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ABSTRACT 

Many fewer 3d ions are known to be incorporated at lattice sites (both substitutional and interstitial) in point defects 
in diamond than in silicon. In diamond, only nickel and cobalt have been positively identified. There appears to be a 
great variety of nickel-containing sites, and several different cobalt-containing sites, some of these also involving 
substitutional nitrogen. The evidence for incorporation of other 3d atoms is much less certain, but there is possibly 
some for Ti, Cr, Mn, Fe, Cu and Zn. Some general inferences may be drawn from these data. 
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1. INTRODUCTION 

Point defects in diamond are interesting because of their potential to affect the optical absorption, electronic 

transport and mechanical properties of a material whose wide range of optical transparency gives it potential for opto- 
electronic applications. Transition metal impurities may make interesting defects because ofthe possibility of a range of 
readily changeable charge states. 

Low levels of all of the 3d transition elements have been shown to be present in natural diamonds,' but very few 
natural diamonds contain 3d-related point defects. Although the control of diamond synthesis is improving rapidly, it is 
not as straightforward to prepare diamond with known dopants as silicon. Impurities are incorporated at different rates 
in different growth sectors 2 and at different temperatures , and only a few atomic species are known to diffuse in 
diamond. Natural diamonds are variable and inhomogeneous, so it is often difficult to characterise the defects they 
contain, and many of these defects have not been reproduced in synthetic diamond. Synthetic diamonds grown at high 
pressure and high temperature (HPHT) have to be contained in a metal bomb using a solvent catalyst mixture 
containing several chemicals, so the growing specimens are exposed to many contaminants, including the impurities in 
the materials with which they come in contact. Most are grown using a 3d fransition metal solvent catalyst, so it is in 
these diamonds that most 3d-related point defects have been found. The growth of a large HPHT single crystal requires 
maintenance of the growth conditions over a period of hours, for crystallisation onto a single seed crystal. It is also 
possible to produce a large number of spontaneous crystallites much more quickly (seconds to minutes), at lower P,T, 
which may contain different defects from single crystals, and which can be collected as a powder sample.5 Growth by 
chemical vapour deposition (CVD) 

6 at lower temperature may possibly allow more intimate dispersal of a dopant, but 
is also subject to contamination by impurities in gases and substrate (and possibly transport from the walls of the 
vessel), in addition to growth defects peculiar to CVD. Lack of diffusion may make it impossible to obtain a general 
dispersal of many impurities implanted into the surface of a pure specimen , but that may not matter for applications in 
a device which uses a thin surface layer. Although attempts have been made to implant ions of the whole of the 3d 
group, only Ti, Cr, Co, Ni and Zn have been shown to have produced point defects.8 

Many fewer 3d transition metal atoms, indeed fewer atoms from throughout the periodic table, have been shown to 
be present as point defects in the crystal lattice of diamond than are found in silicon. In diamond, only nickel and cobalt 
have been positively identified, whereas all 3d elements have been found in silicon (with the curious exception of 
cobalt).9"° This reflects the much smaller space available in diamond with a 36 % smaller lattice constant (the covalent 
radius of C is 0.077 nm and that of Si is 0.1 18 nm). The other common impurity incorporated into the diamond lattice 
is nitrogen, either in single substitutional form N ' (where subscript s is used to indicate a substitutional site) or in the 
form of aggregates such as the A-centre (N—N pairs).'2 Diamond containing > 1 ppm N is classified as type I (lb if it 
is predominantly N, Ia if it is predominantly aggregated) and containing < 1 ppm N as type The diamond lattice 
can also incorporate boron, and when the concentration of B, exceeds that of N, the diamond is classified as type lib 
and is rendered semiconducting by B, acting as an acceptor.'4 Otherwise, it is type ha, which is relatively pure. Most 
synthetic HPHT diamond is type Ib, unless nitrogen getters are used. 
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The defects discussed in the paper comprise isolated, or small clusters of, impurity atoms in diamond. The 

experimental methods for obtaining information about these defects are discussed in section 2. In sections 3 and 4 the 

types of sites for 3d ions, and the crystal fields at these sites are discussed respectively, using nickel-related sites for 
illustration. Sections 5, 6 and 7 discuss other sites related respectively to nickel, cobalt and other 3d ions. 

