate to develop an N.D.l band by electron 
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TABLE 8.4 

EFFECTS Of TREAH'ENT ON THE N.D.I. BAND IN D14 AND D15 

STRENGTH OF THE N.D. I. IN )Jt .eV 
TYFE Of TIIV[ TE IVIPE RA TURE 

TREAHENT IN HOURS IN °c D14 D15 

Heating 15 140 0 0.350 

Bleaching 0.1 25 0 0.351 

Heating 18 180 0 0.483 

Bleaching 0.1 25 0 0.349 

Heating 4 215 0 0.465 

Bleaching 0.1 25 0 0.350 

Heating 15 250 0.027 0.538 

Bleaching 0.1 25 0 0.351 

Heating 46 250 0.032 0.540 

Bleaching 0.1 25 0.004 0.349 

Heating 64 410 0.036 0.980 

Bleaching 0.1 25 0.006 0.350 

Heating 4 500 0.038 1.143 

Bleaching 0.1 25 0.005 0.351 

Heating 16 200 0.018 0.493 

, Bleaching 0.1 25 0.005 I 0.350 
I I 
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transfer in D15 'Nhere N. D. l-centres already exi st; 110.,'1-

ever, this temperature is not sufficient to create the 

centres in D14 which had been irradiated at low temper­

atures. Higher temperatures serve to develop N.D.l fully 

in D14 , after which reheatins at 200 0 C results in a marked 

enhancement of the i'LD.l band, although this temperature 

was earlier ineffective. 

8.6.? Proposed Model for N.D. I-Centres. 

The N.D.l-centre appears to be the result of 

the combination of an irradiation damage product and nit­

rogen in platelet form. Such evidence as is available 

suggests that the irradiation damage produc~ concerned is 

an interstitial; this will be discussed fully in a later 

section. For convenience of description this assignment 

of interstitial atoms in combination 1rJi th platelets will 

be made to N.D.l-centres. The G.R.l-centres are identi­

fied as the other irradiation damage product - namely 

vacancies. 

\Vb.en electron irradiation is done carefully at 

low temperatures, the interstitials are not mobile; or, 

if mobile, have insufficient energy to overcome an activ­

ation energy barrier preventing interstitial/nitrogen 
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platelet combination. Thus no N.D.l-centres are formed. 

Heating to a temperature of about 200 0 C can therefore not 

result in the appearance of the H.D.l band, although this 

temperature is shown to be sufficient to excite electrons 

on to the N.D.l-centres, and render them detectable in 

absorption if they already exist. 

At about 250 0 C the interstitials attac~ them-

selves to substitutional nitrogen in platelet form and 

N.D.l-centres are created. 

The cyclic behaviour of the ~.P.R. line i§ con-

sistent with its being due either to ionized N.D.l-centres 

or to ionized G.R.l-centres; the absence of E.P.R. absorp-

tion in irradiated Type lIb diamonds, which contain 

ionized G.R.l-centres, suggests strongly that these cen-

tres cannot be responsible for thR :2:. P. R. line. It is 

thus concluded that at least part of th.e observed E.P.R. 

line is associated with ionized N.D.l-centres. The 

apparent inconsistent behaviour of the :;;.P.R. line when 

an irradiated T~)e Ia diamond is first heated at 500 0 C 

( ~ 8.4.3), may be due to additional S.P.R. absorption, 

superimposed on the line under discussion, and arising 

from centres which are annealed durin8 the first heat 

treatment after irradiation. 
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8.7. Investigation of the Thermal Activation Process. -

~.701. Experimental Results. 

The r-}tes of tl'lermal enhancement of th,;; [T.D.l 

band were now investigsted, initially in the two irradia-

ted specimens D13 and D15 . 

The specimens were first bleached using mercury 

light until no further change in absorption was observed. 

They were then heated for increasing periods of time in 

the dark at 400°C for a total of 47 hours and then at 

5000 C for a further five hours. After each heat treat-

ment the specimens were cooled rapidly and optical ab-

sorption measurements made. 

The b8haviour of G.TLI and iLD.I for specimen 

Dl5 is shown in Figure 8.9. Similar results were obtained 

for D130 If the two processes - growth of N.D.l and de­

crease of G.R.I - are directly related, then it may 

simply be shown that the size of the N.D.I band at any 

stage is given by: 

(e.l) 

Where Su and SG are the size of N.D.I and G.R.I 
o 0 
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respectively before heating; and SN. and SG. are their 
J J 

sizes after the jth heating stage. 

In Figure 2.9, curve (a) was fitted to the ex­

perimental values for decay of G.R.l. Curve (b) was 

derived by transforming curve (a) according to eqn. (S.l). 

It can be seen that the transformed curve is an excellent 

fit to the experimental points for growth of ?~. D .1. This 

establishes that the two processes are directly related. 

Figure 8.10 demonstrates the behaviour of N.D.l 

in D15 after a series of isothermal heatings in the dark 

at different temperatures. The specimen was restored to 

the optically bleached condition after every heat cycle 

at a given temperature. It can be seen that the band 

strength rises rapidly to a nearly constant "final value" 

which changes very little with prolonged heating at a 

specific temperature. The "final value" of the band 

strength is different for each of the temperatures em-

ployed. 

8.7.2. Proposed Model. 

Several possible models have been considered to 

explain this temperature dependence of the "final value." 

Possibly the simplest is to postulate that the N.~.l-
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centres are of more than one }r:ind, each having a ground 

state at a different energy above the valence band. 

Against this is the fact that no evidence of ~ultiple 

levels is observed optically. On the contrary, the N.D.l 

band has an extremely sharp main line, indicating well 

defined ground and excited states for the centre. 

Postulation of a third trapping centre for the 

positive holes arising from thermal excitation of elec­

trons on to the N.D.l acceptor sto.tes would explain the 

temperature dependence of the "final value" of the G.R.l, 

but would, however, not account for the parallel effect 

observed for the N.D.l band. 

Another pos si bili ty is th8.t the observed "final 

value" of the bands represents th8 equilibrium distribu­

tion of electrons between the two systems at a particular 

temperature. The "final value" should then be the same 

irrespective of the path taken to achieve it. Thus it 

should be possible to decrease the size of the N.D.l band 

in a specimen that was heated to 500°0 by reheating it in 

the dark at a lower temperature of say, 3000 0, - to the 

value as would be obtained if the specimen in the bleached 

condition were heated to 3000 0. No such effect was ob­

served. 
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It is now proposed that the N.D. I-centres are 

in general not randomly distributed through the specimen, 

but occur in clusters. The process of activating the 

N.D.1-centre consists of the excitation of an electron to 

the N.D.1 acceptor level and the capture of the positive 

hole by a G.R.1-centre. Initially the process proceeds 

rapid1y.~Then, however, an appreciable number of N.D.1-

centres arp activated, positive holes find it increasingly 

difficult to escape from the clusters, as they are sub-

j ect to retrapping by activated:'. D .1-centres. 

In addition, at the stage when many of the N.D.1-

centres of a cluster are activated, the positive hole 

arising from ionization of a neutral N.D.1-centre is sub­

jected to the attractive Coulomb field of the activated 

centres. This constitutes an energy barrier to escape of 

the positive hole from the cluster, which would thus be 

a thermally activated process, and strongly temperature 

dependent. 

iua1itgtive1y it can be shown that this mech­

anism can give rise to the observed effects. A quanti­

tative calculation has Dot been attempted as the number 

of unknown parameters is too large for the result to be 

meaningful. 
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8·2·3. E292erim2nts Desip;ned to Test the Nodel. -
It is believed that clustering of N.D.l-centres 

arises from the presence of a number of interstitial 

carbon atoms on each nitrogen platelet. If this is the 

case, the degree of clustering c~n to some extent be con-

trolled by adjusting the ratio of interstitials arising 

from irradiation, to the number of platelets. 

In specimen D15 the concentration of platelets 

is only moderately high, while the irradiation dose is 

large, and a considerable degree of clustering may be 

expected. In specimen D14 the platelet concentration is 

much higher and the irradiation dose much lower (Table 

8.1); one therefore expects clustering to be low. 

In Figure 8.11 the NoD.l growth rate curves are 

plotted for various temperatures of heating of D14 • Com­

paring the se "\.vi th those shown in Figure 8.10 for D15 ' it 

can be seen that, where clustering is a ''1inimum, the 

temperature dependence of the "final value" of the band 

strengths is very much smaller. 

Another expected consequence of the clustering 

of the N.Dol-centres is a broadening of the associated 

BoP.H. line. Unfortunately the observed ;~.F.R. lines in 

irradiated Type Ia diamonds probably do not originate 
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from N.D.l-centres alone. This makes an assessment of 

line broadening due to clusterin~ of N.~.l-centres diffi-

cult. The lines found in D14 and D15 appeared similar 

in shape, the line widths being 1.6 Oe .-!::. 0.3 Oe for J 14 

where clustering is expected to be low and ~.O Oe + 0.3 

Oe for D15 where considerable clustering is expected. 

The effect of an applied electric field on the 

rate of growth of the N.D.I band during heating was now 

studied. Electric fields of 430 volt/cm. and 3L~3C volt/ 

cm. were applied to specimen D15 during the whole period 

of heating at 300 0 C. An initial rapid fall in resistance 

was observed as the specimen attained furn3ce temperature. 

This was followed by a steady incre~se in specimen resis-

tance to a constant maximum value. This is consistent 

with electron or hole mobility being involved in the 

activation of the N.D.l band and the simultaneous reduc-

tion of G.R.l. 

The values obtained for the strengths of G.B.l 

and the N.D.l band 3fter heating were not the same as 

when no field VJaS applied. G. R.l was smaller and the 

N.D.l band larger than expected for heat treatment at 

this temperature. This effect was the more marked with 

the higher field applied during heating (Figure 8.10). 
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It thus appears that the applied field has the effect of 

aiding the escape of positive holes from substantially 

ionized clusters of N.D.l-centres, by imposing a direc­

tional mobility to the random motion of the positive hole, 

and by helping to counteract the effect on the hole of 

the space charge arising from clustered ionized defects. 

8.8. Discussion. 

The effect of irradiation with electrons of 

energy below 0.8 MeV is to cre3.te single vacant atomic 

sites and interstitial carbon atoms in the diamond lattice. 

If the irradiation is performed at room temperature, 

localized heating occurs as a result of the irradiation 

process, leading to limited defect mobility. However, 

if the irradiation is performed at low temperature, the 

defects are effectively immobile and do not react with 

each other, or with impurity centres. 

