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ELECTRON PARAMAGNETIC ROSONANCE AND OPTICAL INVESTIGATIONS

OF DZFECT CENTR=ZS 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
Ib.

Three new systems of E.P.R. lines were found in

Type Ib diamond. They are shown to be due to: (i) 3¢



ii.

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 15y 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 C.78 MeV electrons. The effects
observed were complicated and therefore 1led to a general
investigation of irradiation damage, and the annealing of
irradiation damage in diamond.

In addition to the G.R.1 and U.V. bands induced
in all diamond by irradiation damage, another optical ab-
sorption feature, the N.D.1l 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 other primary product of irradiation
damage, a vacancy, is responsible for both the G.R.1l and

U.V. bands.
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The N.D.l centre acts as an acceptor, the G.R.1
centre as & donor. In the lonized state G.R.1 is inactive
in optical absorptiorn; N,D,l1 is active, Flectron trans-
fer by thermal excitation results in the bleaching of G.R.1
and the enhancement of N.D.1l. Tllumination with light in
the N.D.1 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.1 and N.D.1l.

Cn heat treatment at temperatures of SOOOC and
above, the G.R.1l band in all diamonds anneals out. The
rate of annealing, however, is found to be dependent on
the nitrogen concentration. Thus in Type IIa diamond
(which contains no nitrogen) G.R.1 anneals very slowly,
resulting in the formation of an absorption tail. In Type
Ia diamond G.R.1 anneals much faster (the actual rate de-
pending on the nitrogen concentration), and two optical
absorption bands, 50%2A and H2, are formed.

It is proposed that the vacancy in diamond be-
comes mobile at about BOOOC, and that the G.R.1 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 absorption tail. In Type I1a diamond
the nitrogen platelets are ideal sinks for vacancies,
because the lattice on either side of a platelet is in
compression, G.R.1 therefore anneals more rapidly and
5032A centres are formed due to the combination 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 H.D.1
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 Type 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 25000. In Type la
specimens, where the nitrogen is segregated in platelets,
this process only occurs at about 25000, 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.1l centres in Type Ib diamond are



auch that electron transfer by thermal excitation from
G.R.1 to N.D.1 occurs at room temperature. llost of the
G.R.1 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 503%2A 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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CHAPTER I

INTRODUCTION

1.1. General Properties of Diamond

Diamond has been Znown 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 covalent
bonding, and is of great interest since the whole crystsl
can be regarded as one giant molecule.

Diamond, like graphite, consists of carbon only.
Each carbon stom 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 as consisting of two interpenetrating
face-centered cubic lattices, displaced from each other
quarter way alonz a hody 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 has sides of length 3.57A. The structure
is very open with no close-packed directions but with

tunnels along <1107 directions in the lattice.



As a result of the strong covalent bonding
diamond is very hard and 2lso 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,

When heated above 500°C diamond is attached by
oxygen and carbon dioxide is formed. In vacuo diamond
reverts to graphite at temperatures above 17OOOC. The

melting point of diamond is estimated to be about 560000.

1.2, Imperfections in Diamond.

The diamond specimens encountered in practice
exhibit many diverse physical properties which 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



these specimens probably contain many imperfections.

The imperfections in diamond can be of more
than one type. Crystal imperfections such as cracts,
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 survaey 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



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 samples. 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 information 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. TFirstly
experimental methods were used to study the electronic
properties of diamonds containing defect centres, and
secondly experimental methods were employed to produce
defect centres in diamond and to change existing defects

in these specimens. The experimental methods 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 of production.
This survey, described in Chapter IV, revealed that per-
fect diamond is virtually non-existent and 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 é comparison
is made between natural and synthetic diamond.

In order to study in more detail the interaction



between various defect types,diamonds containing the two
¥nown nitrogen configurations 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 TII.

EXPERIMEINTAL METHODS.

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 (C.A.) methods in the photon
energy regions:
a) Ultra-violet (U.V.) between 3.0 and 5.5 eV,
b) Visible (VIS) between 1.5 and 3.0 eV,

¢) Infra-red (I.R.) between 0.6 and 1.5 eV.
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2) Electron Paramagnetic Resonance (£.P.R.) absorp-
tion at an x-band frequency in the vicinity of
9.3 Ge/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
1000°C.

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 0°K for perfect diamond. The
0.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 wvalence or conduction bands of the crystal,
since the latter are due to interaction 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
vibration 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 0.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 0.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 0.4,
band and the number of centres from which it arises in a

solid was derived originally by Smakula (1930). More



- 11 -

recently Dexter (1958) has obtained an expression in the

form.
16 —B ()»L
Where '
N = Number of centres /cc absorbing through a
transition from state i to state f.
fif = Oscillator strength for the transition.

n

Refractive index, being 2.417 for diamond.

J)lif(E)dE = Absorption coeficient L in em~ 1 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, egn. (2.1) reduces to

N, P =3.25 x 107 f/uJif (E) QE. (2.2)
if
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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N (x,E) dEdx (2.3)

f

15 *=d ( 1.4
P = 3%.2%3x 10 S
X£O) if

if
where d is the extent of the distribution of absorbing
centres and, in this case, N is the total number of ab-

2 on the diamond face.

sorbing defects per cm
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 low as 0.01.
O0.A. spectra can be constructed by representing
the absorption coefficient AL 1in cm_l as a function of
photon energy in eV. The JAl-values are calculated from

the observed transmission of incident light normal to the

specimen by using the relationship

CIm (1= ;)2 Mt

Io 1 _ p2 2438

(2.4)

IS Measured fractional transmission.
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t = Thickness of the specimen in cm.

r = f%f%)g 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 it for every
value of I, the actual conversion of I to At was carried
out by interpolation between lines of constant wavenumber
values on graphs of Mt as the abscissa and I as the or-
dinate. This method provided evaluations of Mt 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 there is a change of dipole moment
connected with such a transition.

The vibrationsl transitions may also be induced
in another way; by the scattering 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 two 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 wvalue of the

Debye characteristic temperature of diamond is about 186OOK,
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which corresponds to a frequency limit of 1293 cm_l. A

strong Raman line is observed at 1332 et (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 211 diamonds
exhibit I.R. absorption. The absorption in the region
0.1% 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 Bursteir (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,

Subsequently, Smith, Hardy and Mitchell (1962)
have analysed the intrinsic I.R. absorption bands of
diamond and found that they can be attributed to two-

phonon processes in the 0.224 to 0.330 eV region and to
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three phonon processes in the region 0.330 to 0.495 eV.

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
associzated with the symmetry of the lattice.

Lax and Burkstein (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%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 spliv.

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

W=g/pB HN (2.5)
Where
J(J+1) + 8(8+1) - L(L+1) p
g = 1 + 53C3+1) the Lande
factor.
,8 . the Bohr Magneton
T 47 me & ‘

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 vy is applied at
right angles to H, magnetic dipole transitions are pro-

duced, according to the selection rule

AM =+ 1 (2.6)

Thus the photons which are resonantly absorbed are those
whose energy is equal to the separation between adjacent

levels i,.e.

hy =g /A H (2.7)
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The simplest case is that of a single electron whose or-
pital 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= B4 g (2.7)

which corresponds to the frequency of radiation required
to cause a spin flip between the parallel and anti-parallel
orientations, whereby 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
gufficient 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 (2I+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 E.P.R. phonomena are limited to a set of
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1ow-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 spin-Hamiltonian is a
polynomial in 8, the effective electron spin, where 25 +
1 is the number of levels whose properties are being des-
cribed. It also contains terms describing the interactions
of nuclear spins I, and yields the energy levels, tran-
sitions between which give rise to the E.P.R. spectrunm,

as the eigen values of:

F{ = Heg*S + 8+D+8 + S-A°I + 1°9°.1

Where

S
I

Bohr magneton.

b&

Nuclear magneton.

o<
[

Nuclear gyromagnetic ratio.

In general the other quantities are tensors
whose values may be determined experimentally. The first
term in egn (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 these 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 <.P.R. absorption. The presence of
defect centres may, however,rprovide a paramagnetic sys-
tem and hence E.P.R. absorption can be used as a very
sensitive method for detecting the presence of certain
defects. The type of defects expected to give rise to
E.P.R. are twofolad:

a) Damaged lattice sites involving electrons

localiged in broken bonds. In this case
nuclear interactions can be neglected

because I, = O, (I = %+, but this

2c 3¢
isotope is only 1.11% abundant). Tor a
spectrum exhibiting axial symmetry the

spin-Hamiltonian will then reduce to

I _ 2
H - g, B H,8, + 4 g (HS_ +HySy) + DS

(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 and g\ are the principal
values of the g tensor.

b) Substitutional impurity atoms such as-those

of the Group IIT and V elements, will give
rise to uhpaired electrons in bonding with
carbon (Gr.IV) atoms. As most of these im-
purity atoms have nuclear spin, nuclear inter-
actions with 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.

2.3.1., 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.

When 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 Couleomb 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 which must
be given to an atom to displace 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 sclids 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 with experimen-
tally determined values for many solids.