2. EXPERIMENTAL 

Two techniques have yielded most valuable information about point defects in diamond; optical absorption (A) and 
luminescence (L),'5 and electron paramagnetic resonance (EPR) spectroscopy.16 

The optical spectra have broad features and narrow zero phonon lines (ZPL). Absorption must originate from the 

ground state, so ZPL in absorption spectra indicate the energies of excited states. Luminescence may be excited by 
incident light (photo-luminescence, PL) or by electron bombardment (cathodo-luminescence, CL); this corresponds to 
emissive transitions between any excited states of the defect, not necessarily to the ground state (an excited state may be 
able to return to the ground state by a non-radiative route). Photo-luminescence excitation (PLE) is a technique in 
which a particular luminescence ZPL is monitored as a function of the energy of the incident light, so it shows which 
absorbed energies lead to the chosen ZPL transition. This measures excited energy levels of the defect giving rise to the 
chosen ZPL, and by the onset of a continuum may indicate the depth of the ground state below the conduction band. By 
measuring the relative intensities of different ZPL for a range of samples one can determine whether they correspond to 
the same (or at least correlated) or different defects. 

For 3d ions at sites of high symmetry, some electron states will still have some orbital degeneracy, and so should 
exhibit fine structure due to spin-orbit coupling, which could be up to several hundred meV for free ion magnitudes.'6 
Sometimes ZPL are associated with somewhat broader phonon replicas, where one or more local mode phonons are 
emitted or absorbed to shift the energy for the ZPL.'7 Structure in the range 25 - 75 meV has usually been attributed to 
quasi-local vibration, and up to 170 meV as due to lattice phonons.8 Many of the ZPL exhibit a small fine structure, 
typically between 1 - 10 meV. This is reminiscent of the fine structure due to spin-orbit coupling in free 3d ions, but it 
is much smaller, and it does not correlate with an interval rule. This suggests that the spin-orbit coupling parameters are 
reduced either by covalent bonding or by the Jahn-Teller {J-T] effect.'6 There is generally too little information about 
the states between which the transitions take place to construct a reliable theory. Only for a few cases has further 
discussion been attempted. 

All of this determines some information about the level structure of different defects, but does not indicate what 

they are. Measurements of the splittings and shifts of ZPL produced by umaxial stress along <100>, <1 1 1> and <110> 

may be used to determine the symmetry of the site and of the states between which the transition ur'8 In practice, 
few defects in diamond have given sufficiently satisfactory results under uniaxial stress for unambiguous assignment of 
a symmetry. The only direct indication of the atomic species involved would be given by a characteristic isotope shift, 
but measurement of that requires very narrow lines. Typically, ZPL have a line width of 1 meV, compared with a 
range 5.5 eV for possible transitions within the band gap of diamond. The 1.4 eV zero phonon line (ZPL), associated 
with the NIRIM-2 EPR had a line width of only 0.16 meV in PL, which allowed it to be shown to be due to 
nickel from isotope shifts.2° It is possible to obtain an indication of the mass M' of an impurity ion (or strongly bound 
complex) ifthe frequency (oR of its quasi-local mode of vibration can be obtained from phonon replicas near its ZPL. If 
it is assumed that the force constant is unchanged oR — WD (M/3(M'—M), where WD is the Debye frequency of diamond 
and M is the mass of the C atom.8'2' This method suggests that some of the ZPL observed in implanted samples may 
correspond to strongly coupled pairs of the 3d ions.8 Quite a number of narrow ZPL have been observed only in 
synthetic diamonds grown with nickel or cobalt solvent catalysts. Although iron, chromium and manganese have also 
been used as solvent catalysts, no ZPL have been correlated with these elements in HPHT single crystals.22 When a 
defect has been produced uniquely by implantation with ions of a particular element, it has been assumed that the defect 
is related to that element. 

EPR lines in diamond can also be very narrow, ultimately limited by magnetic interaction with the nuclear magnetic 
moments of the 1 . 1% abundant isotope '3C to about 7 jiT (— 200 kHz),23 or a resolving power of 200,000 at 35 GHz. 
However, resolution can be made difficult by the crowding of lines into the region near g = g. Provided that it is 
possible to obtain a clear picture of the angular variation of the spectrum in a single crystal diamond, the symmetry and 
other properties of the defects are clear. In a powder, or polycrystalline CVD material, the angular variation is averaged 
and less information is found. The symmetry of the sites of isolated, or small clusters of, impurity atoms is provided by 
the parameters of the spin-hamiltonian describing EPR spectra,'6 and information about the number and disposition of 
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surrounding carbon atoms may be provided by '3C hyperfine structure (hfs) in the EPR spectrum.24 Identification of the 

paramagnetic impurity atom is clear if it has a characteristic hfs (eg. nitrogen is 100% '4N with I 1). 