When a Type Ia diamond, irradiated at low tem­

perature, is heated to about 250oC, limited vacancy in­

terstitial recombination occurs. Apart from this effect, 

no annealing of G .,:(.1 is observed (even at temperatures 

up to 450oC), but a new band - N.D.l - is formed. This 

is consistent with G.R.l bein~ associated with one type 
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of damage product which is not mobile below 500
0

C and 

N.D.l witQ the other. For this reason it is suggested 

that the G.R.l-centre is a vacancy, and that N.D.l-centres 
in this thesis the foregoing assumption is taken to be the case. 
are associated I-'li th intersti tials. f\ The discussion will, 

however, not materially be af£'ected if the ro18 of V3C-

ancies and interstitials is interchanged. 

The production of the N.D.l-centre demonstrates 

interstitial mobility. This centre, to become observ3ble, 

requires thermal activation of electrons from the v3lence 

band to its ground state; this, however, does not explain 

its absence before heating to 2500 0, as temperatures well 

below this are sufficient for the thermal activation 

process to occur. Therefore the fact that N.D.l only 

appears after heating to about 250°C can only be explained 

by assuming that at this temperature the interstitial is 

mobile. 

The N.D.l band is always observed in irradiated 

Type Ia diamonds which have been heated in the temperature 

range 250°0 - 500°C. It is never observed in nitrogen-

free diamond, and its strength for a given irradiation 

dose depends upon the nitrogen content of the specimen. 

As expected, irradiation treatments (x-rays and electrons 

of energy below 0.3 MeV) 1.vhich do not produce displacement 
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of carbon atoms in the diamond lattice, do not produce 

any N.D.l band even when followed by appropriate heat 

treatment. It is therefore concluded that the N.D.l-cen­

tre is an interstitial carbon atom anchored at substi­

tutional nitrogen atoms in platelet form. 

To be more specific about the mechanism of 

N.D.l-centre formation is difficult, because, although 

the concept of nitrogen segregated into a platelet con­

figuration is well established, the precise arrangement 

of the atoms in the platelet is speculative. The pre­

sence of these defects, however, is kno,~ to cause an ex­

pansion of the diamond lattice normal to the platelet. 

One would therefore expect regions where the diamond 

lattice is in compression as well as regions where the 

lattice is dilated. The regions where the lattice is in 

compression will be unfavourable locations for an inter­

stitial; and may present an energy barrier to a mobile 

interstitial; thus preventing it from combining with a 

nitrogen platelet. At about 250 0 C the interstitial pre­

sumably has enough kinetic energy to overcome this energy 

barrier and is probably anchored in the platelet region 

where the lattice is dilated. 



- 151 -

The rate of thermal enhancement of N.D.l csn 

be explained by assuming that the N.D.l-centres are not 

randomly distributed through the crystal but occur in 

clusters. These clusters probably arise from the presence 

of a number of interstitial carbon atoms anchored to each 

nitrogen platelet. 

This proposed atomic model for an N.D.l-centre 

is in agreement with subsequent very recent results of 

Runciman (1965), 1tTho, not being aware of this study, in­

vestigated the splitting of the so-called rlenhanced line 

of the 4150A system" as described by Pringsheim, under an 

applied uniaxial stress. Polarization spectra were ob­

tained for stress applied along the three principal di­

rections < 100), .(110» and t....lll'/. From these Runci­

man ascribed this line, the principal or zero phonon line 

of N.D.l to: "a monoclinic [hko] centre, of which an 

example might be a vacancy at 000 plus an interstitial 

at 1+0". It is therefore now suggested that the N.D.l­

centre comprises a substitutional nitrogen atom at 000 

plus an interstitial at 1+0. 

The G.2.1 band arises from transitions from the 

ground state of a vacancy to excited states, the ground 

state being about 2.6 eV above the valence band, with the 
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principal excited state at 1.68 eV above this. The U.V. 

band arises from troJ1sitions from the ground st8te of the 

same centre,'} vacancy, to t"he conduction band. The 

width of' this band (> 1.6 eV) is consistent ~",i to. this 

proposition. In Type IIa diFlmonds which contain no nit­

rogen in detectable amounts, only G.R.l and the U.V. band 

can be detected after irradiation, although vacancies and 

lnterstitials are created. It appears therefore that the 

interstitials are optically inactive. 

The G.R.l-centre acts as an electron donor -

the N.D. I-centre as 8n electron acceptor. Therefore the 

magnitude of G.~.l after irr~diation is not a measure of 

the irradiation damage produced in any diamond containing 

acceptor centres, as the vacancy is optically inactive 

after having donated an electron. 
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CHAP':L'ZH IX. 

lj.liN2;ALING OF IRRADIAJ:ION D:U'1AGE 

PT TY.2E IEl DLCI,l10ND. 

9.1. Introduction. 

The effects of isothermal heat tre8tm8nt at 

temperatures between 500 0 and 12000 C on the defect cen­

tres induced by 0.78 MeV electron irradiation in Type Ia 

diamonds, were now studied. 

As shown in the previous chapter, the carbon 

interstitials created by irradiation damage are mobile 

and combine with the nitrogen platelets in Type Ia dia-

Thus the NoDol band is produced. -, The 

other product of irradiation damage, vacancies, is not 

mobile below 500°C, and is responsible for the G.R.l and 

U.V. bands. 

Heat treatment at 500°C or higher temperatures 

is expected to render the vacancies mobile as well, tl:lus 

creating the possibility of interaction between mobile 

vacancies and nitrogen platelets or NoD.l-centres. These 

effects are described in this chapter. 
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9.2. Existing Enowledge. 

The effect of heat treatment between 300 and 

9000C on the O.A. b~nds produced by 1.0 MeV electron 

irradiation in diamond, was first studied by Clark et al 

(1956 b). They found that: 

a) He3.t treatment bet"Jeen 300 and 4000C causes 

a general reduction in all the irradiation induced absorp­

tion. From additional evidence obtained by a study of 

gamma and neutron irradiation, Clark et al concluded that 

this effect is due to the recombination of those inter­

stitials and vacancies which are near neighbours. 

b) Heat treatment of irradiated Type IIa dia­

monds causes a great reduction in G.R.l and the U.V. band, 

and the formation of a band between 2.1 and 2.8 eV, called 

TH5. From a study of the kinetics of the decay of G.R.l 

and the associated growth of TH5, Clark et al concluded 

that the TH5 centres arise from pairs of G.2.1-centres, 

and therefore ascribed the TH5 band to divacancies. 

c) Subsequent heat treatment of a Type IIa 

diamond up to 9000C results in the decay of TH5 and the 

growth of the absorption tail ( ~ 4.5.1). The absorp­

tion t3il was ascribed to the presence of amorphous or 

graphitic regions, produced by the agglomeration of 
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G.R.l-centres. After this treatment no G.R.l band could 

be detected in the specimens. 

d) lrlhen an irradiated Type I diamon:l v,ras heat­

treated betltveen 500 and 900 0 C the G.R.l and U.V. bands 

annealed out more rapidly than in Type IIa diamonds. 

Associated with this annealing was the growth of a large 

band, the 5032A band, between 2.4 and 3.0 eVe This was 

attributed by Clark et al to the anchoring of G.3.1-

centres at crystal defects present only in Type I diamonds. 

In addition to the 5032A band, a small band called H2, 

around 1.6 eV, was found. No explanation WA.S offered for 

the formation of this small 8.ddi tional absorption feature. 

More recently Palmer (1961) studied the kinetics 

of annealing of irradiation damage in Type IIa diamonds, 

and concluded that the partial annealing of both G.R.l 

and the U.V. band at temperatures up to 600 0 C is identi­

cal. At higher temperatures the U.V. band cannot be 

measured because of the formation of the absorption tail. 

Contrary to the findings of Clark et al, however, Palmer 

found that the G.R.l band never annealed out completely 

at these temperatures, and in fact exhibited a slight 

increase in strength after heat treatment at gOOoC. 
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In order to explain these effects, Palmer 

suggested that the annealing of the G.R.l band occurs by 

the migration of some unspecified impurities or imper­

fections to G.R.l-centres. The specimen dependence of 

the rate of annealing of the G.~.l band, was then attri­

buted to the presence of different concentrations of 

these unspecified defects in various specimens. 

9.3. Isothermal Annealing. 

The six irradiated specimens, Dll to D16 , illThich 

were described in the previous chapter, were subjected to 

isothermal heat treatment at 500, 600 and 700 0 0 for pro­

longed periods of time, and for further shorter intervals 

at goo and 12000 C. 

As described before, the N.D.l-centres in the 

nitrogen containing specimens are electron acceptors, the 

G.R.l-centres donors, and electron transfer from G.R.l to 

N.~.l is effected by thermal activation. Heat treatment 

will therefore produce thermal ionization of these defects 

as well as annealing. The heat treatment WBS therefore 

carried out in the dark and O.A. measurements made prior 

to, and after, subsequent illumination with unfiltered 

mercury light. Thus an indication could be obtained from 
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the strength of the O.A. bands, as to the extent of 

annealing of defect centres. 

The presence or absence, of 4150A-centres in 

these specimens, had no apparent effect on the changes 

brought about by isothermal heat treatment. The concen-

tration of nitrogen in platelet form, however, was found 

to have a profound effect. In order to facilitate pre-

sentation of the results, only three specimens, in "rhich 

only nitrogen platelets in widely varying amounts could 

be detected, will be discussed in detail. The effects 

observed in these specimens are representative of the 

effects of heat treatment in all the specimens studied. 

The amount of substitutional nitrogen present 

in non-paramagnetic platelet form (Table 8.1) in these 

specimens, was as follows: 

Specimen Dll Specimen D12 

None detectable 2 x 1020atoms/cc 

Specimen D13 

1°, 7 x 10 Uatoms/cc 

Only changes in the N.D.l, 5032A, G.R.l and H2 

bands, produced by heat treatment and subsequent exposure 

to unfiltered mercury light at room temperature after 

every heating stage, could be measured quantitatively_ 
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This was accomplished by obtaining the integrated total 

absorption )~t.eV (t = specimen thickness) between 3.1 

and 3.7 eV for N.D.l, 2.4 and 2.95 eV for 5032A, 1.65 and 

2.4 eV for G.R.l and 1.2 eV and 2.0 eV for the H2 band. 

These values are listed in Tables 9.1, 9.2 and 9.3 for 

specimens Dll , D13 and D12 respectively, and are illus­

trated graphically in Figure 9.1. 