If the energy of a displaced 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 1000°K, involving thousands

10 to lo—ll

of atoms over a duration of 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 what
is termed "focussing 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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pow generally accepted that the induced absorption arises
from electronic excitation in carbon interstitials, or in
the atoms surrounding a vacancy, or in complexes of these
defects.

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

60

from Co (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 (+ 1017/ce) is of the order of
months.

¢) Electron Irradiation, where relativistic

electrons with energy higher than C.3 MeV 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

(2.11)

Where

ki

Incident electron energy.
M = Mass of the struck atom.
When an electron is scattered through an angle & , the

recoil energy of the struck atom is given by

Ep = Em sin> ( 6 /2) (2.12)
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There is a minimum electron scattering angle £d, below
which the energy transferred to the target atom is insuf-

ficient to cause a displacement. This is given by
Ed = Bm sin®(8,)2) (2.1%)

The number of primary displacements, NP’ when diamond is

irradiated by relativistic electrons, is given by

Np = O P Wi Na (2.14)
Ni = Incident dose (E/cmg)
Na = Concentration of carbon atoms.

Cﬁ% = Total cross section for primary displace-

ments.

The total cross section for primary displacements was
-evaluated by Seitz and Koehler (1956) in the form
T

Tp = f d¢ (©&) 27 simede (2.15)

6cl
Where AP (S) 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

2 g
i () = Lm? ym (l /3 ) cosec @/2 Ll-ﬁa sin2 ©/2 +

T X Zsin ©/2 (1-sin e/2)] (2.16)

This is accurate to terms 1n(x?, where:

- 2 _
K = 137 = 0.044 for carbon.

/Q = V/c.

By inserting this value for d(b (&) in egn. (2.15), sub-
stituting Ep/Em from egn. (2.12) and integrating between
the limits Ed and Em, the expression for the total cross

section for primary displacements is obtained as

G_p=”§ %fg) {(Em 1) + 2B [(Eig]

Mmo”~ C,B

- (B2 +TdR) 1n %g (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 of given energy in diamond is the same as that

if the higher density of diamond is corrected oy,
reported for aluminium by Glendenin (1948)/\ 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 were compared with the expérimental results
for the rates of production of optical absorption (a
physical property of diamond that is sensitive to the
number of defects present). Their fesults 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) O0.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) TElectrons 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) EA & 80 eV for single defect production.

2.%.2., Annealing of Irradiation Damage by Heat Treatment.

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., DMotion 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

e—E/kT

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 [' with which it jumps into a

next lattice site is given by

7L Vo o Ey/KT (2.18)

Where \Qo is the vibrational frequency of the defect in
its potential well and is usually of the order of 1015 per
second (Seitz 1940).

The simplest type of annealing 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 the 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.%5, Thermal Ionization of Defect Centres.

This process involves the transfer of glectrons
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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.x. absorption measurements,
although the atomic configuration of the defect remains
unaltered.

In the band nicture of solids, the defects
generally produced by irradiation damage in diamond give
rise to ground states 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 through the crystal and can then be
trapped by empty acceptor states. This is one mechanism
by which so-called "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 ground 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 crystal and may be trapped by donor centres. In such
a process the rate of thermal excitation to a defect

ground state, R, will be given by

~-E/kT

e
i

Nv Se v (G-g) e (2.19)

Where
v = Thermal velocity, assumed to be the
same for electrons in the conduction
band and holes in the valence band, and

2

given by + mv- = 3/2 kT.

Se

]

Capture cross-section of empty states
for electrons.
= Density of states.

Density of occupied states.

= & @
]

= 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.
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2,34, Illumination with High Intensity Monochromatic

The state of charge of defect centres may be
gltered permanently by illumination with light of certain
energies. Most commonly 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 cbtains 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 results of these authors, as well as some additional
crude observations made in the course of this study, will

be discussed in approoriate sections later on.
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CHAPTER TII.

APPARATUS.

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 the 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 technigue to
the study of diamond, apparatus known to work 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 U.V.-VIS region were measured with a Unicam S.P.
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700 recording double beam spectrophotometer, covering the
gpectral range 0.6 eV to 6.0 eV,

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 c¢/s,
passed alternatively through the reference and sample
compartments at 25 c¢/s, 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 spectro-
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 1° of arc. This was

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

The wavelength settings 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. Cbtaining
transmission values relative to these reference curves,
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 was
constructed to fit the sample compartment of the instru-
ment. The design was essentially that of Jedepohl (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 5.7. 200 recording double beam spec-
trophotometer, coverins the spectral range of 0.1 eV to
0.6 eV. Radiation is provided by a Nerst filament, this
is switched between sample and reference at 10 ¢/s and

detected with a Golay Cell. Specimen preparation was the



THIN STAINLESS
STEEL CYLINDER.

1

RUBBER O RING.
S o
N
8 N
\ \
\ R by VA ARYA |
Q VACUUM LINE.
N N
N \ o= BROASS CONTANER.
X J
X \\N
N .
X = LIQUID NITROGEN.
| N
\
™
\
i \ COPPER SAMPLE HOLDER
., s N :
dﬁ H o :h/c)umz WINDOW,
d@ ~—e—| IGHT BEAM .
PYcINE wax.

BRASS SHIELD.

FIGURE 2.1 SCHEMATIC ILLUSTRATICON OF THE OPTICAL CRYOSTAT.



- 40 -

game as for the U,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 known absorption lines in the poly-
styrene spectrum. The same procedure as for the U.,V.-VIS
region was adopted to ensure reproducible transmission

values.

%3.%3.,3, BE.P.R. Measurements.

The E.P.R. spectrometer used was of conventional
design, operating at an X-band microwave frequency in the
vicinity of 9.3 Ge¢/s, with 100 Ke/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, whieh monitored
the reflector voltage of the klystron. The sample cavity
used was a reflection TElO2 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-
jlized solid state power supply manufactured by Grundy
and Partners. A good quality Helipot potentiometer was
pbuilt 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
pitrogen 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, ZF¥rom 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 10C Oe of g = 2 could hereby be measured
to an accuracy of about 2%. o 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 studied in the sample covity. The sensitivity
of the spectrometer was evaluated by detecting wvarious
amounts of a diluted ssmple of DPPH having a known amount
of free spins. It is estimated that about (1017, AH)
free spins could be detected with the instrument; AH
being the line width measured between 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. When 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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piamond Research Laboratory by N.V. Philips, was used,

This instrument was described in detail by Henneberke
(196C). Briefly, the accelerator is of the cascade type
incorporated in a tank with 10 atmospheres of nitrogen
pressure. Zlectrons are emitted by a tungsten filament

and accelerated down 2 14 stage evacuated acz2lerating tube
which is supplied by a 7 stge Cockcroft-Walton generator
with selenium rectifying units.,

The accelerating voltage is measured with a ro-
tating voltmeter. The meter was calibrated by Horszowski
(1963) with a stacked 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 o evacuated container under the thin metal
window of the accelerating tube, and was cooled by water
or a s0lid-CC, and acetone mixture.

2

3.3.2, Heat Treatment.

Heat treatment of the specimens was carried out

in two stages. Between 100°C and BOOOC the specimens were



heated in air in a small copper cup containing a chromel-
alumel thermocouple, which was inserted in a Wild 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
heat 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 SOOOC,
heat treatment in the range 500°C to 1000°C 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°C 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 SOOOC, 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 warminz up to the desired temperature,

and cooling to room temperature, was gmall.

3.,%3.,%., Illumination.

The diamond specimens were illuminated with
light from a guartz envelope high pressure mercury lamp.
The light was focused onto the specimens using a quartz
lens. ¥When light of specific wavelengths were required,
a Hilger quartz monochromator was dsed to select the par-
ticular emission line. By mounting the specimens in the
cryostat described in §33.2.l. illumination could be

effected at temperatures below room temperature.
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CHAPTZR IV,

SURVEY OF NATURAL DIAMOND.

4,1, Introduction.

In 21l about 250 diambnds were selected for
detailed study from about 10,000 individual stones, which
were themselves surveyed for the more obvious visual char-
acteristics such as colour, morpholozy etc. This large
number of stones comprised a cross-gsection of production
from all major sources of natural diamond, and the 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 0.4., I.R.
and E.F.2. absorption techniques described in Chapter II.
Perfect diamond without defect centres in detectable
amounts should only exhibit the following absorption
features:

1) The fundamental absorption edge at about

5.4 eV in 0.A. in the TU.V. rexgion. No
absorption bands in the VI>. region.

2) I.R. bands between C.224 ¢V and C.495
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eV associated with two and three phonon
processes.

%) No ©.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.r.X. absorption;
however, all exhibit characteristic C.4. systems in the
U.V.-VIS region. Where the nature of the defect centres
was not known, they were therefore labelled according to
their characteristic absorption in the U.V.-VIS 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.1-Centres.

7) 503%2A-Centres.

8) DPink 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 thecse 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 chapters.

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 eV, The 0.A. 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 eV,
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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jn a concentration of about lO20

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 znd Bond concluded that the
nitrogen atoms are present in substitutional solid solu-
tion.