As EPR gives information about the ground state and optical spectra give information about excited states, most 
information will be provided if both can be observed in the same defect. In principle, any point defect has an optical 
spectrum. and any with a multiplet ground state might exhibit EPR. So all EPR defects should have an optical 
analogue, but not vice-versa. However, an optical spectrum may not contain narrow ZPL (so hardly any of the many 
3d-related EPR defects in silicon have optical ZPL), and an EPR spectrum may not be observed for selection-rule or 
technical reasons. Furthermore, as allowed optical transitions are so much stronger, an EPR analogue may have too 
weak a signal for detection. Correlation of EPR and optical spectra of the same defect has generally been done by 
comparing the spectral intensity for a range of samples covering a range of concentrations of the defect. In principle, 
connected spectral effects like optically detected magnetic resonance (ODMR)25 or magnetic circular dichroism 

(MCD)26 yy be used to make the link, but there are only a few examples of their application to diamond which are 
mentioned below. Photo-EPR, a study of the change of intensity of an EPR spectrum produced by optical illumination 
with monochromatic light as a function of its photon energy, has been used to measure the energy separation from the 
valence or conduction bands. For example, the Ni'° acceptor state (W8 EPR) is located 2.49(3) eV below the 
conduction band.27 Similar measurements have been made for the EPR centres AB3, AB4 and AB5.27'28 Implantation 
of some ions of the 3d group (Ti, Cr, Co, Ni and Zn) has produced optical ZPL. However, as the thickness of the 

implanted layer is very small, the concentration of such defects is far below the level detectable by EPR. 

One difficulty in the identification of 3d atoms in diamond is to know whether a defect is due to a 3d atom and 
which the atom is. Many 3d ions in salts have g-values close to that of the free spin, ge, because the orbital angular 
momentum is quenched by the crystal field.16 However, there is usually a tell-tale indication of 3d character, in that 
matrix elements of spin-orbit coupling, ?LS, between the ground state and an excited state at energy i\ lead to small 

departures g from g, \g AiLt'6 Most EPR defects in diamond have very small g,29 because spin-orbit coupling is 
small and the band gap is large, so a larger than usual \g can indicate a defect probably containing a 3d atom. For half 
of the 3d-group where the dominant nucleus has hfs, the identification of the atom should be clear, but for the others, 
even identifying the configuration does not identify the atom. Only three defects have been unambiguously related to 
3d ions. The 1.4 eV ZPL associated with the NIRIM-2 EPR centre ' has been mentioned above. The W8 EPR centre 
has been shown to be Ni, by 61Ni hfs.3° The 04 EPR centre has been shown to be 59Co by its hfs. No hfs has been 
found in diamond attributable to 51V or 455c, but it is generally difficult to say whether lines without hfs belong to Ti, 
Cr, Fe or Ni (or Zn). One centre discussed below, W36, which was originally associated with B, because of the four 
line hfs attributed to ' 'B,32 may to be due to Cu.33 A centre discussed below (KUL7) with a six-line hfs has been 
attributed to 55Mn.34 

3. SITES OF 3d IONS 

Three types of site have been associated with 3d ions, all exemplified by nickel: (a) a substitutional site with Td 
symmetry (Ni, 3d7, W8 EPR and probably 2.5 1 eV ZPL 36); (b) an interstitial site with Td symmetry (Ni, 3d9, 
NIRTM-l EPR)'9; (subscript i has been used to indicate the Td interstitial site); (c) a semi-vacancy site with D3d 
symmetry (NE4 EPR, possibly 3d5)37; (subscript sv has been used to indicate the semi-vacancy site, where the 
metal ion is situated at the centre of a nearest neighbour di-vacancy, alternatively written (C3VNiVC3j to indicate the 
six ligands. In this site the metal ion is covalently bonded with these six, approximately octahedrally positioned ligands 
at 0.18 nm.). Other sites of lower symmetry may be formed by association of these basic sites with other point defects, 
most probably N, (which is very common in tliamond) and V (the symbol here used for the vacancy, as vanadium has 
never been found in diamond). The semi-vacancy site itself is an association of Ni and V, in which the site of Ni has 
been readjusted. Also, the semi-vacancy site is observed with from 1 — 4 ligands replaced by N (indicated by 14N ligand 
M's) (EPR defects NE1-3, 5, 8, 9), most having the 3d7, S = '/2, configuration.38'39 