9.4. Effects of Isothermal Heat Treatment. 

2.4.1. Presentation of the Results. 

In general the effects of isothermal heat 

treatment of the irradiated Type Ia and Type IIa specimen 

appear to be fourfold. These effects are: 

a) Annealing of defect centres. This is mani­

fested by the disappearance of the G.R.l and N.D.l bands. 

b) Production of new defect centres. This is 

manifested by the growth of two new O.A. bands, namely 

the 5032A and H2 bands. 

c) Thermal bleaching of the G.R.l and 5032A 

bands. Apparently this process modifies the electronic 

configuration of the defect centres only, and not the 

atomic arrangement, because this bleaching effect can be 



TABLE 9.1 

THE EFFECT OF 150THERfvlAL HEAT TREATFENT ON THE OPTICAL AB50RPTION 

BAND5 IN 5PEClfvEN D11 

(Values in brackets were obtained after exposure to rrercury light 

subsequent to heating in the dark) 

TE [VIPE RA TURE TOTAL HEATING 5TRENGTH OF G .R. I. 
IN °c TIiVE IN HOURS "ut.e V 

- - 0.064 

500 4 0.037 (0.035) 

500 16 0.032 (O.032) 

500 24 0.035 (0.035) 

500 32 0.030 (O.O30) 

500 58 0.030 (0.031) 

500 157 0.027 (0.029) 

500 I 320 0.027 (0.025) 
, 

500 
I 

632 0.023 (0.024 ) 

I 
500 791 0.025 (0.025) 

600 66 0.021 (0.022 ) 

600 207 0.017 (0.018) 

600 368 0.013 (0.012 ) 

600 700 0.007 (0.006) 
I 
I 

(0.003 ) 600 1125 0.003 

700 25 0.002 (0.002) 
I 

700 I 150 0.002 (0.001) 

I 700 400 zero (zero) 
I , 

I 



TABLE 9.2 

THE EFFECT OF ISOTHERfVlA.L HEAT TREATiVENT ON THE OPTICAL ABSORPTION 

BANDS IN SF£CIr-'EN D13 

(Values in brackets were obtained after ex posure to rrercury lig ht 

subsequent to heatir.g in the dark) 

TOTAL 

I I I TEMPERA-
HEATING STRENGTH OF STRENGTH OF STREf\GTH OF 

TURE IN TIlvE G.R.I. N.D. I. 5032A 
°c IN HOURS ~t.eV) ~t.eV) ~t.eV) 

- - 0.083 0.028 zero 

500 4 0.052 (0.064) 0.071 (0.023) zero (zero) 

500 16 0.054 (0.063) 0.066 (0.023 ) zero (zero) 

500 24 0.055 (0.042) 0.067 (0.020) zero (zero) 

500 32 0.042 (0.064) 0.064 (0.017) zero (zero) 

500 58 0.042 (0.054) 0.068 (0.018) zero (zero) 

500 157 0.036 (0.049) 0.066 (0.012 ) zero (zero) 

500 320 0.036 (0.040) 0.061 (0.016) 0.003 (0.003 ) 

500 632 0.027 (0.033 ) 0.061 (0.014) 0.002 (0.004 ) 

500 791 0.026 (0.035) 0.055 (0.013 ) 0.007 (0.006) 

600 66 0.021 (0.023) 0.051 (0.012) 0.010 (0.008) 

600 207 0.011 (0.014) , 0.040 (0.009) 0.014 (0.015) 

600 368 0.008 (0.006) 0.032 (0.006) 0.019 (0.017) 

600 700 0.001 (0.002) 0.017 (0.005) i 0.028 (0.028) 

600 1125 zero (zero) 0.008 (0.002) 
I 
I 0.035 (0.034) 

700 25 zero (zero) 0.003 (zero) 0.035 (0.036) 

700 150 zero (zero) zero (zero) 0.038 (0.037) 

I 
, 
i 

(0.036) 700 400 zero (zero) I zero (zero) I 0.038 J I 

I 

I 



THE EFfECT Of ISOTHERfVlAL HEAT TREATfV£NT ON THE OPTICAL ~-I1.Qt!. 

BANDS IN SFECIfVEN D12. 

(Values in brackets were obtained after ex posure to rrercury lig ht 

subsequent to heating in the dark) 

.... _-
! 

TEfvIFERA-1 TOTAL BAND STRENGTH (jJt.eV) _.-
TURE IN I HEATING I 

I 
THE I 

°c IN HOURSJ 
G.R.I. N.D.!. I 5032A H2 

.• -
- - I !0.096 0.196 zero zero zero (zero) 

500 4 0.031(0.068) 0.410(0.140) zero zero zero (zero ) 

500 16 0.015(0.053) I 0.385(0.144) 0.006(0.003) zero (zero) 

500 24 0.013(0.050) 0.382(0.128) 0.017(0.011) zero (zero) 
I 

500 32 0.005(0.049) I 0.354(0.113) 0.018(0.018) zero (zero) 

500 58 zero (0.035) 0.340(0.102) 0.031(0.026) 0.001 (zero) 

500 157 zero (0.017) 0.203(0.057) 0.046(0.049) 0.001(0.00.1.) 

500 320 zero (0.010 ) 0.171(0.048) 0.047(0.057) 0.019 (0 .002) 

500 632 zero (0.004) 0.135(0.032) 0.059(0.066) DoC -(0.004) 

500 652 zero (0.002) 0.144(0.020) 0.057(0.073) 0.030(0.004) 

500 791 zero (0.002) 0.137(0.025) 0.055(0.068) 0.033(0.006) 

600 66 zero (zero) 0.016(0.003) 0.064(0.093) 0.057(0.02.4) 

600 207 zero (zero) zero (zero) 0.064(0.107) 0.064(0.019) 

600 368 zero (zero) zero (zE::lro) 0.065(0.105) 0.061(0.017) 

600 700 zero (zero) zero (zl;lro) 0.065(0.106) 0.063(0.020) 

600 1125 zero (zero) Zelro (zero) 0.064(0.107) 0.065(0.018) 

700 25 zero (zero) zero (zero) 0.066(0.106) 0.066(0.019) 

700 150 zero (zero) 
I 

zero (zero) 0.063(0.108) 0.064(0.019) 

700 400 zero (zero) I zero (zelro) 0.064(0.107) 0.064(0.020) I I 
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reversed by exposure to mercury light. 

d) Thermal enhancement of the H.D.l and H2 

bands. Again this process can be reversed by exposure to 

mercury lie;ht, and is therefore ascribed to a modifica­

tion of the electronic configuration of the defect centres. 

It is therefore necessary to ta1ce into account 

the state of charge of the defect centres if the changes 

in their atomic structure, brought about by isothermal 

heat treatment, are to be followed by optical absorption. 

Thus the magnitude of the N.D.l and the H2 bands after 

heat treatment in dark was taken as a measure of the num­

ber of these centres present. Similarly the magnitude 

of the G.R.l and 5032A bands after subsequent exposure 

to mercury light, was taken as a measure of the number of 

these centres. 

Using this approach the effects of isothermal 

heat treatment will now be discussed with reference to 

Figure 9.1 and Tables 9.1, 9.2 and 9.3. 

9.4.? General Effects. 

The first four hour heating st0ge at 5000 C 

caused a rapid annealing of G.R.l-centres in all the 

specimens. The actual amount by which G.R.l decreased 
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was specimen dependent, being 42% in Dll (Type IIa) and 

only 20//0 and 23% respectively in the Type Ia specimens 

D12 and D13 • 

Following Clark et al (1956 b) this effect is 

attributed to vacancy/interstitial recombination. As no 

such marked decrease in N.D.l is observed, the required 

interstitisls presumably do not, in the case of Type Ia 

diamond, derive from this source. 

That the reduction in G.R.l is much larger for 

Type IIa diamond is to be expected, as, in the absence of 

platelets interstitial traps of the N.D.l-centre type are 

not present, and presumably a larger proportion of inter-

stitials are available for recombination. Further, as 

the interstitials have been deduced to be mobile below 

250 0 C ( ? 3.6.2 and ~ 10.4.1), the fact that this decrease 

is only observed at a higher temperature must be ascribed 

to a recombination activation energy barrier. 

There remains the problem that the reduction 

in Type Ia diamond is as large as observed. This can be 

explained by postulating that interstitials close to 

vacancies are not as mobile as those at greater distances 

- i.e. there is a degree of stability associated with 

close vacancy/interstitial pairs. 
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That this stability postulate is reasonable, 

derives from Clark et al (1956 b). They show that close 

pairs gives rise to line broadening in for example neutron 

irradiated diamond, and that this broadening persists 

above the temperature at which it is now shown ( p 8.6.2 

and ~10.4.1) that interstitials are mobile. If the 

interstitials which form close pairs with vacancies are 

free to move - thus recombining with or moving away from 

the vacancies - sharpening of the G.R.l lines should be 

observed. This is not the case. Only when the tempera­

ture is raised to 3000 C or above, does line sharpening 

occur, and this is associated with a decrease in G.~.l 

strength, indicating that the close vacancy/interstitial 

pairs are removed by mutual recombination. 

9.4.3. Specimen Dependent Effects. 

Further isothermal heat treatment produced per­

manent changes in the absorption spectra which differed 

for each specimen and will therefore be discussed sep-

arately. 

1) Specimen Dll (No Nitrogen Platelets Detectable). 

The significant points observed during heat 
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treatment of this specimen are as follows: (Figure 9.lc) 

a) At 500°C - Apart from the initial decrease in 

G.R.l discussed above, G.R.l anneals very slowly 

durin3 the 791 hours of heating at this tempera-

ture. 

b) At 600°C - G.R.l anneals more rapidly to about 

5% of its original value after 1125 hours. 

During this stage a TH5 band develops. 

c) At 700°C - The remainder of G.2.l anneals out 

after 400 hours. During this stage TH5 anneals 

out and an absorption tail forms. 

d) Up to l2000 C - No further changes. 

e) No thermal ionization or optical bleaching effects 

can be detected. 

f) As G.R.l was annealed out completely by th.e heat 

treatment, and no increase of this band at 900°C 

(as reported by Palmer 1961) was found, a further 

two irradiated Type IIa specimens were subjected 

to similar isothermal heat treatment. _lgain in 

both cases the G.~.l band was annealed out per­

manently by prolonged heat treatment at 600 and 

'700°C. The time of heat treatment was about ten 

times longer than that reported by Palmer. 
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2) Specimen D13 (Nitrogen Platelet Concentration 

~x 1018 atoms/cc) 

The significant points observed during heat 

treatment of this specimen are as follows: (Figures S.lb 

& 9.1e). 

a) At 500°C - G.R.l 8.nneals more rapidly than in 

Dl1 • N.D.l anneals more slowly than G.R.l. A 

small 5032A band develops. 

b) At 600°C - G.R.l anneals out after 800 hours. 

N.:J.l anneals to about 10% of its original value 

after 1125 hours. The 5032A band grows. 

c) At 700 0 C - The N.D.l b~nd anneals out after 25 

hours. 5032A reaches a steady maximum value. 

d) Up to 12000 C - No further changes. 

e) Electron exchange effects - i.e. the reversible 

thermal enhancement of N.D.l and thermal bleaching 

of G.R.l are observed. No such effects are ob-

served in the strength of the 5032A band. 