Smith et al (1959 a) detected an T.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 absgrp—
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 Z.P.R. absorption, and
the strong I.R. band at 0.159 eV, associated with these

nitrogen centres, was discussed by Elliot (1960). He
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proposed that the substitutional nitrogen stoms are lo-
cated in a double nitrogen layer of the N-C-N type; thus
effecting a non-paramagnetic configuration where inter-
vening carbon atoms are surrounded by a tetrshedron of
pitrogen atoms, with two extra electrons shared between
the four tonds. As an alternative Elliot suggested a
N-C-C-N layer arrangement, where extra electrons are con-
fined to particular bunds. The possibility of pairs of
nitrogen atoms, in the form of Ng—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 eV.

This proposal of Elliot was supported by Evans
and Phaal (1962), who observed platelets segregated in
(100) planes in diamonds exhibiting the A-centre 0.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 of the lattice
displacements on either side of the 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. TFurther evidence on the nature of nitro-
gen platelets was obtained when Frank (1964) reported
that an error, by a factor of 4 in the lattice displace-
ment was contained in his 1955 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, with 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 Mykolajewycz et al (1964).

Lang's model, however, does not seem to be able
to account for the strong infra-red A-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 sbsorption 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

0

was oun O e etween p.4 an - atoms/CcCe.
(1959) found to be bet 3 x 1012 and 10°° atoms/



Figure 1. Sections on (110) of unit cells of (¢) normal diamond and (b) platelet

structure in a platelet layer parallel to (001). Full circles, C in plane of section;

broken circles, C at ao/24/2 above or below plane of section; circles with dot, N in
plane of section.

FIGURE 4.] MODEL FOR NON-PARAMAGNETIC SUBSTITUTIONAL NITROGEN PLATELETS IN DIAMOND. REPRODUCED FROM
LANG (1964).



- 5% .

© As rare exceptions, some specimens were found which con-
tained only about 1018 non-paramagnetic atoms/cec. 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 =.P.R. absorption could be detected in these
specimens, although some of the larger specimens (+ 0.5 cc)

contained as much as % x 1020

non-paramagnetic nitrogen
atoms/cc and about 1012 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 absorption features which will be discussed in a
later section.

The evidence suggests that 98% of all diamonds
grew in a nitrogen rich environment. Nitrogen was 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
pnormal lattice modes and the incident electro-magnetic
radiation as suggested by Elliot (1960) and Smith and
Hardy (1961).

4.3, H4150A-Centres.

4,%3,1, Existing Knowledge.

In addition to the 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 C.145 eV and a weaker
sharp band at 0.165 eV. They reported that the B-bands
correlated with the so-called 415CA C.A. system in the
VIS. region. The 4150A system has been described in
detail by Clark et al (1956 a). It is characterized by
a set of absorption lines which consists of a sharp prin-
cipal line of lowest 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 41504 system. The

spectrum consists of a principal sharp line of highest
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energy at 2.99 eV and a number of more diffuse lines at
lower energies; i.2. the mirror image of the absorption
system. The excitation spectrum of this fluoresence
systenm followed the shape of the 4150A - absorption curve
very closely.

Raal (1959) found another O.A. system, the so-
called 2%604 system, which appeared to be associated with
4150A - centres. This system consists of three C.A,
bands between 5.2 eV and 5.4 eV; the strongest band being
at 5.25 eV (23604).

Recently Holland and Raal (1964) have investi-
gated the correlation between the 23%60A system in the
U.V. region, the 4150A system in the VIS region and the
B-bands in the I.R. region. The 4150A system was found to
correlate well with the I.R. B-bands only in diamonds con-

20 atoms/cc) of non-para-

taining large amounts (about 10
magnetic nitrogen. The correlation was weak or non-
existent in diamonds containing less non-paramagnetic
nitrogen. In ﬁhese 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 Z.P.X. absorption associated with the 4150A
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system was reported in the literature.

4,%.2., Results of this Survey.

P

About 98% of all the diamonds investigated ex-
hibited the 4150A system. All these specimens also con-
tained non-paramagnetic nitrogen. Strong 41504 systems
were only observed when the non-paramagnetic nitrogen con-

20 atoms/cc; when lower, the 41504

centration was about 10
system was much weaker. Although no correlation between
the 41507 system and the non-paramagnetic nitrogen content
exists, there appezrs to be some relation between these
centres.

An 3.7.R. absorption system, which will be re-
ferred to as the "14 line spectrum" was found to be assoc-
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 C.A. system. The 14 line spectrum was described in
detail by Smith et al and as this investigation reveals
nothing more than to confirm the earlier observations, it
will only be described briefly here.

The 14 line Z.7.R. system is characterised by
a complicated anisotropic system of weak, narrow (AH=
+ Oe) lines near g = 2. There 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. Jhen the
crystal is orientated so that the d.c. magnetic field Ho
[100] direction; the minimum number of lines, namely
14, is found. In random orientation the whole spectrum is
found in a magnetic field spread of approximately 30 Oe.

To investigate in more detail the correlation
between this E.P.R. spectrum and the 41504 C.A. system in
the VIS region, 10 diamonds wefe 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%Zground absorp-
tion continuum was sketched in for each graph and the
resulting enclosed areas measured with a planimeter. These
greas were used as a measure of the strength of the 4150A
system, expressed in units of eV x em™t,

The 14 line E.P.R. spectra of these diamonds
were obtained under as near identical conditions as
pos- A high modulation current was used in these

4ts so that the individual lines of this system

a0t 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.FP.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 . and v 1is defined as

. _ W0y
- Ouw Ty
2, —— .2
Where T = U —UWw
2 — —2
Tv = vy2 -y

Thus r = O 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
., 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 locslized along one of the four
tetrahedral bcnds Jjoining an aluminium atom with its
nearest neighbour carbon atom.

As there are four equally probable bond direc-
tions along which the "hole"™ can be orientated, there
will be four dissimilar and overlapping sets of lines for
an arbitrary corientation of Ho. If Ho is parallel to the
[100] direction, thus making an equal angle (& = 55°)
with each of the tetrahedral bonds, the four sets should
coincide and the minimum number of lines, 14, should be
observed. The nuclear spin of aluminium, IAl = 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 10°7cm®) with the field
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gradient of the unpaired electron will add so-called
nforbidden"™ resonances. For L:MI = + 1 eight transitions
will be added. The 14 lines observed could therefore be
the transitions L3MI = 0 (six) and ZXMI = + 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. Turthermore, 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.5.R. results indicate that the 14 line
spectrum arises from centres having 111> symmetry.
This is in agreement with the results of Maycraft (1960)

on the polarisation of the luminesence associated with



- 62 =

she 41504 C.A. system, which indicated a complex having
£ 111> symmetry.

Any more specific model for 415CA-centres,
apart from that they are associated with nitrogen in some
way and have (111> symmetry, will 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 4150A 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 state,

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 4150A-centres would be nitrogen
Pairs in interstitial or substitutional positions.

The 41504 O0.A. band probably arises from
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gransitions 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 within 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 41504
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, Paramagnetic Nitrogen.

4.401. EXiStil’lg Knowledgﬁ.

As mentioned in 5§4.2.1. Smith et al (1959 a)

reported the presence of an E.P.R. spectrum which they
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Bttributed to the presence of single, isolated, substi-
gutional nitrogen atoms in the diamond lattice.

This spectrum consists of a triplet of equally
gspaced, egqually intense, lines with the d.c. magnetic
field Ho parallel to a [100] direction. The g factor
of the resonance is isotropic being 2.0024 + 0.0005., The
puclear spin of nitrogen Il4N = 1, From nuclear splitting
one would expect 2I + 1 = 3 lines. 1In other orientations

Kof the d.c. magnetic field the outer two 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 then consist of 3 lines whose spacing | K|
depends on the angle between the hyperfine axis and Ho.
With Ho || [1C0] direction, an equal angle, &= 55°,
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

bProperties 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-
ged or paramagnetic nitrogen was found to occur. These
diamonds, known to the trade as coated stones, consist of
a clear diamond core with an opagque 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 lO18 atoms/cc (assessed from
the intensity of the E.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 i.P.R. spectra of Smith et al were ob-
served in opaque, greenish stones frém 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 E.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 chapter. Briefly, however,
;E.P-R' studies revealed the presence of many lines besides
‘those found by Smith et al (1959 a). These lines, spec-
jfically those attributed %o 15N hyperfine splitting,
provide additional =evidence in support of the conclusion
that the spectrum 1s 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.,%5, 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 L.P.1., spectrometer was used, and it was
found that virtually all natural diamonds contain a very

12 4o 1012 atoms/cc) of paramagnetic nit-

small amount (10
rogen. Fraramagnetic 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 appears to have
peen relatively slow and controlled, with clear diamond
cores being formed. These cores contain non-paramagnetic
pitrogen and 4150A-centres, in varying concentrations. A
subsequent, very different, and probably very rapid srowth
phase must then have occurred, leading to the deposition
of the opaque coat whicn contalns paramagnetic nitrogen,
and is most imperfectly crystallised. This rapid growth
may have been initiated by the changes in pressure and
temperature immediately prior to, and during the volcanic
erruption which led to kimberlite 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 rare clear diamonds containing up to lO17
atoms/cc paramagnetic nitrogen, crystal perfection is such
that very rapid growth processes rppear 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, was

sufficiently low to prevent platelet formation.