W8 and NIRIM-1 are found in as-grown synthetic diamond grown in nickel-containing solvent catalyst, but post- 
growth annealing is usually required to form NE1-8 from samples containing W8.37 The assignment of these EPR 
defects to nickel is indicated by their mode of production by annealing of synthetic diamonds containing Ni, which 
produces a decrease in the concentration of W8 while that of NE1-4 rises, suggesting the conversion from the 
substitutional to the semi-vacancy site. This indicates that substitutional nickel can create carbon interstitials and 
vacancies at the appropriate temperature through the reactions °: 

Ni = NE4 + C NE4 = Ni + V. 
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Both C1 and V are mobile above about 750 ' and 900 K 42 
respectively. Nitrogen is also mobile above — 1800 K, in the 

presence of transition metals or V,43 so there is a tendency for N to aggregate with other N, with V and with Ni. Hence, 
the temperature of growth, and subsequent thermal history, influences the centres present. The take-up of Ni and Co has 
been found to be dependent upon the growth sector, being almost exclusively in { 1 1 1 } •2 j most diamonds as-grown, 
the nitrogen content is in the form of N, but after annneal at high enough temperature much of it is in the form of A- 
centres. Exceptionally, some aggregation may occur during growth. The relative concentration of A-centres and N, is a 
good indication ofthe degree of aggregation. 

The identification ofNi and the semi-vacancy sites NE1-9 are clear from hfs ofneighbouring atoms. That NIRIM-2 
is Ni1 with a perturbing defect along <1 1 1> is indicated by analysis of fme structure and g-values of ground and 
excited states.44 The identification of NIRIM-1 as Ni1 at a Td site is much less certain. Computed hfs parameters 

' for 

neighbouring atoms, suggest that lack of observable hfs favours NiF over Ni (3d5). Also the positive sign of ög 
favours Ni but its magnitude (-4XIA) is much smaller than one would expect for values of X and similar to those 
appropriate to NIRIM-2 (see section 4). 

For many years it was thought that nickel was not present in natural diamond: W8 was first observed in synthetic 
diamond,46 and was tentatively attributed to nickel as it appeared only in diamonds grown from nickel-containing 
solvent catalyst. However W8 and its derivatives NE1 -3 , have subsequently been found in natural diamonds from 
Yakutia and Argyle.38'47'48 These diamonds exhibit other EPR centres, which may also be related to nickel. 

It is not clear whether Ni, and Ni, are simultaneously present in the same diamond, because both Ni°, 3d6, and Ni10, 
3d'°, are EPR inactive. For Ni, to become EPR observable as Ni, requires donor NS,49 whereas for Ni1 to become EPR 
observable as requires an acceptor B, 19 so that these conditions are mutually exclusive. That Ni and Ni have 
sometimes been observed in the same specimen may be due to inhomogeneity. Theoretical calculations of the stability 
ofNi1 and Ni, in various charge states have shown a dependence upon the Fermi level.45 

4. THE CRYSTAL FIELD 

EPR of 3d ions at sites of Td symmetry in silicon, both substitutional and interstitial, has shown that the crystal field 
acting on the 3d ion at a substitutional site is dominated by the four tetrahedrally placed ligands, but that at the 
interstitial site has the opposite sign, being dominated by the six octahedrally placed next nearest neighbours (nnn), and 
at both types of site the crystal field is smaller than the internal spin-spin exchange, so that Hund's rules apply.9 
Although the latter is true for the range of atoms observed, the general applicability of Hund's rules has been 
contradicted by computation using self-consistent linear muffm-tin-orbitals (LMTO) Greens functions for Td sites of all 

possible charge states,5° which indicate low-spin ground states for interstitial ions at the low-Z end and for 
substitutional ions at the high-Z end. The situation in diamond, where the much smaller lattice constant should make the 
crystal field much larger, is unclear because the known examples of substitutional and interstitial sites are 3d7 to 3d9, 
where the resultant spin is the same in both limits. Nickel, and probably cobalt, can occur in the semi-vacancy site. 
Nickel at this site appears mainly to correspond to 3d7 (or possibly 3d5 for NE4) with S = V2,38 so even for these sites 
with ligands at 0. 18 am the crystal field dominates exchange. So, one would expect this also to be so for the covalently 
bonded substitutional site where the four tetrahedrally placed ligands lie at 0.154 urn. The crystal field for the interstitial 
site is complicated by the lack of covalent bonding with the tetragonally situated nearest neighbours (an) and the 

opposing contribution from octahedrally placed nnn: the latter can dominate because of direct overlap with the e- 
orbitals. 