3) Specimen Dl? (Platelet Nitrogen Concentration 

2 x 1020 atoms/cc2. 

'rhe Significant points obs-:rved during heat 

treatment of this specimen are as fol101,'lS: (Figures 9.1a 
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& 9.ld). 

a) At 500 0 C - G.R.l anneals more rapidly t1l.an in 

D13 to about 2% of its original value. N.D.l 

anneals more slm'lly th3n G .R.l. A 5032A band 

and an H2 band develop. 

b) At 6000 C - G.R.l anneals out after ?5 hours. 

N.D.l anneals out after 200 hours. The 5032A 

and H2 bands reach steady maximum values after 

150 hours. 

c) 700 0 C to l200 0 C - No further chan~es. 

d) More complex electron exchange effects occur. 

These are th.ermal enhancement of H.D.l end H2, 

and thermal bleaching of G.R.l and 5032A. 

9.4.4. Electron ~xchange Effects. 

The isoth.ermal heat treatment did not produce 

any electron exchange effects in the Type IIa diamond 

(Dll ). Glectron exchange effects between N.D.l and G.R.l, 

but not involving 5032A-centres are observed in D13 • 

These effects are explained by the discussion presented 

in Chapter VIII. In D12 , however, some additional elec­

tron exchange internctions are observed, which will now 

be described in more detail. 
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1) G.R.l and H.D.l. 
~--~~~~.--------

As mentioned in Chapter VIII, the G.R.l band is 

bleached when an irradiated Type Ia specimen is he[1ted 

in the dark but the thermal bleaching is not complete. 

llowever, after 58 hours isothermal annealing at 500 0 C 

the G.R.l band in specimen D12 (hig~ platelet nitrogen 

concentration) can be completely bleached thermally. 

This c~n be explained as follows: 

Although vacancies and interstitials are pro-

duced in equal amounts, not all the interstitials combine 

with nitrogen platelets to form N.D.l-centres. Thus 

there are initially more vacancies (G.R.l-centres) than 

N.D.l-centres, and the excess vacancies cannot be ionized 

thermally, so that the G.R.l band is not bleached com­

pletely. The G.R.l-centres, however, anneal more rapidly 

than N.D.l-centres, and after about 58 hours heat treat­

ment at 500 0 C, equal amounts remain, so that the heat 

treatment also results in complete bleaching of the G.R.l 

band. The ~.D.l band is never bleached completely by 

subsequent illumination with light in this band, as this 

energy of light also causes electron transfer from G.H.l-

centres to i:.D.l-centres as was discussed in the previous 

chapter. 
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2) 5C32A Band and the H2 Band. __ __"t _____ _ 

Also during the first 58 hours at 500°C, a 

5032A band was formed, which exhibited no effects due to 

thermal ionization. ,1.8 soon as G. R.l was reduced beyond 

the point at "-Thich it coul~ be completely bleached, 

however, the 5032A band (which ',ras growing in size) be-

came subject to thermal bleaching and optical enhancement. 

Furthermore, after this first 58 hours an H2 

band also developed, and was found to be subject to 

thermal enhancement and optical bleaching effects. 

This situation is illustrated in Figure 9.2 

h · h· th 0 A t d t 30°1." n D w 1C 1S .. e •• spec rum, me3.sure a ' ~-, OJ 12 

after 550 hours at 500°C, before and. after exposure to 

mercury light. Figure 9.3 is the O.A. spectrum of the 

same specimen after all heat treatment (up to 12000 C) had 

been completed. Measurement in this case was made at room 

temperature. 

It was found that heat treatment in the dark 

at any temperature above l5CoC serves to enhance H2 and 

to bleach the 5032A band. Exposure to mercury light 

serves to bleach H2 and enhance the 5032A band; this 

cycling of the band strengths can be repeated indefinitely. 
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The effect of both tiBe and temperature upon 

the growth of H2, and the simultaneous reduction of the 

5032;\ band, are illustrated in Figure 9. L.(. for another 

Type Ia cLiamond, D14 , 1tJhicb. 11ad previously been heated 

for 700 hours at 6COoC after irradiation. 

The effect of illumin~tion with monochromatic 

light of vo.rious 1.I\T:lvelenr;ths i·<19.S investigated. by heating 

D14 in the dark at 500°C for four hours gnd then eX')osing 

it to a particular mercury emission line until no further 

change in band strength could be detected. The results 

are listed in Table 9.4. It is evident from this study 

that only light of energy greater than 2.27 eV is effec-

tive in reversin~ t~e changes brought about by heat 

treatment in the dark. 

T~e reversible changes brought about by heat 

treatment and illumination are probably due to charge 

transfer between the 5032A and H? centres. No simple 

mechanism can be su;w:ested, however, as it is clear from 

Figure 9.4 that at least two other broad opticnl absorp-

tion features, between 3.0 and 3.7 eV, and beb.<1een .2.0 

and 2.4 eV, are involved as l<1ell. 
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TABLE 9.4 

THE EFFFCT OF ILLUMINATION IrJITH MJNOCHROMATIC LIGHT ON THE 5032A 

AND H2 BANDS IN D14 

I ENERGY OF 
BAND STRENGTH (,ut.eV) 

NOtvlINAL TREATMENT 
LIGHT IN eV 

5032A H2 

0 
0.063 0.084 Heat 500 C -

Illumination 1.98 0.062 0.085 

Illumination 2.14 0.063 0.082 

Illumination 2.27 0.089 0.049 

Heat soooe - 0.064 0.073 

Illumination 2.84 0.118 0.017 

Heat 500
0 e - 0.062 0.074 

Illumination 3.40 0.117 0.018 
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9.5. 5032A-Centres. 

A 5032A band is formed only in diamonds con-

tainins nitrogen platelets by heat treatment at temper3-

tures in excess of about 50CoC after irradiation. The 

strength of the band depends bot~ on the irradiation dose 

and the nitrogen platelet concentr~tion. 

As the band is only forme~ at temperatures of 

5000 C ::lnd above, by which time all interstitisls have 

been trapped to form H.D.l-centres, it appears that the 

5032A-centre must be formed by the combination of a vac­

ancy .':;md a nitrogen platelet 0 5000 C is presumed, there-

fore, to be the temperature at which vacancy mobility 

first occurs. 

This deduction is supported by independent ob­

servations of Clark (1952), Hho subjected hvelve di lIDond 

samples to an equal dose of neutron irradiation and sub­

sequently heated these specimens simultaneously at 750oC, 

after which 5032A bands were formed. In FiGure 9.5 Clark's 
log of the 

results are represented schematically by plotting the A 
strength* of the secondary absorption edge, which is a 

*i.e. slope of line-joining points on the absorption 

curve at 3.8 and 3.9 eVe 
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megsure of the amount of nitrogen platelets (K3iser and 

Bond 1959), as a function of the strenGth of the 5032A 

band produced in each specimen. AltQough not reported by 

Clar~, a linear correlation coefficient r = 0.89 is found 

between the strength of the 5032A band and the logarithm 

of the strength of the secondary absorption edse. 

As the formation of a 5032A-centre involves 

migration of one of the primary products of irradiation 

damage (a vacancy) to a nitrogen platelet, it is reason-

able to assume that other trAps for such a defect can 

exist in diamond .:'.. direct correlation betl\Teen the 

amount of nitrogen platelets and the 5032A band produced 

will therefore not be expected. 

If the concentration of traps other than 

platelets be S, and the concentration of sj_tes on plate-

lets available for 5032A-centre form,·tion be P, then, 

very Simply, the fraction of vacancies for~ing 5032A-

centres is given by 

F = P 
s + P 

i.e. the 5032A bgnd strength is proportional to 

As S is unknown, and may be expected to vary from 
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specimen to specimen, as formal analysis of this data is 

not justified; however, it may readily be shown that, 
n 

when the r8.tio -L/8+P has values between about 0.2 and 

0.9, it is closely proportional to t~e characteristic 

of the logarithm of P. 

Measurements by Elliot et al (1958) and Clark 

et 81 (1962) on the polarisation of the green luminesence 

associ~ted with a 5032A-centre indicate t~at the centre 

has <-110> symmetry. The simplest model ',vill therefore 

be a vacancy anchored in a next nearest neL:,hbour posi-

tion to a substitutional nitro~en atom of a nitrogen 

platelet. 

No E.:?R. or I.R. spectra, illThich could be 

associated with 5032A-centres, could be detected. 

9.6. Annealing of G. rL l-Centres. 

9.6.1. Investi~ation of the Nitrogen De£endence. 

FroD the detailed results reported for three 

specimens, it is clear that the rate of annealing of t~e 

G.~.l band depends on the 8IDount of nitrngen in platelet 

form present in the specimens. This observation was con-

firmed by a study of an additional five specimens. 



- 171 -

It therefore a~pears certain that the r~te of 

annealing of G.R.l is indeed controlled to a large extent 

by the impurity content of the specimens. The specific 

impurity involved, appe3.rs to be nitrogen in platelet 

form, which is known to b·,,; immobile at temperatures up to 

12000 C. The proposal of ralmer (1061) that G.l.l-centres 

are immobile below 10000C and anneal by the migration of 

impurities to them, is therefore probably not correct. 

A more feasible explanation would be that the annealing 

of the G.~.l band is due to the migration of vacancies. 

The vacancies in irradiated Type Ia diamonds 

are ionized by heat tre~tment above 1800 C, because of the 

presence of N.~.l-centres which are acceptors. When the 

nitrogen platelet concentration is high, so is the N.D.l­

centre concentration, and consequently a large fraction 

of the G.t.l-centres is ionized. In Type IIa diamonds 

the vacancies are not ionized. This difference in the 

state of charge of v3c3.ncies may account for the nitrogen 

dependence of the rate of annealing of G.~.l if an ionized 

vacancy is more mobile th3.n one in the neutral state. 

In order to investigate this possibility, two 

specimens cut from the same diamond block and having a 

homogeneous nitrogen content of 2 x 1020 atoms/cc in 
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platelet form, were irradiated together to a dose of 

approximately 1018 electrons/cm2 • The specimens were 

heated together in a larse furnace at 5000 C, one being 

kept in total darkness. A quartz lens was used to focus 

light from a mercury lamp on to the other, in order to 

effect electron transfer from ~.D.l-centres to G.R.l-

centres. Thus th,'S G.:=(.l-centres in the specimen kept in 

dar!mess would be ioni '0ed during heat treatment, whereas 

the same centres in t~e other specimen would be largely 

neutral. 