- 568 -

4,5, Graphitic Regions.

4.,5.1. Existing Fnowledsze.

e

Clark et al (1956 a & b) reported the existence
of an absorption tail in all the so-called Type Ila spec-
imens (non-nitrogen containing insulating diamonds)
studied. The 2absorption tail comprises a monotonic in-
crease of absorption, with increasin: photon energy,
starting at 1.5 eV and extending up to the fundamental
absorption edge at 5.4 eV. 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 7OOOC and
900°¢C. They suggested that the absorption tail is due to
extensive regions of samorphous 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 existing regions.

Clark et al adduced further 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 with regions of exteansive
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damage near the ends of the tracks of recoil carbon atoms.
X-ray examination of heavily neutron-irradiated diamonds
by Levy and Krammerer (1955) have revealed the presence

of amorphous material.

Jedepohl (1957 a) showed that the wavelength
dependence of the apparent absorption tail is ,A—5'6.
As a result of this e pointed out thst most of the tail
might arise from a Rayleigh scattering effect ( ,A—4).
Bastin and Mitchell (1959) investigated this system in
plane parallel specimens, using an integrating sphere,
and concluded that the apparent absorption tzil is real
and that the wavelength dependence with that required for
Rayleigh scattering is fortuitous.

Duncan (196%) found that the absorption tail
could also be produced in Type Ila diamonds by 1.4 MeV
electron irradiation without heating. He determined the

displacement energy for these centres as 3d = 140 eV.

4,5.2, Results of this Survey.

From the specimens investigated it is estimated
that between 1% and 2% of all natural 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-
gulators and are referred to 2s Type ITIa. A small per-
centage =2re semi-conductors and of the so-called Type IIb
variety (Custers 1952).

All the Type IIa specimens were found to ex-
hibit the absorr»tion tail in varyingy strength. No I.R.
absorption apart from the intrinsic diamond bends could
be detected in these specimens. However a single iso-
tropic =.F.:, line that appeared to be associated with
the absorption tail was found.

This I.7.R. line in specimen D1 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 A H, measured
between the maximum and minimum value of the first deriv-
ative spectrum, was found to vary between % Ce and 4 Qe
in the ten specimens investigsted. A linear correlation
coefficient r = 0.96 was obtained between the intensity
of the absorption tail and the r-slative strength of the
E.P,2., line. This is in agreement with independent re-
sults of Duncan (1963), who studied the formation of the

absorption tzil and presumably the same E.F.R. line after



AHz33 Oe

b ogx"
:‘;{" g= 2.002
| st |
10-0 OERSTED

L ol

D.C. MAGNETKC FiewD (H)
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slectron irradiation at 1.75 MeV.

The absorption tail was also found in about 5%
of the diamonds containing non-paramagnetic nitrogen. In
most cases the associated ..,D.R. line was superimposed on
the 14 line spectrum present in these specimens due to
the co-existence of 4150A-centres. The two spectra could
be partially resolved at high levels of the microwave
power in the resonant cavity. Under such conditions the
intensity of the 14 line spectrum was reduced considerably
due to saturation, whereas no saturation of the line duve

to graphitic regions could be detected.

4,5,%3, Discussion.

from the evidence it apnears reasonable to assume
that the absorption t2il and associlated Z.7.3%. line ori-
ginate from defect centres comprising regions of grossly
disordered carbon atoms in the diamond lattice, which for
the salte of briefness are referred to as graphitic regions.
Whether the centres in fact consist of graphite, where
carbon atoms are hexagonally close packed in basal planes
which are bound loosely to one another, is not clear at

all. Jagoner (1956C) studied the free carrier resonance

in graphite and found 2 line with an anisotropic g-value.
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fhe values are:

= 2.0495 (H || hexagonal axis)

g
l

= 2,0026 (H | hexagonal axis)

03
!

No readily detectable changes in AHd, of the T.7.R. line
due to the graphitic regions, with orientation were ob-
- served, however, the orientation of the centres in the

diamond structure is not known.

4.6, Acceptor Centres.

4,6.1. Zxisting Knowledge,

Custers (1952) discovered that a small group of
Type II diamonds are semi-conducting. These specimens
were classified as Type Ilb and were investigated exten-
sively by Wedepohl (1957 b). He concluded that these
specimens are p-type semiconductors with an acceptor
level at C.34 eV above the valence band. In VIS absorp-
tion they are characterised by an absorption continuum
starting at about 2.5 eV and extending to the 1.R. region
where characteristic bands at 0.508 eV, 0.344 eV and

0.306 eV are found.
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Bell and Leivo (1961) reported =.FP.R. spectra in
two semi-conducting diamonds. In the first, which con-
tained a high concentration of acceptor centres, a line,
gimilar to that revealed br this survey to be due to
graphitic regions, was found. The second diamond, which
contained few accestor centres but exhitited an unusual
red luminesence, which is not characteristic of the

acceptor centres, exhibited a broad unresolved resonance.

4,5,2. 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 sourcej. Apart
from the acceptor centres some of these specimens also
revealed the presence of graphitic regions. Ilo I.F.R.
features were detected in any of the specimens cantaining

only acceptor centres.

4,6,%3. Discussion.

Wo E.P.R. absorption characteristic of the
acceptor centres could be found. The line reported by
Bell and Leivo (1961) in a diamond containing a larsge

number of acceptor centres almost certainly derives from
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fthe presence of some graphitic regions in the crystal.
gimilarly the other spectrum could be the result of defect
centres other than the acceptor centres which could pre-
sumbaly a2lsc account for the unusnal red luminescence.
The simplest and most probable atomic model for
the acceptor centres would be s substitutionally bound
Group III element in the diamond lattice such as boron or
gluminium. The presence of such substitutional atoms is
expected to be revealed by Z.FP.R. absorption, however,
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 (ITudwig and
Woodbury 1962). The degeneracy of valence bands at k = O,
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 sinzle resonance line in
boron, aluminium, gallium and indium doped silicon crys-
tals subjected to a uniaxial stress. Similar reasons
may very well account for the absence of Z.P.R. in un-

strained diamonds containing acceptor centres.
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4.7. GR1-Centres.

4,7.1. ©Existing Knowledge.

—

Clarx et al (1956 a) found that an C.A. band,
called GR1, consisting of a sharp principal line at 1.68
eV and successively more diffuse lines at hicher energies,
could be induced in all diamonis bv irradiation damage.
It was sugzested that this band arose from the creation
"of vacancies or interstitials in the diamond lattice.
No I.R. or :.P.R. absorption features, which could be

agsociated with the 5R1 band were reported.

4,7.2. Results of this Survey.

A GR1 band could b= detected in only a few rare
natural diamonds only in a surface layer, approximately
C.5 mm thick. No I.R. or %.P.7. absorption features,

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

4,7.3., Discussion.

The specimens in which a GR1 band could be
detected are thought to have been 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. Gul-centres may

therefore more avpropriately b~ discussed there.

4,2, 5032A-Centres.

4,8,1, Existing Knowledge.

An C.A. bzand with a principal line at 2.47 eV
(50324) and associated more diffuse lines on the high
energy side, wae found in natural diamond by Clark et al
(1956 a). Clark et al (1956 b) demonstr-ted that this
0.A. band can be produced in certain specimens if irra-
diation damage is followed by heat treatment in excess of
SOOOC. No associated I.R. or ©.7.R. absorption features

were reported.

4.2,2, Results of this Survey.

The 503%2A O.:. band was observed only in about
0.1% of the specimens containing non-paramasnetic nitro-

-

gen. No associated I.R. or Z,F.R. absorption features

were observed.

4.,3,3, Discussion.

The 5C32A-centres appear to be associated with
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wyacancies or interstitials and nitrogen platelets and
‘'will be discussed in more detail in Chepter IX, where
the effects of heat treatment on irradiated diamonds

‘containing non-paramcgnetic nitrogen are described.

4,9, Pink and Mauve Centres.

4,9.1, Zxisting Knowledge.

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 band could to some extent
be correlated with the manganese impurity content of the
specimens. Subsequently Wright (1961) reported that the
band in pink diamonds only could be bleached by x-rays
and again restored by exposure to U.V. light. Holland
(1964) demonstrated that both pink and mauve diamonds
have the C.A. band at 2.23 eV, but that the pinlt 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 extending from 2.7 eV %o

as far as the secondary absorption edge at about 3.7 eV,
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#.9.2. Results of this Survey.
=2

A very small percentage of the diamonds encoun-
gered normally exhibits pink or mauve centres. Some
gpecimens were therefore specially selected. The diamonds
containing mauve centres all contained large amounts of

20 atoms/cc) and 4150A-

pon-paramagnetic nitrogen (+ 10
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 were found. A weak single isotro-
pic Z.P.R. line could be detected in these specimens. On
exposure to x-rays this Z.P,R. line nearly doubled in
intensity and could be restored to its original condition
by subsequent illumination with 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 pink centres are normally

not paramagnetic. The E.P.R. line detected in these
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- 79 -

gpecimens presumably arise from the graphitic regions
gmesent. When the pink diamonds are exposed to x-rays

the 0.A. bands are bleached and the pink centres pre-
gumably become paramagnetic, giving rise to a single line
guperimposed on the existing &.P.R. line. This additional
E.P.R. absorption can be bleached by U.V. light, a pro-
cess whereby the O0.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 ©.P.R. absorption which can be associated

with manganese impurities is found.