Several, ab initio, computational techniques have been applied to calculate the stability, electronic state, local 
distortion and local phonon modes for point defects in diamond (local density functional (LDF) technique, applied to a 
cluster of C atoms around and centred on the impurity, or using a supercell method; or Green's function 51 

52) LDF calculations for nickel and cobalt (and neighbouring 3d-atoms) suggest that all the sites (substitutional, 
interstitial and semi-vacancy) have crystal fields which dominate internal spin-spin exchange;53'54 but cluster 
calculations give different results for some preserving the Td symmetry and some predicting a trigonal 
distortion.53' 56 

There is no hard experimental evidence. In principle, it could be provided by 3d6. Apparently Ni°, 3d6, is not 
observed by EPR, although it is known to be present because X-irradiation can stimulate the reaction Ni° + N° = 
Ni + leading to an equal rise and fall in the concentrations detected by EPR of Ni (W8 EPR35) and N° (P1 
EPR"), respectively.49 Cog, 3d6, is not observed either, although by analogy with nickel one might expect Co to be 
present in as-grown type Tb diamond. 3d6 would be, for high spin e3t23, 5E; and for low spin e4t22, 3T2, J' = 2. In 
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principle, EPR could be observed in either, but strong J-T effects on 5E leave a system like Cr2 in MgO, observed only 
by acoustic resonance;57 and a combination of J-T effects and rapid spin-lattice relaxation might make the EPR of 3T2 
too wide to observe. 

Any sustitutional defect with S > 3/2 would be a counter-indication. There are two such possibilities. One is the 
EPR defect W44, with S 5/2, with very weak orthorhombic symmetry, which has been attributed to 3d5 at a distorted 
substitutional site,58 but it is not yet clear that the site is 3d-related. Only two EPR defects with S = 2 have been 
observed in diamond. One is the optically excited 5A2 state of the neutral vacancy, V°, with g = 2.0033 The other is 
the EPR centre W1O 60 which is trigonal, with S 2, and has been attributed to 3d6 (Cr°), but we show below that this is 
not correct. So, although these two examples leave a possibility of doubt, the likelihood is that at least for the 
substitutional and semi-vacancy sites the crystal field dominates inter-electron exchange. 

There is an EPR defect El, observed in powders of synthetic diamond grown from solvent catalysts containing 
cobalt, which has been attributed to Co12 

61 This centre has not been observed subsequently in any other synthetic 
diamond, so there must be a question about its authenticity. However, it remains an intriguing result, which needs 

explanation or refutation. If the attribution were correct, the g-values (g11 
'- g1 4.33) corresponds to 3d7, t25e2, 3T1 

(J' = 
'/2), which is the "high spin" state, showing that at least for the interstitial site internal exchange is larger than the 

crystal field. 

A relevant discussion is given of a ZPL attributed to W10, 5d6, in CVD diamond.62 In ionic salts, the 4d and 5d 
groups are examples of "low spin" states, in contrast to the usual "high spin" states for the 3d 16 

contrast, the 
data for W1° in diamond requires a high spin state ground state, t24e2, 5T2. A 5-line multiplet structure of the ZPL arises 
from splittings in the ground state indicating a quenched spin-orbit coupling and a motional averaging between 

tetragonally J-T distorted states. This contrasts with interstitial 3d6 in silicon,9 where the J-T effect is presumably 
weaker and so leaves J' as a good quantum number, but with significantly reduced effective spin-orbit coupling and 
almost completely quenches the orbital contribution to the g-values. The attribution ofthe ZPL to tungsten was because 
exposure to it was the common factor in all specimens, in which it was observed: the attribution to tungsten is supported 
by the frequency WR ofthe quasi-local vibration.8 However, tungsten seems a remarkably large atom to be incorporated 
interstitially in diamond, it is also surprising that a Sd atom corresponds to "high spin" coupling: it may indicate 
association with vacancies. Other heavy ions [Ta and Tl] have been implanted to produce optical centres.8 