After annealing these specimens for 400 hours 

the residual G.2.l band in the specimen ~ept in the dark 

(G.::t.l-centres ionized), contrary to expectation, was 

found to be 5% larger tlJ.an the residual G.R.l band in the 

specimen exposed to mercury light. The experimental error 

in measuring these bands is estimated to be about 3%, so 

that the observed difference mayor may not be real. 

In carryin~ out this experiment it was realized 

that a negative result would be completely inconclusive, 

as the relaxation time of the electronic processes may 

well be much shorter than th3 time taken for a single 

vac!3.ncy jump. In such an event, optical de-ionization 

would be completely ineffective in affectin~ the vacancy 
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mobility, as thermal re-ionization of the vacancy would 

occur before the vacancy could move. Only if the time 

taken for an electron to be transferred from a neutral 

vacancy to an N.~.l-centre, by the process of 9 8.5.1, 

is comparable to, or longer than, the time for a single 

vacancy jump, can any positive result be expected from the 

experiment. 

9.6.2. Proposed Model. 

The following mechanism is now proposed to ex­

plain the effect of nitrogen platelets on the rate of 

annealing of G.R.l-centres. 

The vacancies created by irradiation damage are 

immobile. At about 500°C th.ey become mobile, but at this 

stage do not have enough energy to overcome an activation 

energy barrier to mutual combination with each other; 

thus if no nitrogen platelets are present, very little 

annealing of the G.R.l band occurs, At higher tempera­

tures the vacancies have sufficient energy to overcome 

the energy barrier preventing them from combining; double 

and multiple vacancies are formed. The G.R.l band in 

Type IIa specimens therefore decays, and other absorption 

features such as the TH5 band and the absorption tail are 
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formed. 

In discussing such a mechanism one has to con-

sider why the mobile vacancies, in view of the difficulty 

of combining with each ot~er, do not escape at the sur-

faces of the crystal. T~is query cannot be answered 

adequately; however, it appears that t 11e crystal surfaces 

of diamonds present a barrier to the escape of consider­

able numbers of vacancies, because the decay of the G.R.l 

band is always associated ;,'lith the growth of other op-

tical absorption features in all specimens. 

In Type Ia diamonds the activation energy barrier 

preventing nitrogen platelet/vac8ncy combination is prob-

ably lower. This is an expected result as James and Evans 

(1965) showed that the diamond lattice on eith8r side of 

a nitrogen platelet is in compression. Such defects will 

therefore be ideal sinks for vacancies, which, being 
o mobile at 500 C, are expected to migrate to, and combine 

with the platelets. G.R.l would therefore anneal rapidly 

and correspondingly a 5032A band will be formed. 

From Figure 9.1 it is evident that the 5032A 

band in D12 and D13 can continue to grow after the G.R.l 

band has annealed completely. In fact, the growth of the 

5032A band appears to correlate more cl~sely with the 
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dec8.y of the N.D.l band, rather than with that of the 

G.~.l band. It has been shown however, that N.D.l-centres 

arise from the combination of an interstitial and a nit­

rogen platelet. Annealing of N.D.l-centres will there­

fore not be expected to produce any new centres l,ihich 

could account for the formation of the 5032A band. 

The continued growth of the 5032A band after 

the disappearance of G.~.l can be accounted for by con­

siderinf~ ioni zed V'1C '1ncies, which are optically inactive 

( ~ 9.4.4.). As is manifested by the unbleachable com­

ponent of the N.D.l band during this stage, some vacan­

cies in the system are permanently ionized and do not 

contribute to the strength of the G.R.l band. Therefore 

after G.R.l has disappeared, there are still some vacan­

cies left, which can participate in further 5032A-centre 

formation. 

Subsequently a similar phenomenon itlaS observed 

by Dyer and F8rdinando (1965) in semiconductin~ Type lIb 

diamonds. In these specimens no G.R.l band is observed 

after irradiation, as all the vacancies are ionized by 

the naturally occurin~ acceptor centres at room tempera­

ture. \fter heat treatment at 9000 e, however, the usual 

absorption tail is formed, althou~h no decay in the G.R.l 
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band coull of course be detected. 

9.7. H2 Centres. 

Unlike the 5032A band, the H2 bA.nd is not well 

kno,N.G as a product of the annealing of irradiation damage 

in diamond, presumably because it is not as readily formed 

as the 5C32A band. The H2 band formed in D12 , after heat 

treatment at 500oC, and measured at room temperature and 

at 80oK, is shown in Figure 9.6. The energies of the 

main optical absorption features are listed in Table 9.5. 

As this absorption system is situated in the near infra-

red region t~e lead-sulphide detector available on the 

Unicam S.P. 700 spectrophotometer was used. This arrange-

ment did not offer good resolution; however, lines further 

into the infra-red region, not observed by Clark et al 

(1956 b) with a Hilger Uvispek spectrophotometer, could 

be detected. As suggested by Clark et al for other char-

acteristic diamond systems such as the 4150A band, it 

appears that the H2 band consists of a principal line of 

lowest ener6Y; additional less sharp linps arise from the 

interaction between the main electronic transition and 

vibrational states of the crystal. In this respect the 

system is quite typical of diamond. 
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TABLE 9.5 

ENERGIES OF THE MAIN OPTICAL ABSORPTION FEATURES OF THE H2 BAND 

OPTICAL ABSORPTION FEATURE POSITION IN eV 

Lower energy limit 1.20 

Principal line 1.25 

Second line 1.32 

Third line 1.40 

Fourth line 1.47 

Fifth line 1.56 

Sixth line 1.63 

Higher energy limit 2.00 
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No:-;.P.R. or I.R. spectra whicb could be assoc-

iated with H2 centres could be detected. 

An H2 band could only be produced by the anneal-

ing of irradiation damage in specimens containin~ more than 

1019 atoms/cc nitrogen in platelet form. In these spec­

imens the H2 band could be produced readily when the heat 

treatment was carried out over long periods at 500°C or 

600°C. ,Jhen similar specimens were heated at 900°C 

directly after irradiation, however, no H2 band was pro­

duced, although once an H2 band is developed in a crystal, 

it is stable to temperatures well above 900°C. 

Some fUrther indirect information on the nature 

of H2 centres was obtained from a study of irradiation 

damage in Type Ib diamonds. (~,fhich contain nitrogen, not 

as platelets, but in dispersed form.) This will be dis-

cussed fully in the next chapter. Briefly, however, it 

was found that an N.D.l band is also produced in these 

specimens by irradiation damage. The formation of this 

N.D.l band, however, occurs at a lower temperature than 

in specimens containing nitrogen platelets. Subsequent 

heat treatment at temperatures above 500°C resulted in 

the decay of G.R.l and the growth of a band similar to 

the 5032A band in platelet containing specimens. 
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However, no additional band analogous to the H2 band has 

been formed by any treatment in these specimens. 

The evidence therefore indicates that the for­

mation of an H2 centre is associated 1'/i th the annealing 

of a product or products, of irradiation damage and sub­

stitutional nitrogen, specifically in platelet form. Any 

model for the H2 centre will at this stage be speculative; 

however, the following tentative proposal may explain H2 

centres in terms of nitrogen platelets, interstitials and 

vacancies. 

Vacancies and interstitials are produced by 

irradiation damage; the interstitials are mobile at tem­

peratures below 2500 C, the vacancies not. The intersti­

tials migrate to nitrogen platelets, which as described 

in #: 8.8 produce both regions ",,"here the diamond lattice 

is in compression, and regions where the lattice is di­

lated. (An activation energy barrier is presented to 

interstitial/platelet combination, so that an intersti­

tial would not combine with the platelet as readily as in 

Type Ib specimens.) 

At 250 0 C the interstitial has enough energy to 

overcome the energy barrier preventin3 combination with 

a platelet, and is presumably anchored in the platelet 
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region where the diamond lattice is dilated, thus reliev-

ing strain. 

At temperatures of 5000 0 or above, the vacancies 

become mobile and the nitrog:::.n platelets will act as ideal 

sinks for them. A vacancy will therefore be trapped, in 

the region whBre the lattice is in compression, presum­

ably in a second nearest neighbour position to provide 

<.110'/ symmetry, to produce a 5032A-centre. At this 

stage some vacancies may also, however, be trapped by 

N.D.l-centres, which compromise a platelet with an an­

chored interstitial; thus forming an H2 centre. Vacancy­

interstitial recombination is prevented as the irradia­

tion induced defects are pinned to different locations 

in the platelet region. In the case of dispersed sub­

stitutional nitrogen, vacancy-interstitial recombination 

is expected, and no additional band such as the H2 band 

will be formed. 

Such a model does not explain why no H2 centres 

were formed in specimen D13 which contained only few nit­

rogen platelets. However, in this instance the very few 

N.D.l-centres may have been formed in positions far away 

from the vacancies, where they are not readily accessible 

for H2 formation. 
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CHAPTER X. 

IRRADIATION DM1AG;~ IN TYPE Ib DIA.MOND. 

10.1. Introduction. 

In order to produce defect centres in diamond 

which are associat~d with substitutional nitrogen in the 

paramagnetic configuration, the effp-cts of irradiation 

damage and subsequent annealing in Type Ib diamonds were 

now investigated. After heat treatment the vacancies 

and interstitials creBted by irradiation are expected to 

combine 1vi th this isolated substitutional nitrogen, thus 

forming defect centres different from those in Type Ia 

diamonds where the nitrogen is in platelets. 

Four Type Ib specimens, in which only the 

defect centres identified as substitutional p~~~~agnetic 

nitrogen could be detected, were therefore irradiated 

with 0.78 MeV electrons. Two of these specimens were 

specially thinned to about 0.8 mm, so that any absorp­

tion due to induced defect centres could be measured up 

to 5.4 eV, this being necessary as the absorption due to 

paramagnetic nitrogen is large between 3.0 and 5.4 eVe 
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10.2. Defects induced Below Room Temperature. 

In Type 13. diamonds, an N.D.l band is produced 

by room temperature irradiation. If the irradiation is 

carried out below room temperature at minus 800 C, no N.D.l 

band results, but after subsequent heat treatment at 250 0 C, 

the N.D.l band is formed. It was concluded that the N.D.l 

band produced by room temperature irradiation is due to 

the combination of an interstitial with a nitrogen plat­

elet, as a result of the localised heating associated 

with electron irradiation. In order to minimize this, 

two Type Ib specimens were now irradiated at a very low 

dose rate while being cooled by a mixture of solid carbon 

dioxide and acetone, to a total dose of 1 x 1018 electrons/ 

cm2 • A Type Ia and a Type IIa specimen were included 

with the Type Ib specimens as a reference. 