4,10, 4800A-Centres,

4.10.1. Existing Knowledge.

None.

‘ 4,10.2. Results of this Survey.

These defect centres were encountered in most
of the specimens containing paramagnetic nitrogen and
19

also in some rare specimens containing about 10

atoms/cc non-paramagnetic nitrogen. They are characterised
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py 2 broad O.A. band in the VIS region, between 2.4 eV
japd 3.0 eV, with a maximum at 2.6 eV (4800CA). This is
41lustrated in Figure 4.4 for specimen D% which exhibits
in addition a wesk secondary absorption edge. As can be
geen, only some imperfectly resolved structure at 2.5 eV
was revealed at 80°%. 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 C.1%36 eV, This is illus-
trated in Figure 4.5 for specimen D3, which exhibits in
addition a weak band 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 480CA-centres.
This is illustrated by Figure 4.6 with Ho applied in
different crystallogréphic directions to specimen D3. It
is evident that no symmetric pattern could be obtained in
any of these orientations. Most commonly the 4300A-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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TLLUSTRATING THE 4600A BAND.



*NOISFY NONOH TTONIS ®HI KT €4 NeWIDE4S J0 WANIOHAS NOILJHOSEV CHE-VHINI TF danoy

A2 NI AD¥3INJ NOLOHd
L1°0 21°0 GI°0 ¥10 €10

I | | 4 1

WO N 7Y




*§015078IC (00T) ¥
NI CAITddV QTATd OLISNOVN *0°Q HEI HIIA €0 NENIDEAS 40 WONLOSAR *¥°d*3 SAIIVATYAC ISwrd ¥9°7 wuaoid

(H) @134 2LINDYH D

e & —

a3LsAI 0 ooy | H
ot

S T O N

0 8G+ 30 Fz+ o) 30¢¢- M9~ 0//L~




*Mo1L0s5Ia (OTT)

¥ N[_QEIT4dY CTEL4 DIZANOVA *0°Q Gl HITA $C NEWIOAJS S0 WAMEOSS *N°d*¥ FALIVATHAQ ISutd A9°F TR E
(H) Q1314 SUANIYN ‘Ha
st
Lofl
ailsasg 0 Loit> || H
|
2007 = B

) yLe & I°c+ o %0 Li- . %0 §9-~




FIGURE 4,6¢ FIRST DERIVATIVE E.P.R, SPECTRUM OF SPECIMEN D3 WITH THE D.C. MAGNETIC FIELD APPLIED IN A
(111) DIRECTION, '

-6.8 O¢ ~3.40e ~|.70e o +520e +8| 0e

dxll
b o

b
2-0 OERSTED

-
D.C. MAGNETIC FIELD (H)




- 81 -

pitrogen in diamond.

No correlation coefficients could be calculated
for the U.V.-VIS, I.R. and i.F.R. absorption spectra, as
‘only a few specimens were availbale., The spectra des-
cribed above were, however, always obtained when the

48004 optical absorption band was present.

4,10,3., Discussion.

The 5.2.R. spectrum of 4800A-centres does not
lend itself to any straightforward analysis. An attempt
to obtain the symmetry of these centres was made by
studying the “.P.R. spectrum in many different orienta-
tions, however without success. A more comprehensive
study may yield useful information, but was not attempted
at this stage in view of the many other centres that were
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, Anmber Centres.

4,11.1. Ixisting Knowledge.

v——

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 zddi-
tional amber centres was revealed by an apparent single,
isotropic, narrow :.P.R. line superimposed on the central
line of the paramagnetic nitrogen spectrum. This is
illustrated in Figure 4.7 for specimen D4, In a few rare
specimens no other »aramagnetic 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 AH = 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 graphitic regions
(§14.5.2.) in that it is about two times narrower and do
not have such broad flanks.

The OC.A. spectrum in the U.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 between 3.1 and 3.55 eV; a weak system
petwesn 0.75 and 1.15 eV; and an absorption tail starting
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 wre not affected
by exposure to x-rays. The weak system between 0.75 and
1.15 eV in the near I.R., measured at room temperature
and at 80°T, is shown in more detail in Figure 4.10. It
appears as if this band, which will be referred to as the
14,5004 band, like the 41504, GR1 anl 50324 bands, also
consists of a principal line at 0.77 eV and less sharp
lines on the high energy side, two of which could be re-
solved at C.83 &V =znd 0.35 eV with the lead-sulphide
detector of the spectrophotometer, which does not offer
good resolution but has to be used at these long 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 eV, This is illustrated in Figure 4.11 for
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gpecimen 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 :.P.R. line may indicszte substitutional
nitrogen atoms in such a position in the diamond lattice
that exchange interaction can take place along the bonds
coupling the nitrogen atoms. Such a model was proposed
by Slichter (1955) to explain the single T.FP.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.

From this survey it is evident that virtually
all natural diamonds contain defect centres which could
be detected by the absorption techniques used. A total
of 11 differént types of defect centres was observed.
Of these, two could be definitely associated with the

presence of substitutional nitrogen in diamond. Another
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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

- jdentified, but are associated in some way with the
presence of nitrogen impurities.

The substitutional nitrogen found in diamond
appears to have been included in a dispersed paramagnetic
configuration, and subsequently, durine 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 mown
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
pitrogen configurations in order to create vacancies in
the diamond lattice. This would be followed by mild heat
treatment to render the 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 intermediate nitrogen
aggregates. This envisaged programme is illustrated

schematically in Figure 4.12.
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PARAMAGNETIC NITRCGEN IN NATURAL DIAMCND,

5.1. Introduction.

Before attempting a study of the conversion of
substitutional nitrogen in the paramagn~tic configuration
to the non-paramagnetic configuration and vice versa, it
was decided to investigate the absorption spectra due to
paramagnetic nitrogen in detail. BSuch an investigation
was necessary in order to avoid possible confusion of the
spectra due to paramagnetic 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 =.P.R., U.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, .., Absorption.

5.2.1. GExisting Knowledge.
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As mentioned in 4.4.1. Bmith et al (1959 a)
observed an anisotropic spectrum consisting of % equally
intense, equally spaced lines with Ho || [100] direction.
This was called spectrum (4), and was attributed to sub-
stitutional nitrogen donors in any one 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 |K| of

the lines of the spectrum (4) was found to vary as;

2 2

> )
X = A® cos“g + B~ sin2@ (5.1)

and the hyperfine constants were determined as:

-1

=g
i

38.1 x 10™7 cm

27.%3 x 10™F cn™t

o
]

If the nitrogen donor electron occupied a
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 kind,
the sites in which this particular neighbour is a 150
atom (I = ¥; 1.1% natural abundance), 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 ai. The hyperfine constants, with a

14N - 150 bond being the hyperfine axis, are:

113.5 x 10™7 et

-1

.
o

47,4 x 10_4 cm

vo)
I

(The values actually quoted by Smith et al were A = 56.75
ple 10—4 em™t and B = 23,7 x 1Oa4cm—l, i.e. half as much!
An error must have slipped into their calculation.)

With Ho (| [100] , Smith et al found an addition-
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 130

atoms in any one of the three positions, basal to the

nitrogen of the N-C bond. Their calculated antibonding
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wave function did not have the required density at such
a large distance, and they suggested therefore a linear
combination of antibonding orbitals.

No evidence of any quadrupole effects was found

by Smith et al.

5.2.2. _General.

By operating the spectrometer at very low energy
densities in the cavity in order not to broaden the =.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 150 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 || [100]. The three lines of spectrum
(A) are so much more intense that they overran the limits

of the recorder.



*TORVIQ KD NI, IIN OIS OVRVEF FLIA
QALVIOOSSY SNAISAS SOOTHVA SF4 ONLIVEIS/.TII *9C NEWMIOEIS &) WOBIOAJS *M°d*d FATLVATHEC ISUId T°C Sanvid

sz. @314 JILINIVA'OQ
<oor> JfH € -

< U/ /




- 01 -

5.2.3., Spectrum (C).

‘i

This spectrum was found to consist of three
pairs of lines symmetrically spaced on either side of
the intense lines of spectrum (4). 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 || £100>; it is now evident that
they can also be observed in the other orientations and
that the hyperfine constants can therefore be evaluated.

The second pair of lines was observed at 4.6 Oe
+ 0.3 Ce 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 clos=st to the intense
lines of spectrum (4) could only be resolved for Hol|<100),
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 (3). They are therefore

attributed to interaction with Y2C. The results of the



- 92 -

‘measurements on these lines are Tabulated in Table 5.1.
Also included in this table are the values of the hyper-
fine constants A and B calculated on the assumption that
the hyperfine spacing [|X!| depends on the angle (G accord-
jng to equation 5.1.

Snith et al suggested that the spectrum (Cl)
lines are caused by 150 in one of the three basal carbon
positions attached to the nitrogen atom, as illustrated
by the Cl positions in Figure 5.2. 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 130 in one of the carbon positions
basal to the carbon in the ¥-C bond as illustrated by the
C2 positions in Figure 5.2. The underlying assumption is
that the unpaired electron in its antibondingz orbital
" spends most of its time close te the nitrogen.