Another unknown in diamond is the nature of the bonding and anti-bonding orbitals between 3d ions and the 

ligands. At an interstitial site, no bonds are formed between the 3d ion and its neighbours, but in a substitutional site or 
a semi-vacancy site, four or six covalent bonds respectively are formed with the ligands. Orbitals of particular 
symmetry on the 3d atom are admixed with linear combinations of the surrounding ligand orbitals with the same 

symmetry. In most compounds of 3d atoms, the ligand orbitals are more tightly bound than the 3d orbitals, so the full 

bonding orbitals are primarily located on the ligands, and partially filled anti-bonding orbitals are primarily located on 
the 3d atom In contrast, in silicon, the 3d orbitals are more tightly bound than the dangling orbitals of the 

surroundings, so the available electrons tend to fill the 3d orbitals, leaving the unpaired electrons primarily on the 

ligands. This leads to the so-called "vacancy model" where the nature of the 3d atom is relatively unimportant, and 

merely acts as a sink for ten 3d electrons.63 The properties of the defect are similar to those of the vacancy with the 
residual number of electrons. An alternative model proposed by Ludwig and Woodbury (L-W)9 is analogous to the 
situation in salts: electrons are transferred from the 3d ion to fill the dangling bonds, equivalent to filling bonding 
orbitals primarily on the ligands, and the residue are regarded as associated with the 3d ion. These models are the 
extremes between which the true situation lies. In addition to affecting the energy ordering of the resultant molecular 
orbitals, the vacancy model increases the ligand hfs and decreases the spin-orbit coupling parameters for the unpaired 
electrons. It is not clear whether diamond is like silicon, LDF theory again gives different results; Ref.[5 1] suggests that 
the binding energy of the 3d electrons becomes higher towards the heavy end of the group, favouring the L-W model, 
but Ref.[54] confirms the vacancy model for Ni. 

For Ni in diamond, two observed features suggest that the vacancy model may be appropriate: (a) ligand hfs for nn 
and nnn '3C atoms correspond to about 40 % of the electron spin density,35 and the 61Ni hfs corresponds to 25-40 % of 
the electron spin density 

° 
(LDF theory of Ref.[54] predicts 21%), (b) the spin-orbit coupling parameter deduced from 

Ag ofthe ground state, corresponds to ? - 9.3 meV, much closer to the value for carbon (-6 meV) 64 than that of nickel 

(-60 
16 In contrast, the analysis of the EPR of NIRIM-2 and the optical ZPL at 1.404 eV,44 although not 

completely satisfactory in the context of a pure 3d9 configuration, appears to suggest a value of X - 56 meV for the 
interstitial site. 

In silicon, the EPR g-values for high symmetry interstitial sites of 3d6 and 3d7 show a J-T effect via a reduction in 
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the orbital contribution;65 but such sites do not occur in diamond. In diamond, for Ni, 3d7 in Td symmetry, the ground 
state (4A2) is not affected by the J-T effect, but the triplet (4T2) state at 2.5 1 eV shows very small fine structure.66 The 

spin-orbit coupling appears to be quenched by a factor of 0.04. For 3d9, the 2E ground state appears to undergo a 
J-T distortion to rhombic symmetry at very low temperatures, but is motionally averaged at higher temperatures. 

19 

5. OTHER POSSIBLY NICKEL-RELATED SITES 
The NE1-3,5,8 sites are of low symmetry, C2 or C1; but, there are also many sites in diamond, probably nickel- 

related, which are of quite high symmetry. The principal signature is that they occur mostly in synthetic samples grown 
from nickel-containing solvent catalyst, and they have positive mean Ag. Defmitive models for these sites have not been 
established. There are upwards of2O EPR and 40 optical defects, which may be nickel-related. 

Table 1. EPR centres in diamond which may be nickel-related. 

Centre(S) 
D (GHz) 

Sym. g1 g2,g3 av g11 
- gj av g [No. NI 

z\v 
model Ref 

W8s(3/2) Cub. 2.0319 2.0319 0 0.0296 1.8 Ni 35 
NIRIM-1 Cub. 2.0112 2.0112 0 0.0089 45 Ni 19 

ME1(3/2) Cub. 2.02 2.02 0 0.0177 50(a) 48 
W3V' Cub? 2.0020 2.0025 2.0023 -0.0005 0 0.8 ?Ni 67 

NIRIM-2 Trig. 2.3285 0 60 Nit X 19 
Pal Trig. 2.25 0 110 68 
AB1 Trig. 2.0024 2.0920 2.0621 -0.0868 0.0598 5 69 
AB2 Trig. 2.0072 2.0672 2.0472 -0.0600 0.0448 5 69 
AB5(l) 
31.72 