The O.A. bands induced by this treatment in the 

specimens are listed in Table 10.1. As expected, no 

N.D.l band was induced in Type IIa specimen at this or 

at later annealing st3ges. Neither was any N.D.l band 

induced in the Type Ia specimen; the temperature in the 

localised regions where atomic displacements took place 

was therefore below 250 0 C. Each Type Ib specimen, how­

ever, exhibited a large N.D.l band, and a G.R.l band 



SPECIfJEN 

D16 

D17 

D18 

D19 

TABLE 10.1 

OPTICAL ABSORPTION BANDS PRODUCED BY IRRADIhTION AT LOW 

TE [v,PE RATURES 

NITROGEN IRRAD IA nON 
BAND STRENGTH 

TYPE CONCENTRAT ION DOSE 
N.D. I. 

(ATOi"G/cc) (ELECTRONS/cm
2 

) I 
(,ut.eV) 

lIa None detectable 1 x 10
18 I None detectable 

Ia 2 x 10
20 

1 x 10
18 

None detectable* 

Ib 1 x 10
18 

1 x 10
18 

0.384 

Ib 3 x 10
17 

1 x 10
18 I 

0.295 I 

I 

~ 
* After 20 hours heat treatment at 400 C, a value of 0.108 

was obtained. 

G.R.I·I 

("ut.eVl! 

0.053 I 
i 

I 
0.058 I 

I 

0.017 

I 0.021 
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about one third the size of those induced in the other 

specimens, although all the specimens were subjected to 

identicnl irradiation trestment. This is shown in Figure 

10.1.b for specimen D18 0 

The ~.?R. spectrum of D18 before and after this 

irradiation treatment is shown in Figures 10.2a and b. 

Apparently a single isotropic 3.P.R. line superimposed 

on the isotropic central line of the paramagnetic nitro­

gen E.P.q. spectrum was induced by this treatment. 

10.3. Comparison of the N.D.I-Centres 

in Type Ia and Ib Diamond. 

The first question to be resolved is whether 

the apparent N.D.l band formed in Type Ib diamond, is the 

same as that in Type Ia sp0cimens, and whether in fact it 

is reasonable to expect identity. 

In the sense that both are thought to represent 

substitutional nitrogen in combination with an irradiation 

induced defect (interstitial), one expects similarity; 

however, as the nitrogen configuration is different in 

each case, some modification is probable. 



.. · ...... u .. lotlI tVa'" urX.1UAlI ABSORPTI(Jq SPECTRA OF SPECDIER D18 lIEA~ AT R()(JI 'l'EJIPERATURE. 

'·5 

,).It 

'·0 

'0-5 

1.0 

(el) - .......... .. 

(b) - • 

(c) = ----

BEFORE I.RRADIATIOB 

AFTER IRRADIATION AT 2O()Ox. 
A.F'lER SUBSEQUENT HEAT TREABfElIT AT TEKPE-

RATURES UP TO 95000. 

I 
I , 
I 
I 
f , 
J 
I 
I 
I 
I 
I 

....... I 
/,r~"'" " ,r; --,,:--,,---"'1 

2.0 

.,,~t' 
.I .' 

/. '''~' ." 
~ .# 

","", 
~_,_6 

, ..... ''*' 

3.0 

",... 
"./ 

A.o 

; -_/ 
I 
I 

I 
I 

s.o 
PHOTON EN ERGV IN .f. V. 



(a) BEFORE IRRADIATION 
10-0 OERSTED 

(b) AFTER IRRADIATION 

.. 
D.C. MAGNETIC FIELD (H) 

FIGUR! 10,2 FIRST DERIVATIVE E.P.R. SPEcm&. OF SPEClDN DIe nm THE 

D.C. JUGIETIC FIELD APPLIED IN A (100) DIRECTI<Jf, BEFORE .AND .AFTER JR­

RADIATICII AT 2OC)OL 



- 183 -

10.3.1. Points of Similarity. 

a) As just mentioned both are associated with irra-

diation da~age and substitutional nitrogen, and 

formed at relatively low temperatures. 

b) The energies at which the main and excited state 

lines of the IT.D.l in Type Ia and Type Ib diamonds 

occur, as measured at 800 K, cannot be dis tin-

guished with the Unicam spectrophotometer. This 

is illustrated in Figure 10.3. 

c) Both N.D.l-centres appear to interact electron­

ically with G.R.l-centres. After irradiation 

of the Type Ib specimens G.R.l is small and 

H.D.l large - this being equivalent to the 

thermally activated state in Type Ia diamonds 

(Chapter VIII.). 

10.3.2. Points of Difference. 

a) Temperature of formation: In Type Ia diamond 

N.D.l formation can be inhibited by irradiating 

at minus 800 C, subsequent heating at 250 0 C then 

promotes N. D.l formation. In 'rype Ib diamond 

N.D.l is formed during irradiation at minus 

o 80 C; lower temperatures may, however, be 
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effective in inhibiting N.D.l formation. 

b) Overall ",ridth of the band: In Type Ia diamonds 

the N.D.l band is found between 3.1 and 3.7 eVe 

The lower energy limit of the N.D.l band in 

Type Ib diamond is also at 3.1 eVe It is diffi­

cult to determine the higher energy limit, be­

cause of the overlapping absorption due to 

paramagnetic nitrogen in this region; however, 

this band appeared to extend to 4.0 eV (Figure 

10.3). 

c) Broader component lines: As is evident from 

Figure 10.3 the H.D.l band in Type Ia diamond 

consists of sharper component lines than the 

N.D.l band in Type Ib diamond, both being re­

corded at liquid nitrogen temperature. 

d) Interaction with G.R.l: After irradiation the 

N.D.l in Type Ib diamonds is large.- G.R.I is 

small. It therefore appears that thermal ac­

tiv3tion of N.D. I-centres and consequent bleach­

ing of G.R.I occurs at room temperature. In 

Type Ia diamond this process only becomes 

evident at about 1800 C. 
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10.4. N.D.I-Centres in Type Ib Diamond. 

10.4.1. Formation of N.D.I-Centres. 

As mentioned above N.D.l-centres form at a lower 

temperature in Type Ib diamond, than in Type la's. This 

difference can be accounted for by assuming that the 

interstitial is mobile, but that the activation energy 

barrier for interstitial/nitrogen platelet combination 

( 9 8.8) is the limiting condition for N.D.l formation 

in Type Ia diamond. 

The lattice strain around an isolated substi­

tutional nitrogen atom is presumably very different from 

that around a nitrogen platelet in that no large regions 

where the lattice is in compression is expected. In 

Type Ib diamond one therefore expects a lower activation 

energy barrier for int ersti tial/ni trog':,n combination, 

and interstitial mobility is probably the limiting con­

dition for N.D. I-centre formation. 

10.4.2. Electronic Configuration. 

To account for the observations described in 

Chapter VIII the N. D.l ground state vlaS placed at approx­

imately 1.5 eV above the valence band. Thermal activation 
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of an electron from the valence band to this ground state 

could be observed at about l80oC. 

If the N.D.l-centres in Type Ib diamond are 

analogous to those in Type Ia specimens, the ground state 

must be sufficiently n8ar to the valence band to be 

available to electrons at room temperature. 

The position of the ground state of the N.J.l­

centre in a Type Ib diamond is of course not certain. The 

acceptor level in semi-conducting Type lIb diamonds (~' 

4.6) is 0.34 eV above the valence band. Thermal activa­

tion of electrons to this level occurs at room temperature. 

It thus appears reasonable to assume that the ground 

state of N.D.l should lie at about 0.5 eV above the val-

ence band. The N.J.l then arises from transitions from 

this ground state to a series of excited states of in­

creasing energy, with the principal excited state at 

3.16 eV above the ground state. The excited state of 

highest energy is about 4.0 eV above the ground state, 

i.e. 4.5 eV above the valence band, this being derived 

from the high energy limit of the N.D.l band. 

The excited state of greatest energy of the N.D.l­

centre in Type Ia specimens was estimated to be 5.2 eV 

above the valence band. The process of electron transfer 
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from N.D.1 to G.R.1-centres in a Type Ib diamond by illum­

ination in the N.D.1 bsnd, will therefore not be as 

effective as in the Type Ia case, as the electrons must 

be thermally excited across a larger gap between the 

excited states and the conduction band. 

10.4.3. General. 

From the foregoing it appears that the N.D.1-

centre in both Type Ia and Ib diamond comprises an inter­

stitial in combination with substitutional nitrogen. The 

difference in nitrogen configuration, however, leads to 

differences in the temperature of formation and in the 

positions of the levels within the forbidden gap; however, 

the energy difference between the ground and excited 

states are the same in both cases. 

10.5. Investigation of the Electron Exchange Effects. 

If the foregoin~ deductions are correct, the 

effects of thermal enhancement and optical b1e1.ching noted 

for N.D.1 in Type Ia diamond should be the same for Type 

Ib diamond, with the difference, however, that the tem­

perature scale is lowered. The effect of illumination 

with monochromatic light on the H.D.1 and G.R.1 bands 
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in the irr'),diated Type Ib specimen, D1S ' 'i[RS therefore 

investi~at3d. 

These obs')rvations are listed in Tqble 10.2 and 

CRn be su~marised ~s follows: 

a) Illumination in t~a N.J.1 b~nd with the 3.40 eV 

mercury line at room temperature, (to effect 

electron transfer from IT.D.l to G.R.l) causes 

no observ3ble chanse. This is an expected re­

sul t as thermal acti v:~tion of electrons from the 

valence bsnd to the ~\T. J.1 ~round state occurs at 

room temperature. The positive holes so zenar­

ated are captured by G.R.l-centres, thus rever­

sing the effect of illumination. 

b) ~hen th8 specimen is kept at liquid nitro sen 

temperature durin'~ illuminltion in t 1.l":? l';.D.l 

b3nd and subsequent ~easurement of the absorp­

tion spectra, some blenchin€:: of H.D.l and corres­

ponding enhmcement of G.R.l is effected. 

c) This sffect can be partially reversed by subsG­

quent exposure to the '2. ,S4 eV mercury line. 

This line is in the narrmlT spectral region where 

the U.V. bnnd is ~bsorbing but IT.D.l is not 

(~8.5.~). Some electron transfer from G.~.l 



TABLE 10,2 

THE EFFECT OF ILLUMINATION WITH ~DNOCHRO~~TIC LIGHT ON THE 

OPTICAL ABSORPTION BANDS IN SPECH'EN D18 

NO~IINAL TREATfVENT TE fvlFE RA TURE N.D. I. G.R,l, 
IN oK ()-It .eV) (~.It ,eV) 

Irradiation at solid CO2 temperature - 0.384 0.016 

Illumination · 3,40 eV rrercury line 293 0.385 0.017 · 
Illumination : 3,40 eV rrercury line 80 0.266 0,023 

Illumination · 2 ~84 eV rrercury line 80 0.318 0,019 · 
Warm up 293 0.386 0.015 

I 
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back to N.D.l via the conduction band is there­

for expected. 

d) When the specimen is allowed to warm up to room 

temperature, the original band strengths are 

completely restored. 