The probable positions of the 150 giving rise
to spectrur (C3) are as indicated by positions C3 in
Figure 5.2. Again this is based on the assumption that
the electren spends more of its time on the nitrogen in
the N-C bord. That it is not one of the sigiggarest

neighbour positions in the plane perpendicular to the

N-C bond ccntaining the electron, is borne out by the
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FIGURE 5.2

SCHEMATIC REPRESENTATION OF THE 1°C CENTRES RESPONSIELE

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

sity.

5,2.4. Spectrum (D).

iwamars

This spectrum was first observed as two lines
pnequal in intensity approximately hz21lfway 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 Hol| £100), of
almost equal intensity with Ho}!(llo> and less intense
with Ho|]£111>.

These lines show no sign of saturation at the
highest levels of microwave power available, whereas the
lines of spectra (4), (B) and (C) give evidence of satur-
ation at low energy levels.

Using the lowest 100 “c¢/s modulation possible,
it was found that some of these lines are actually com=-
posed of two overlapping components. This is illustrated
in Figure 5.1. 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
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observed at higher modulation levels, where the compo-
;nentS were not resolved.

The intensities of the lines of spectrum (D)
are difficult to measure accurately; however, an estimate
' of their intensities relative to the lines of spectrum
(4) indicated that they could be due to a quadrupole term
in the Harilbtonian F i.Ig'% I (I+1)3’ with |P] Dbetween
1.5 and 2.5 oersted.

The splittings of the spectrum (D) lines which
were obtained from the measurements described here, were
explained quantitatively by Loubser (1965) by using sec-
ond order perturbation theory for the so-called "forbidden"

Am = + 1 lines, as developed by Bleane§(195l). The
value of tThe coefficient I of th= quadrupole term in the
spin Hamiltonian had to be assigned a value of -2.0 +
0.2 oersted = =5.6 + 0.5 Ic/s, in order to fit the 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
3370 Oe). The Am = + 2 lines will be displaced by only
0.75 Oe on either side of the isotropic centre line of
spectrum (A), 2and thus, as expected were never resolved

in this investigation.
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From this value found by Loubser for the co-
efficient P, the quadrupole coupling constant egq, for
pitrogen can be calculated and compared with the values
found for nitrogen in other compounds, and with values
quoted in the literature for the wvalence electron cf

nitrogen. It follows from the theofy (Bleany@l951) that

(5.2)

HJ

H
£
O]
0
P

Where:

q = El=ctric field gradient at the

nitrogen nucleus.

Q = wuadrupole moment of the nucleus.
The value of @ for qu is believed to be between 0.016 x
10"*en® and 0.0071 x 10™%%cn® (Lin 1960, Kato and Nakahara
1959 and Bassompierre 1955).

If it is assumed that the unpaired electron is

responsible for the total field gradient, then it follows

from the theory for a p electron that

fe}
1]

-2e iZg—% (x?+y?)3//r5;>

= _28 J—]\T (5'5)

Where PW = 1,9 x 1024cm"5 is the wvalue calculated by
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gpith et al from the nitrogen hyperfine constants.
From the experimentally measured value of P for

spectrum (D) it is found that
eqQ = =7.5 + 0.6 lic/s.

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

is calculated from expression 5.3 above

-
3 = 0.057 x 10™ "*en?

This is about four times larger than the largest
accepted value, and also larger than the upper 1limit of
the quadrupole moment as predicted by the nuclear shell
model.

If the value of g 1is taken as 5.6 X 1015e.s.u.
as estimated by Townes and Schawlow (1955) for a valency
electron of nitrogen, a value of

3 = 0.011 x 10™%%en?

is obtained, which 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 factor
of four or five. This perturbation of the closed elec-
tron shells by an external unpaired electron will affect
the magnetic hyperfine splittings only very slightly

(Sternheimer 1952),

5.2.5. Spectrum (%).

This spectrum consists of two wealr lines about
200 times less intense than the lines of spectrum (4) when
Ho || {10C>. They are illustrated for this orientation in
Figure 5.1, and are thought to arise from hyperfine
splitting by the T2N isotope. This isotope, being 0.365%
abundant and with nuclear snin I = %, would be expected
to give rise to two weak lines of intensity 1/180 of that
of the spectrum (i) lin=s.

The average separation between the two lines of
spectrum (%) with Ho (| (100> is 48.4 Ce. Using this wvalue,

14

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

found to be
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= 0072 i 0.02

N

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

L,
stated that spectrum () is really due to “7N.

15

The presence of this spectrum due to I7. 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 which it is confined to a particular nitrogen-
carbon bond is less than is suggested by the work by
Smith et al.

A more detailed theoretical investigation is
needed to find an acceptable wave function explaining all

the observed facts. This 1is currently being undertaken

by Schronland and Tvery (1965).

5.3. O.A, in the U.V.-VIS Region.

The C.A. spectra for the five specially scelec-
ted specimens, which were shown by the Z.7.R. studies to
contain only paramagnetic nitrogen in detectable guan-

tities, were obtained. The 0.A. spectra of two of these
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3
O

bpec1mens, D5 and D7, are illustrated in Figure 5.3,
obtaln 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 between 4 eV and the
fundamental absorption edge (5.4 eV) is in general large.

The form of the absorption spectrum character-
jstic of all diamonds conteining only paramagnetic nitro-
gen in detectable amounts with Z.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 temperature. At liquid nitrogen temper-
ature some structure was observed bhetween 4 eV and 5 eV.
This is shown for specimen D6, in Figure 5.3. Imperfectly
resolved lines were observed at 4.07 eV, 4,15 eV, 4.24 eV,
4,58 eV and 4.64 eV.

5.4. 0.,A, in the I.R. Region.

The five specimens, mentioned in the previous
sections, all exhibited thes intrinsic bands of diamond

between 0.185 eV and 0.5 eV and, in addition, a completely
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pnew band system. This new system in specimen D6, which
definitely contains no 4150A-centres, and probably no
pon-paramagnetic nitrogen, is shown in Figure 5.4,

The main features of tThe new system are:

a) The main band, with its peak at 0,140 eV.

b) A small sharp peak at C.167 eV, and possibly

¢) A broad saddle between C.155 eV and 0.166 eV,

The uncertainty about the saddle arises because
this occurs in the spectral region 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 spécimen D8, containing dis-
persed paramagnetic nitrogen as well, 1s 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 U.V. absorption arising from
nitrogen platelsts. 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
vraramagnetic nitrogen ratio is precisely
the same for each of these specimens, which
appears improbable.

c) A similar saddle is observed in synthetic
diamonds; this will be discussed in Chapter
VIT.

It 1s 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 FTigure

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 wealer.
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 wers homogeneously distributed.

The specimens were then thinned to about 0.2 mm, and the
accurate U,V. measurements made,

The strengths of the =.¥.2., and I.X. absorption
were assessed by measuring the areas enclosed by the band
systems. In the case of th= U.V. features, this was not
possible, as the major part of the absorption is a con-
tinuum; the slope of the absorption curve at 2.5 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, which, from S.T.R.
evidence, is identified, as single substitutional nitro-

gen atoms in the paramagnetic configuration.



TABLE 5,3

LINEAR CORRELATIONS BETWEEN THE ABSORPTION FEATURES IN
PARAMAGNETIC NITROGEN CONTAINING DIAMONDS

ABSORPTION FEATURES CORRELATION COEFFICIENT
E'POR./U.V. 0'94
E.P.R./I.R. 0.99

I.R./UWV. 0.94
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5.6, Discussion.

It is now certain that the intense Z.P.R. spec-
trum first observed by Smith et al (1959 a), who 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 interaction of
the unpaired electron with the 1.1% abundant 150 isotope,
and the interaction of the small quadrupole moment of the
nitrogen nucleus with the field gradient, occur in addi-
tion to this spectrum. These lines were catalogued so
that they will not be confused with T.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 at 2.4 eV and stretching
to the fundamental absorption edge at 5.4 eV, This con-
tinuum may be explained by postulating that 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 bsginning at 2.4 eV, and
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increasing with an increase in photon energy. The general
shape of the absorption continuum is similar to that of
the U.V. band associated with irradiation damage and
pelieved to be due to Transitions from the ground state

to the conduction band, as the result of experiments

which will be described in Chapter VIII. Further evidence
for this postulate of the position within the gap of the
ground state of the unpaired electron was 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 wvibrational frequencies of the
diamond lattice, despite the fact that absorption assoc-
iated with single-phonon processes is explicitly forbidden
in diamond. From the E.FP.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 permit an electromagnetic coupling to the fundamental

optical vibrational frequencies.
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CHAPTER VI.

CLASSTIFICATION CF DIAMONDS.

6.1. Introduction.

Robertson et al (1934, 1936) originally divided
natural diamonds into two groups, Type I and 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 IIb, which exhibit p-type semiconducting prop-
erties and are usually blue.

Although not describing all the defect centres
known to occur in diamond this classification had def-
inite merit as a convenient and brief definition of the
properties of a particular diamond being described.