Trig. 2.037 2.022 2.027 0.015 0.0247 200 (Ni-N) 70 

NE4 Trig. 2.0227 2.0988 2.0734 -0.0761 0.0711 3 (C3VNiVC3) 37 

NE9 Trig. 2.0921 2.1705 2.1444 -0.0784 0.1421 [3] (C3VNi\TN3)° 71 

NOL1(l) 
171 

Trig. 2.0235 2.002 2.0092 0.0215 0.0069 [1 B] N12- B 72 

Rol Tetr. 2.0151 2.2113 2.1456 -0.1962 0.1433 8 47 

AB3 Orth. 2.1105 2.0663 
2.0181 

2.0650 0.0624* 0.0627 5 69 

AB4 Orth. 2.0220 2.0094 

2.0084 

2.0133 0.0166* 0.0110 5 69 

NE6 Orth. 2.0109 2.0207 

1.995 

2.0088 0.0030* 0.0065 5 37 

AB7 Orth. 1.9910 2.0078 

2.0046 

2.0011 0.0l52* -0.0012 28 

NE1S Mon. 2.1282 2.007 

2.0908 

2.075 0.1212* 0.0727 121 (C2NVNiVNC2) 37 

NE3 Mon. 2.0729 2.0085 

2.0476 

2.043 0.0644* 0.0407 [3] (C2NVNiVN2C)° 37 

NE5 Mon. 2.0903 2.039 
2.0044 

2.0446 0.0859* 0.0423 121 (C3VNiVN2C) 37,38 

NE8 Mon. 2.0439 2,1772 
2.0846 

2.1019 0.1333* 0.0996 [4] (CN2VNiVN2C) 37,38 

NE2S Tric. 2.1301 2.0100 

2.0931 

2.0777 0.1201* 0.0754 131 (C2NVNiVN2C)° 37 

AB6 Tric. 2.0742 2.0244 
2.0185 

2.0309 0.0528* 0.0367 28 

NE7 ? >2 111 (C3VNiVNC2)2 37,38 

av (g1+g2+g3)/3. 
* indicates average of g2 and g3. S '/2, if not stated otherwise. No. N corresponds to resolved hfs; Av is line 

width in MHz when there is no resolved hfs. Most spectra occur in synthetic diamonds. S indicates sometimes in natural diamonds. 
n indicates only in natural diamonds. (a) '4N ENDOR has been observed on this line (see text). 
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Table 2. Zero phonon lines related to 3d transition metals. 

Energy (eV) method Symm. trans. EPR 
centre 

model 
comment 
anneal 

temp (K) 

Reference 

iT 1.249' C o-i' Ti---Ti I 1700 8, 74 

-- 1.673' C 2Cr I 1100 8 i 
— 

i.4OO8*{2.7} P,C,A Tr E-A1 NIRIM2 Ni(a) lowN 68,75 
1 .883 A Rh-I A1 - B1 ? Ni-N high N 75 

2.5 1 A Td 4A2 -4T2 W8* Ni high N 75 — 

— 

2.534<2.597, 3.142> 

2.595, 2.623, 2.634* 
3.38-3.62 (S2) 

P,A 

A 

NE2 (C2NNiN2C)° 
C1 symmetry 

high N 
2200 

76 

'' 
2.495<2.621, 2.618, 
2.468>,2.621* (S3) 

P NE1 (C2NNiNC2) high N 
2200 

76 

— 
2.369<2.591> 
2.582 

P,A NE3 (C2NNiN2C)° 
Clhsymmetry 

high N 
2200 

76 

— 
1.563<1.562, 3.219> P,C,A NE8 (CN2NiN2C) highN 

2200 
78 79 

— 
2.5587{l.5,3.l,4.7}e C ODMR 2Ni 8,75,80,8 

— 
— 

3.065{1l} A 2Ni 8 

1.06 MCDA Tr Pal 68 

1.72, 1.75 MCDA Tr AB1(b) 68 

— 2.292' C 2Ni 1900 8 

1.83, 1.92, 2.02, 2.1, 
2.2(f) 

P correlated 
KUL1 

CVD 82 

C 2.3666{l1.8, 18.4}e 

<3.085, cont 4.45> 
P,C Tr E-A1 ?Co-N' highN 

2100 
8,22,83, 

84 

2. 1 35 {5 } C M-I ? 04 (C3CoC2N) 78, 83 

1.989 P 2Co 8, 83 

2.2771{6.0, 13.6}e 
<3.004, 3.673,cont 4.3> 

p Co+N 8,83,84 

ii 2.393' C 2Zn I 1100 8 

P indicates photoluminescence, C cathodoluminescence, A absorption, MCDA magnetic circular dichroism absorption; sometimes 
observed in natural type lb diamonds; 