This evidence is fairly satisfactory, but it is 

not very clear why the optical bleaching of N.D.l is more 

limited than in the Type Ia case. This may be accounted 

for, however, by considering that the excited state of 

highest energy of N.D.l is only 4.5 eV above the valence 

band, whereas this value was estimated to be 5.2 eV in 

Type Ia diamond (1 10.4.2). 

10.6. The Effects of Heat Treatment. 

The Type Ib specimens were now subjected to 

heat treatment. The effects on the strengths of the 

irradiation induced bands are listed in Table 10.3. As 

heat treatment can produce ionization by thermal exci­

tation of the induced defects as well as annealing, the 

heating was carried out in the dark and O.A. me3sure­

ments were made prior to and after subsequent illumina­

tion with unfiltered mercury li~ht. Thus an indication 

could be obtained as to what changes resulted from 



TABLE 10,3 

THE EFFECT OF HEAT TREAHENT ON THE OPTICAL ABSORPTION BANDS IN 

SPEC livEN D18 

(Values in brackets WI:lre obtained after exposure to rrercury light 

subsequent to heating in the dark) 

TE I"IPE RATURE HEATING TIfvE 
BAND STRENGTH IN )Jt.eV 

IN °c IN HOURS 
N.D. I. G.R.I. 6400A 

20 - 0.384 0.017 zero 

140 21 0.396 (0.380) 0.012 (0.015) zero (zf:lro) 

200 22 0.378 (0.321) 0.009 (0.014) \. zero (zero) 

250 15 0.325 (0.259) 0.006 (0.014 ) Zf:lro (zero) 

300 17 0.273 (0.177) 0.004 (0.010) . zero (zero) 

360 64 0.235 (0.151) 0.002 (0.007) . zero (zero) 

400 40 0.198 (0.132) zero (0.008) Zdro (zero) 

500 45 0.087 (0.056) zero (zero) zero (zero) 

600 67 zero (zero) 

I 
zero (zero) 0.078 (0.076) 

700 180 zero (zero) 

I 
zero (zero) 0.077 (0.076) 

950 25 zero (zero) I zero (zero) 0.078 (0.077) 
! 
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annealing of the centres, or from thermal ionization only. 

10.6.1. Effect on ~.D.l. 

After heat treatment at 140 and 200 0 C the lines 

of the N.D.l band became much sharper and in appearance 

resembled the N.D.l band in Type Ia diamond more closely. 

Furthermore as is evident from Table 10.3, the N.D.l band 

could now be partially bleached witQ mercury light at 

room temperature! It appears therefore t"at the N. D .1-

centres were modified by this heat treatment. Apparently 

there is a multiplicity of interstitial/substitutional 

nitrogen arrangements which comprise N.D.l-centres, and 

they are subject to modification by heat treatment. The 

previous discussion of possible levels in the forbidden 

gap produced by N.D.l-centres is therefore not general. 

It appears to explain the behaviour of N.D.l-centres after 

irradiation at a specific temperature, but does not account 

for the behaviour of N.D.l-centres after modification by 

mild heat treatment. 

Apart from the elect~on exchan0e effects which 

could be reversed by exposure to mercury light, the 

values obtained for the strength of the N.D.l band after 

heating in the dark became progressively lower, until after 
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67 hours at 600°C it could no longer be detected. It is 

evident therefore that considerable a~~ealing of N.D.l­

centres occurs at temperatures below 500°C. This is not 

the case in Type Ia diamond, and it must be concluded 

therefore that N.D.l-centres in Type Ib diamond are less 

stable than those in Type Ia diamond. 

This is not inconsistent with the earlier sug­

gestion of an energy b3rrier to N.D.l formation in Type 

Ia diamond, where the interstitial is envisaged as trapped 

in a potential well. It will therefore not be liberated 

as readily as when in combination with an isolated sub­

stitutional nitrogen atom, a combination which is more 

easily formed. 

10.6.~. Effect on G.R.l. 

Apart from thermal bleaching, which could be 

restored by illumination with mercury light, heat treat­

ment at temperatures up to 250°C did not alter the G.R.l 

band permanently. Subsequent heat treatment up to 360°C, 

however, caused a rapid decrease of about 40% in the 

strength of G.R.l~ which was not further effected by 

another 40 hours heating at 400°C. 
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It is tempting to compare this effect with the 

analogous drop observed in Type Ia and Type IIa diamond. 

Hovvever, the G.R.l-centre in the case of Type Ib diamond 

is known to be very largely ionized, and the band ob­

served represents only a small fraction of the true cen­

tre concentration. Thus marked changes in the apparent 

strength may be expected if only limited changes in other 

centres affecting electron distribution occur. 

At 500°0, the remainder of the observable G.R.l 

band disappears. Again it is difficult to infer whether 

this is due to annealing of the centres or to more com­

plete ionization. However, at this temperature unionized 

vacancies are known to be :~ obile, although ionized vac­

ancies probably require a rather higher temperature. 

(5032.A band continues to grow after G.R.l has apparently 

disappeared in Type Ia diamonds - Figure 9.1.) Thus, 

possibly at 500°0, and certainly at 600°0, a new band due 

to vacancy/nitrogen combination might be expected. 

Such a new band, between 1.92 and 2.45 eV, was 

developed during heat treatment at 600°0. This will be 

referred to as the 6400A band. The O.A. spectrum of Dl8 

after this treatment is shown in Figure 10.lc. Illum­

ination with mercury light after heat treatment in the 
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dark did not affect the strength of this band. Heat 

treatment at higher temperatures was also ineffective in 

producing further changes in the O.A. spectrum. 

10.6.3. Effect on the E.P.R. Spectrum. 

The apparent single B.F.R. line superimposed on 

the central line of the paramagnetic nitrogen spectrum, 

annealed during all the heat treatment stages. After 

treatment at 6000 C this line could not be detected; the 

E.P.R. spectrum now being the ssme as before irradiation. 

10.7. 6400A-Centres. 

The 6400A band developed in a Type Ib specimen, 

D20 , measured at room temperature and at 800 K, is shown 

in Figure 10.4. The energies of the main O.A. features 

are listed in Table 10.4. Like all the other band sys­

tems found in diamond (N.D.l, 4150A, 5032A, G.R.l, H2 

and 14,500A), the 6400A system also consists of a princi­

pal line of lowest energy and additional less sharp lines 

arising from the interaction between the main electronic 

transition and vibrational states of the crystal. 

All the specimens in which a 6400A band wa.8 

developed, fluoresced with a red colour when exposed to 



0.4 

)Jt 

2·5 
PHOTON ENERGV IN .eV. 

FIGUU 10.4 TBE 6400A llAJD IN TYPE Ib SPECDOOf D20, AS JIEAS1RED AT 

ROCtJl TEMPERATURE AND AT 800L 



TABLE 10.4 

ENERG IES OF THE jIIlAIN OPTICAL ABSORPTION FEATURES OF THE 

6400A BAND 

OPTICAL ABSORPTION FEATURE 

Lower energy limit 

Principal line 

Second line 

Third line 

Fourth line 

Fifth line 

Sixth line 

Higher energy limit 

I 

L 

POS ITION IN e V 

1.92 

1.95 

2.01 

2.08 

2.16 

2.22 

2.27 

2.45 
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mercury light. It therefore appears that, like the 4150A 

and 5C32A systems, the 6400A system also has an assoc­

iated fluorescence spectrum which, judging from the colour 

of the luminesence, may be the mirror image of the absorp­

tion system. 

The 6400A band is produced only in Type Ib 

specimens, and by the same treatment that produces the 

5032A band in Type Ia diamonds. It is therefore proposed 

that the 6400A-centre also consists of a vacancy in com-

bination with substitutional nitrogen, the nitrogen in 

this case being in the isolated paramagnetic configuration. 

The 6400A-centres appear to be non-paramagnetic 

and do not produce any I.R. absorption features. 

10.8. Defects Induced at Room Temperature. 

In addition to the experiments described above, 

the remaining two Type Ib specimens, which were not 

specially thinned, were now irradiated at room t~mpera­

ture with 0.78 MeV electrons to a considerable higher 

dose of approximately 5 x 1018 electrons/cm2 • The O.A. 

spectrum, as measured at liquid nitrogen temperature, of 

one of these, DZ1 ' before and after this irradiation, is 

illustrated in Figures lO.5a and b. 
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The following O.A. features were introduced by 

this irradiation treatment: 

a) A broad structureless band between 1.5 and 2.3 

eVe This is in the region where the G.R.l band 

is normally found (1.65 to 2.4 eV), and it is 

therefore not possible to determine whether a 

G.R.l band is present as well. 

b) A band system between 2.3 and 2.5 eV with an 

apparent sharp principal line at 2.35 eV, and 

less sharp associated lines at 2.42 and 2.49 eVe 

c) Another band system between 2.5 and 2.9 eV with 

an apparent sharp principal line at 2.52 eV, and 

less sharp lines at 2.6 and 2.68 eVe 

d) At photon energies greater than 3.0 eV the ab­

sorption was so large that no measurements could 

be made. It is not certain 1.vhether this is due 

to a very large N.D.l bemd. 

The ~.P.R. spectrum of the same specimen before 

and after irradiation with Ho II <(100) , is illustrated 

in Figures 10.6a and b. A complicated anistropic B.F.R. 

spectrum was induced by this irradiation treatment. This 

spectrum did not lend itself to any simple analysis, and 

still has to be analysed in more detail. No I.R. 
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absorption features other than thos8 ascribed to the 

paramagnetic nitrogen were found. 

The specimens were now heated at 500°C for 30 

hours. The E.P.R. spectrum exhibited by D~l after this 

treatment is similar to that observed 3fter irradiation 

of the Type Ib specimens at low temperature (Fi~ure 

10.2b). The set of anisotropic lines annealed out, and 

only the spectrum Que to paramagnetic nitrogen with an 
lit 

isotropic line superimposed on the central line could be 

detected. 

The O.A. spectrum nfter this treatment is 

illustrated in Figure 10.7a. This spectrum is similar 

to that obtained after irradiating a Type Ib specimen at 

low temperature (Figure 10.lb), and e~hibits only a large 

N.D.l and a small G.R.l band. As is evident from Figure 

10.7~ the N.D.l band is still very large, so that no 

reliable deductions as to the sharpness of the component 

lines can be made. 

Further heat treatment at 600 0 C for 75 hours 

had the same effect as when the specimens subjected to 

low temperature irradiation were heated at this temper-

ature, namely: complete annealinb of G.R.l, H.D.l and the 

superimposed E.P.R. line, and the proJuction of a 
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6400A band. The O.A. spectrum of D21 3fter this heat 

treatment is illustrated in Fi~re 10.7b. 