However, diamonds containing paramagnetic nitrogen do not
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f£it into this system of classification.

5.2, Proposed New Classification.

hn

From this study it became evident that the large
majority of diamonds contain substitutional nitrogen in
two different configurations. All the other defect cen-
tres, except those attributed to zraphitic regions and
acceptor centres, were also only detected in ﬁitrogen—
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 car 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 Ila specimens being insulators
and Type IIb 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 415CA-
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.



JABLE 6,1

CHARACTERISTIC ABSORPTION PROPERTIES OF THE DIAMOND TYPES

| CwmnereRtsTie | GUTGTORT | TR, o | Eapon, Assone | resremanc |, CRISTAL
FEATURES FEATURES TION FEATURES | (Ohm. em.)

Ia | Nitrogen in Secondary absorp- | A-bands (Suther-~ |Nonme (This 10td and | Well-defined
Platelet form tion edge (Clark | land et al 1954) | study above faces. Dode-
(E1liot 1560) et al 1956a) cahedre and

Octahedra

Ib | Nitrogen in Paramagnetic Paramagnetic Paramagnetic 1015 and | Poorly defined
dispersed form nitrogen bands nitrogen bands nitrogen spee- | above faces. Cubase
(This study) (This study) (This study) trum. (This

study)

Ila| No nitrogen; Absorption tail None, only in- Single isotro- } 103 to No faces,

Structural de- between 2.0 &V trinsic bands of |pic lins (This}}rlOls. Nondescript

fects (Clark et

i al 1956b)

and 5.4 eV (Clark

et al 1956b)

diamond {(Lax and

Burstein)

study)




TABLE 6.1 (Continued)
A ARA ARA
CHARACTERISTIC CHARACTERISTIC CHARACTERISTIC CHAR CTER{STIC ELECTRICAL CRYSTAL
TYPE DEFECT CENTRES u.v.-vIis, 0.A. I.R., 0.A. E.P.R. AB50RP-; RESISTANCE MORPHOLOGY
, FEATURES FEATURES TION FEATURES (Ohm. cm.)
Ilb | No nitrogen; Absorption tail Acceptor bands None (This 50 to No faces.
Acceptor centres | between 1,0 eV (Wedepohl 1957b) | study) 1,000 Nondescript

(Wedepohl 1957b)

and 2,0 eV

(Wedepohl 1957b)
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The validity of this system of classification
may be questioned in view 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 was 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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CHAPTEZR VII.

SYNTHSTIC DIAMONDS.

7.1. Introduction.

Although sought for very hard, a technique for
producing diamond synthetically 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 (x bar) = 7.1 + 0.027 T (°K).

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.

7.2. Ferro-Magnetic Impurities.

In distinction to natural diamonds, all the

synthetic diamond crystals exhibited ferromagnetism.
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f-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.
jron, cobalt or nickel). In no instance could any of the
jncluded 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.ASPectra 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.F.R. spectrum shown in Figure 7.1l. 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 ovserved in
‘natural diamond in that the lines are considerably
broader than that observed in natural diamond. The line
widths AH (measured between maxima and minima of the
first derivative spectra) are between 0.3 Ce and 1.0 Oe
in natural Type Ib diamond. The central line of the syn-
| thetic diamond spectrum (Figure 7.1) has AH = 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" (80% Ni,
20% Cr) as solvent. The Z.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
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(AH = 3.9 O0e + 0.5 Oe).
The three satellite lines arising from hyperfine

14 nueleus (referred to as spectrum (A)

splitting by the
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.P.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 : 008 Oe.
28.8 Oe + 0.6 Ce.

[

B = Oy

This is in good agreement with the wvalues of
40,8 Oe and 29.2 Oe obtained by Smith et al (1959 a) and
there is therefore no doubt that the E.P.R. spectrum ex-
hibited by synthetic diamond is due to the presence of
paramagnetic nitrogen.

The amount of this paramagnetic nitrogen can

14

vary between large limits (10~ 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 drgon, batches have been obtained

in which the characteristic nitrogen spectra are absent.

7.4, Optical Measurements in the U.V. and VIS Region.

Several of the larger clear synthetic diamond
crystals were selected for optical measurements. The
specimens were too small for accurate 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 Measurements.

Charette (1961) measured several synthetic
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diamond specimens produced by the same technique as the
patches 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 that
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
eV. This is the saddle which could not positively be as-
cribed to paramagnetic nitrogen from measurements on nat-
ural diamond. Its size and shape in relation to the main
band, 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 1600°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 eV.

7.6. Doping Zxperiments.

7.6.1. 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,
whére a foreign atom is incorporated by sclid state
diffusion at high tewperature in an existing crystal, or
secondly, by growth-doping where foreign atoms are in-
corporated during crystal growth.

Diffusion doping experiments up to 2OOOOC, at
high pressure, so as not to graphitize the diamond, were
tried with a great variety of elements. No defects could
be introduced in naturel 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 svnthesis offers an ideal opportunity
for growth-doping. This was attempted by incorporating
compounds, known to be unstable under diamond synthesis
conditions, between the graphite and solvent metal inter-
faces; where dlamond growth 1s believed to take place,
Unfortunately the presence of these additicnal 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 “Z.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, 5i, P, S or As were present in the growth
environment all exhibited only the EZ.2.R. spectrum illus-
trated in Figure 7.1 and were coloured dark yellow.

There is therefore no positive evidence that any of these
elements were incorporated in solid solution in the
diamond lattice. It may be possible that atoms of these

elements cannot exist in so0lid solution in the diamond
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1attice, or that they formed a stable alloy with the
golvent metal and were therefore not available for incor-
poration. Judging from the =.PF.R. spectrum (Figure 7.1)
it appears that nitrogen from the alr, present in the
growth environment, was apparently incorporated in iso-
lated substitutional positions. This is not unexpected
since nitrogen incorporation frzquently occurs during
synthetic diamond growth.

The specimens obtained when either boron or
aluminium was present exhibited no T.’.R. absorption al-
though air was present in the growth environment. The
aluminium doped crystals were colourless and the boron
doped crystals dark blue to indigo. It therefore apnears
that boron and aluminium were incorporated in substitu-
tional positions, thus creating acceptor centres which
compensated the substitutional nitrogen donor centres,
but not giving riszs to any =».P.2. absorption as discussed

in § 4.6.3.

7.6.2., Nitrogen Doping.

Althouzh nitrogen is incorporated readily in
all synthetic diamond crystols in isolated substitutional

positions, an attempt was made to increase the nitrogen
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content by growth doping, to determine whether a different
pitrogen configuration could be obtained. This was accom-
plished by incorporating sodium azide (NaNB), a good
pitrogen generator, in the growth environment. The same

difficulties, described in the previous section, were

encountered and again only 5.r.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, at high temperatures in the pressure vessel,

b
The Z.P.R. spectra exhibited by the crystals

grown with various ratios by weight, of NaN5 to graphite,
are described in Table 7.1 and illustrated in Figure 7.5.
It is clear that when the doping was low, 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 obtained (Table 7.1). These spec-

imens exhibited a dark green colour and the total amount

of paramagnetic centres became less.



TABLE 7.1

SYNTHETIC DIAMOND-GROWTH DOPING WITH NITROGEN

(All the E.P.R. spectra were obtained from 0.5 samples)

ATCH RATIO ESTIMATED NUMBER OF
BNU NaN3/GRAPHITE E.P.R. SPECTRUM COLOUR | PARAMAGNETIC CENTRES
: BY WEIGHT FER cc.
.. 17
S.D.1 0 Paramagnetic nitrogen| Yellow 2 x 10
Figure 7.1
. . 18
5.D.3 1/1000 Paramagnetic nitrogen | Dark 1x 10
Figure 7.5 (a) Yellow
. 17
15.0.4 1/250 3 Broad overlapping Yellow 3 x 10
lires Figure 7.5(b) | Green
3 . 16
S.D.5 1/80 Single broad line Green 2 x 10
AH =20 Ce
Figure 7.5 (c)
. . 15
S.JD.6 1/20 Single narrower lime | Dark 5x 10
AH=2 13 Oe Green
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The crystals of batches 5.D0.3 (little doping)
and 5.D.6 (heavy doping), were mixed in equal amounts. The
spectrum obtained from this mixture was very similar to
that obtained from batch 3.D.4 (medium doping). It is
therefore concluded that the crystzls of batch S.D.4 ex-
hibit two superimposed spectra; arising from paramagnetic
pitrogen in isolated positions and from the defects res-
ponsible for the single i.P.a. line.

Additional growth doping experiments with var-
ious sodium containing compounds indicated that the single
T.F.2. line does not originate from Wa, but from the nit-
rogen. orom the evidence available it appears that sub-
stitutional nitrogen does not remain in isolated positions
on heavy doping, but forms aggregates. ©Some of these
aggregates are presumably non-paramasgnetic, which would
account for the fact that the number of paramagnetic cen-
tres becomes less when the nitrogen doping is increased.
Others, giving rise to the single line may consist of
substitutional nitrogen atoms in positions so close to
one another that exchange interaction, as described in

§;4.1l.3, ig effected.