10.9. Discussion. 

In general the effects of irradiation damage 

in Type Ib diamond are similar to those observed in Type 

Ia specimens only if the irradiation is carried out at 

200oK. In every aspect, however, significant differences, 

which are attributed to the difference in the nitrogen 

configuration, are observed. 

Most striking of these differences is the fact 

that N.D.l-centres form at a lower temperature in Type 

Ib than in Type Ia diamonds. This is attributed to 

different states of strain in the host lattice which are 

expected to exist around an iso13ted substitutional nit­

rogen atom and a nitrogen platelet. Thus a lower activ­

ation energy barrier to interstitial/nitrogen combination 

exists in Type Ib diamond. 

Because of the specific nitrogen configuration, 

the N.D.l-centres in Type Ib diamonds apparently produce 

acceptor levels much closer to the valence band than the 

N.D.l-centres in Typ8 Ia specimens. Thus electron trans­

fer from N.D.l to G.R.l occurs at room temperature. 
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A large proportion of the v3cancies is therefore ionized 

and optically in3ctive. The magnitude of G.2.1 after 

irradiation is therefore not a measure of the irradiation 

dama8e produced in a TYQe Ib diamond. 

The nature of the nitrogen configuration in 

Type Ib diamond is simpler than that of nitrogen plate­

lets. Contrary to expecto.tion, however, this investiga­

tion has revealed that the effects of irradiation damage 

in Type Ib diamond are much more complicated than in 

Type Ia specimens. 

'..men subjected to heat tre'::tment at about 200 0 C 

the N.D. 1 band in Type Ib diamond becomes sharper, and 

the band now interacts differently with G.R.l. This 

phenomenon is not well understood at all, but tends to 

indicate ~ultiplicity of interstitial/nitrogen arrange­

ments which comprise n.D.l-centres. 

If the irradiation is carried out at room 

temperature the process is even more co~plicated. ~ddi­

tional O.A. and E.?R. spectra, which anneals out at 

500oC, are produced. This is n2ver observed in the other 

diamond types. The nature of the defect centres respon­

sible for these additional spectra, c3nnot be deduced at 

this stage. These defect centres are formed below 5000 C 
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and are not stable at this temperature. After being 

annealed out, no ne\v 0.;',.. or S.I'.R. spectra are found. 

It therefore appears that they are associated only with 

sUbstitutional nitrogen atoms in isolated positions and 

interstitials, situated in various different orientations, 

relative to the nitrogen. 

The N.D.l-centres in Type Ib anneal more readily 

than those in Type Ia diamond. This is not unexpected as 

an interstitial is 9xpected to be more loosely bound to 

an iso18ted substitutional nitrogen atom than to a nitro­

gen platelet. 

The annealing of G.R.l in Type Ib diamond is 

analo-gous to that of G.R.l in Type la's and C3n also be 

best explained by considering vacancies which become 

mobile around 500 0 C and are trapped by substitutional 

nitrogen atoms. An analogue of the 5032A-centre (vacancy 

plus nitrogen platelet), the 6400A-centre (vacancy plus 

isol?ted sUbstitutional nitrogen), is therefore obtained~ 

No analogue of the TI2 b'_md is found in Type Ib diamond. 

Again this is not unexpected as it is not considered likely 

that an interstitial and a vacancy can co-exist at or near 

a single isolated substitutional nitrogen atom; 
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CHAPTER XI. 

CCI;CLUSICH. 

11.1. Results of this Study. 

From the survey of natural ctiamond it became 

evident that all the diamond specimens encountered in 

practice contain defect centres. The most abundant de­

fects are those attributed to substitutional nitrogen 

segregated into platelets, which are found in 98% of all 

natural diamond. Only a small group of transparent 

natural diamonds contain substitutional nitrogen in iso­

lated lattice positions. A new classification system for 

diamond, based on the presence or absence of these defect 

centres, is proposed, and accordingly specimens containing 

substitutional nitrogen in platelets and in isolated posi­

tions were classified as Type Ia and Type Ib diamonds 

respectively. 

In about 2% of all natural diamonds no nitrogen 

can be detected. These specimens are classified as being 

Type II, and were subdivided as Type IIa diamonds, which 

contain graphitic regions, and Type lIb diamonds, which 

are semiconductors due to the presence of acceptor centr~s. 
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Apart from thes8 four \4.efect centres, an addi­

tion31 seven defect centres '.'Jere found to occur only I in 

Type I diamonds. Although t~ey could not be identified 

from their characteris tic O. A. ,cmd "2 •. ::. R. spectra, tl:le se 

defects are thought to be associated 1,oJi th nitrogen in 

some way. 

From the evide~ce it appears that the substi­

tutional nitrogen in diamond was originally incorporated 

in isolated substitutional positions, and miGrated with 

9 vacancy mechanism to the more stable platelet config­

uration. It is quite possible that nitro3en in inter­

mediate stages remained in the diamond lattice and is 

responsible for some of the unidentified defect centres. 

In order to investigate the feasibility of this 

proposal , it jAJF1S deci~.ed to try to convert substitutional 

nitrogen in isolated positions to the platelet configura­

tion and vice versa, with a vac~ncy mechanism. Jpecimens 

containing these two nitrogen configurations were there­

for irrsdi,-'ted ',dth 0.78 MeV electrons to introduce vac-

ancies. 

After irradi~tion, l:litherto unknown effects 

1,vere observed and a general investigation of irradiation 

da~age in diamond was therefore conducted~ This yielded 
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information on the nature of vgc~ncies and interstitial 

carbon atoms in diamond,:md models were proposed to ex­

plain the effects of irradiation damaGe in terms of immo­

bile vacanci~s, l?lobilR interstitials whic"h c011lbine 1r.ri th 

substitutional nitrogen, and charge trgnsfer between 

these centres. 

Heat treatment of the irradiated specimRns also 

produced unltnown effects, and the 3nnealing of irradia­

tion da!!la:.~e in diamond vv3.S therefore studied in some 

detail. Models were propos.:;d to explain these effects 

in terms of the combing.tion of mobil·:=; V:lca.'1.cies with each 

other, with nitrogen platelets, with substitutional nitro­

gen in isolated positions, and 1[i th a nitro :jen platelet 

with an anchored interstitial and charge transfer between 

the resulting defect centres. 

It was shown that vacancies 3.ct 8S electron 

donors and intersti tials in combination '>'lith substi tu­

tional nitrogen as acceptors. :,Jhen ionized, t~e vacan­

cies are optically inactive and the G.R.l band observed 

in diamonds 8fter irr'1diation is there£'ore not always 

a measure of the v2c:ncies produced. An estimate of 

vacancy and interstitial mobility in diamond could be 

obtained. It is suggested that interstitials are mobile 
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below 250 0 C and that vacancies become mobile at tempera­

o tures of about 500 C. 

Two of the unidentified defect centres found in 

natural diamond, G.:t.l 9nd 5C32A-centres, were encOlmtered 

in the study of irr9diation damage. From the information 

obtained it is now sug~8sted thlt the G.R.l-centre is a 

vac~ncy, and the 5032A-centre a vacancy in combination 

with a nitrogen platelet. 

The other defect centres, which are formed by 

irradiation damage and subsequent heat tre9tment, are: 

a) Inte'.'sti tials which are optically inactive. 

b) N.D.l-centres, which are ascribed to the 

combin9tion of an interstitial and sub-

stitutional nitrogen in any of the two 

known configurations. 

c) 6400A-centres, ascribed to the combination 

of a vacancy and substitutional nitrogen in 

isolated positions. 

d) H2 centres vv-hich are thought to arise from 

a vaca.ncy and an interstitial pinned to 

different locations in a nitrogen platelet. 

No evidence of any SUbstitutional nitrogen mi­

gration was observed after heat treatment at temperatures 



o up to 1200 C. 

- 204 -

ll.~. Sug~estions for Further 3ese]rc~. 

It is obvious that this study on the nature of 

defect centres in diamond is by no means complete. In 

fact, it c~n rather be resqrded as opening the field for 

further studies bRsed on the same approac~, as it demon-

str?\tes the importance of employing more than one exper-

imental method to investi0ate a variety of defect centres 

in all the diamond types silrul t3.~,eously, r,')ther than con-

centratin:,; on the application of one specific technique 

to a defect centre in a particular type of diamond. 

Suggestions for furt~er research can be grouped 

in two categories: 

a) Further investip;"Jtions on t':le effects described 

in this ~tudy. 

nore work on a number of the effects described 

in this study should lead to valuable informa-

tion. Som~ suggestions are: 

1. Growth dopin; of ,synthetic diamond with 

emphasis on Grmving good Quality crystals 

suitable for optical absorption m~asure~ents. 

2. Irrad~ation damage at liquid nitrogen 2nd 
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possibly lower temperatures, wit~out ~9rm 

up prior to absorption ~easurements. In 

particular, if such a stuoy is conducted on 

Type Ib sp 0 cimens, formation of the TI.D.I 

band should only occur after subsequent 

heatin~ 3nd an idea of interstitial mobility 

can be obtqined. 

3. Inv2stL":1tion of the ~.:F.:;:t. absorption in­

duced by irradiation dama~e in different 

tYP8S of diamond employin~ a more sensitive 

spectrometer and a higher irradiation dose. 

4. Investi;ation of the symmetry of the irra­

diation induced defect centres using polar­

isation of luminesence and optical bleaching 

with polarised light, where appropriate. If 

successful such evidence would remove the 

uncertainty that exists about the proposed 

models. 

5. A study of the photoconduction expected to 

be associated wit~ the cycling in bandstrength 

of the optical absorption bands induced by 

irradiation, which would lead to a better 

understanding of the charge transfer involved 
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between defect c8ntres. 

b) _~~ttempts to chaQr:;e the substitutionnl nitrogen 

configur3.tion. 

1he programme to ch8n~e the substitutional nit­

rogen configur:}tion in diamonl was only just 

started. It was suggested that v3c311cies were 

attached to nitrogen in the t;w 1rno1fTn substi­

tutional confi;ur3tions by hest treatment after 

irradiation. No evidence of nitrogen migration 

with a vacancy mechanism W3S obtained after 

heat treatment up to l2000 C. Following this 

with further heat treatment at hifSher tempera­

tures up to about 2500 0 C is bound to promote 

nitrogen migr~tion. As diamond reverts to ~raph­

ite above l700 0 C at atmospheric pressure, this 

will have to be conducted under suitable hir.;h 

pressures. The trouble involved in conducting 

such 8xperiments in the diamonc' stable region of 

the carbon equilibrium dia~ram, s~ould be more 

than rewarded by the wealth of information that 

C;3.n be obtained. 
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