The heavily doped crystals all had a green

colour. The GR1l band, found in irradiated natural dismond,



which is known to arise from the presence of either vac-
ancies or interstitials (?»4.7.1), is known to impart a
green colour to many diamond specimens. Jowever, there is
no reason to expect that heavy nitrogen doping would cause
vacancies or interstitiaels; it is therefore suggested that
the nitrogen aggregates responsible for the single I.P.R.
line also give rise to an O.i. band 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
growth environment, synthetic diamond contain dsfect cen-
tres due to substitutional nitrogen in the paramagnetic
configuration., This accounts for the dark yellow 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 Ia, Type Ib diamonds being rare
éxceptions. This is an expected result as the srowth his-
tory of the specimens éiffers widely. Natural diamonds
during growth and for subsequent millenia prior to kim-

berlite pipe formation, had probably been 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 doping experiments.
However, the evidence indicates that boron or aluminium
in substitutional positionsAcan be responsible for the
acceptor centres in natural diamonds, and that non-para-
magnetic nitrogen aggrezatzs can be present in synthetic
diamond if the nitrogen concentration is very high.
Evidence has been obtained to the effect that substitu-
tional nitrogen aggregates, where exchange interaction
takes place, can exist. Theses aggregates do not appear
to give rise to an amber colour in the diamonds, as sug-
gested in §54.11.3, but are responsible for a green

colouration.
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CHAFTZR VIII.

IRRADIATTION DAMAGE T TYPi Ta DIAMOND.

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 known nitrogen configurations.
Such specimens were therefore irradiated with fast elec-
trons, whereby vacancies and interstitials 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 programme was to irradiate Type
Ia diamonds.

The results of irradiation damage and limited
heating in Type Ia diamonds are described in this chapter.
Many phenomena which were not understood, or were un-

known in the past were encountered. An effort was
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therefore made to pursue this first stage in the programme

as extensively as possible.

8.2, =txisting Knowledge.

As described in ;52.5.1., the Reading workers

found that irradiation with electrons of energy between
0.% and 0.8 MeV produces two C.4, systems in all diamonds.

" These are a band with its maximum at approximately 2.0
eV, Imown as G.R.1l, and the U.V. band which extends from
2.8 eV to the fundamental absorption edge 5.4 eV, 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 C.8 leV
produce additional absorption most easily observed at
2.696 eV, (which was termed the "absorption tail" in §
4.5) and thought to be associated with so-called "graph-
itic regions" arising from multiple defect generation.

The component lines of the G.R.1 band, measured
at BCOK, 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

Oor neutron irradiated diamond at 55000, the G.R.1 is
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reduced in size, and the form of the remaining G.X.1 ab-
gorption is the same as that observed for electron irra-
diation.

Clark et al (1956 a) explained the breadth of
the lines in the case of neutron and gamma-ray irradiation
as being due to perturbation effects arising from close
interstitial/vacancy pairs. These close pairs recombine
at 35000, 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 accompany bombardment with a high intensity elzsc-
tron beam.

Coulson and Fearsley (1957) found by a molec-
ular-orbital calculation that an isolated neutral wvacancy
would have an electronic transition of about 2.0 eV,
which is approximately the encrgy, 1.67 eV, of the
principal G.%.1 line. More recently Yamaguchi (1962,
1963) performed a similar calculation. He evaluated the
values of the intra-atomic orbitals in a modified way
and concluded that the G.2.1 band can originate from

some transition in a neutral interstitial, while the



U.V. band maximum value would correspond to transitions

‘in a negatively charged vacancy. Phese—eonbredictony

Faulkner and Lomer (1962) observed complex

"E.P.R. spectra in 2 eV electron irradiated diamond which
may be due to multiple defects. Baldwin (1963) demon-
strated that the =.P.i. absorotion 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 arising from so-called A, B and 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 results.

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 sbout 300°C.
This .enhancement could be optically bleached with light
of energy greater then 2.% eV. 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 BOOOC, making
transitions to certain vibrational levels of the excited
state more probable, and thus enhancing certain lines;

bleaching reverses this process.

8.%, ©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 8.1.

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 D15
each exhibited a G.2.1 and a U.V., band. The nitrogen-
containing diamonds (D12 and DlB) showed, in addition,

an absorption system between 3.1 eV and 3.8 eV, which



TABLE 8,1

DESCRIPTION OF THE SPECIMENS
APPROX IMATE _
APPROX IMATE
SPECIMEN | wrypen NITROGEN 41504 IRRAD IATION DOSE
NUMBER CONCENTRATION SYSTEM ELECTRONS/ m2
(ATOMS/cc. ) c
18
D1l Ila None detectable None 2 x 10
D12 Ia 2.0 x ll'chI None 2 x .'LUJ'8
D13 Ia 7.0 % lDlB None 2 X 1018
D14 Ia 3.0 x 1020 None 1l x 1018
D15 Ia 8.8 x 1019 Nore 6 x ll]'18
Dlé Ia 2,8 x 1020 Very 4 x .'IJZ\:L8

strong
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will be referred to as the N.D.1l 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 st has been
quoted, rather than the absorption coefficient/ﬂu; t is
the specimen thickness.

The N.D.1 band in Dl2’ measured at room temper-
ature and at BOOK, is shown in more detail in Figure 8.3.
The structure of N.D.1 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 4150A 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.1l), it appears that the N.D.1
band consists of a principal line of lowest energy;
additional less sharp lines arise from tﬁe interaction
between the main electronic transition and vibrational
states of the crystal. In this respect the system is
quite typical of diamond.

From Table 8.2. it is clear that by chance the

pPrincipal line of the MN.D.1l band coincides in wavelength
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TABLE 8,2

ENERGIES OF THE MAIN OPTICAL ABSORPTION FEATURES OF THE

N.D.I. AND 4130A BANDS

OPTICAL ABSORPTION FOSITION 1N eV
FEATURE N.,D.I. BAND 4150A BAND
lower energy limit 3.10 2,95
Principal line 3.16 3.00
Second line 3.24 3.09
Thirxd 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
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with the third line of the 4150A band. Furthermore,
pecause 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 W.D.1l band coincide in wavelength
with the last four lines of the 4150A band. This fact
was verified by irradiation of specimen D16 which con-
tained a large 4150A band. After irradiation the N.D.1
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.1l band is completely
independent of ths presence or absence of the 4150A band,

and is a system in its own right.

8.4.,2, E.P.R. and I.R. Spectra after Irradiation.

The =.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 irradiastion no E.F.f. absorption was
detected 1in qu and DlE‘ A single isotropic line, which
was associated with the C.A. "absorption tail" and =ttri-
puted to the presence of graphitic regions in §;4.5.5.
was observed in D;, (Type IIa).

AfYer irradiation, the line found in Dll was
enhanced; this is presumably due to the superimposition
of the A, B and C lines reported by Baldwin (1963) upon
the existing Type IIa line. In both D12 and D15 a strong
isotropic line was observed, that in Dl? being seven times,
and in D15 twice as large as the totzl line intensity in
Dll after irradiation.

In neither specimen was it possible to resolve
the induced line into component lines, and th=s line width
(measured between maxima of the first derivative spectrum)
of 1.9 Oe + 0.% Ce was the same in each case. The spec-
trum measured for specimen Dl2 is shown in Figure 8.4;
the total line intensity corresponds to a defect centre

concentration of =2pproximately 1017/00.

8.4.%., Heat Treatment at 500°C of the Irradiated

Specimens.

Specimens Dll’ D19 and D15 were now heated in
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the dark for four hours at 500°C in vacuo. Iﬁ Dll (Type
IIa) the effect was to reduce the strengths of G.R.1 and
the U.V. band. This is an expected result as Clark et al
(1956 a) have shown that at about 250°C limited vacancy
interstitial recombination occurs leading to Jjust such a
reduction in absorption. In both nitrogen-containing
specimens these bands were observed to decrease by an
amount greater than that observed in Dll‘ Purthermore,
the reduction appeared specimen dependent, D12 showing a
greater decrease than D15° At the same time an increase
in the I.D.1 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 Dl5 it was found to increase in intensity.

8.4.,4., Reversible Optical Bleaching of the Irradiation

Induced Bands.

The specimens were now 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 hizh pressure mercury lamp. Heating
was carried out in the dark for four hour periods at
500°C. »
In both D

and D exposure to mercury light

12 13
resulted in sn increase in the size of G.x.1 an’ the U.V,
pand while the N.D.l band and the T.P.R. line were reduced
in size; prolonging the time of exposure beyond 10 min-
utes resulted in no further change. The Type Ila spec-
imen D11 was unaffected.

Heating of D12 and D15 at 500°C for four hours
restored the N.D.1l band and the T.F.R. line to their
former strengths, while G.R.1 and the U.V. band were
correspondingly reduced. Again Dll was unaffected. These
changes are illustrated in Figures 8.4 and 8.5.

The strengths of the W.D.l and G.R.1 bands were
measured by obtaining the intesrated total absorption
between 3.1 and 3.8 eV for ¥.D.1, and between 1.65 eV
and 2.4 eV for G.R.l. A qualitative measure of the be-
haviour of the U.V. band was obtained by recording the
total optical absorption at 2.85 eV for each specimen

after each stage in the treatment.

These band strengths, together with that of t