' 
produced by implantation; 

" deduced from WR ofphonon replica; { } denotes a multiplet with 

energy above the lowest state in meV, superscript 
e denotes that the splitting is in the excited state; <> denotes PL excitation energy, 

with excitation to the continuum marked cont. (a) Relaxed along <1 1 1>; (b) this was attributed to NE4 but the g-values are much 
closer to those of the more recently discovered AB 1 ; (f) fine structure - 9 meV on all lines. 

Other ZPL for 
Ni in low N diamonds 2.2OlA 2.268A 1.21 148 {1.79, 4.06, 6.05, 7.7, 14.0, 16.5, 20.3)" A 85 

{this has been attributed to 
another charge state of the 1 .004 eV ZPL 85} 2.971 P 86 

Ni in high N diamonds as-grown at 1600 K [1.534, 1.715 {47}e, 1.769, 1.950, 2.136, 2.407, 2.4611 P 78 

Ni in high N diamonds after anneal 1950-2200 K 1.659 <2.428> PC 78,79 1.693 AC 87 1.704 <2.403> PC 78,79 1.826 P 78 
1.939{ 13) 

AP 78 2.071 <2.298> P 77,78 [2.156, 2.268, 2.306, 2.468, 2.4811 P 
Ni in high N diamonds after anneal > 2200 K 2.654 AP 86, 1.660 <2.427> CP 1,646 <1.929, 2.750> P 77,78 [1737 1.770] P 78 

Co in high N diamonds after anneal > 1 800-21 00 K 1 .363 A 1 .852 A 8,78 .9835 {3. 1 ,7. 1 } PC 83 2.207 {4} PC 79,83 2.590 P 83 

[2.379, 2.385, 2.556, 2.8891 C 88 

Further references and comments for these centres and others are given by Zaitsev and Field 88 

Table 1 lists these EPR sites. There is too little certainty to make detailed comment about all of them. In those with 
cubic symmetry, the inclusion of W3 1 is perhaps provocative, as its 4-line his has been attributed to 33S on the basis of 
their intensity relative to the line for even isotopes,67 but its acceptor-like properties are strangely at odds with the 
assignment to S, in contrast perhaps to Ni1, 3d'°4s. However, one theoretical computation predicts that this 
configuration is unstable.45 It is unfortunate that the large line width of NIRIM-l prevents its definite identification as a 
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Td interstitial site by 13C hfs. 13C matrix ENDOR has been observed over the full width of the very wide line of MEl, 
suggesting that it is a genuine point defect. '4N ENDOR has also been observed for a single N atom suggested to be a0 

distant along <100> from the unpaired electron (S = 3/2, A11 
= 1.336 MHz and P11 

= 92 kHz),48 but a somewhat 

unconvincing case is made to reconcile several conflicting properties of this defect. 

Table 2 lists the principal ZPL. It is not a complete list; some others are included in Zaitsev's catalogue,73 but it 
indicates the very large number of different sites. Most ZPL appear to be associated with the low-symmetry semi- 

vacancy-related sites. They fall into four groups in diamond (a) as-grown with getters to keep the N content low, (b) as- 

grown without getters, so with high N content, (c) those with high N content modestly annealed between 1950-2200 K, 
and (d) those with high N content annealed above 2200 K. Those in group (b) decrease as those in group (c) increase, 
and these in turn decrease as those in group (d) anneal in. These processes appear to correspond to the gradual 
migration of N towards, and attachment to, the 3d ion in a semi-vacancy site. Those in group (c) which anneal in and 
out again before sites NE 1 -3 (which are known to involve 2 and 3 N ligands) anneal in, may be due to semi-vacancy 
sites with just one N ligand.38 As these are not observed in EPR, it is assumed that they must de diamagnetic (3d6) in 
the ground state. NE7 may correspond to a charge transfer state of one of these defects.38 

The ZPL at 2.65 eV gives ODMR spectra characteristic of the ground states of both N,° and Ni. Ni, appears to be 
correlated with the fine structure, while N,° is associated with a broader lower energy luminescence. So, the 
luminescence seems to arise from two overlapping bands, but the mechanism involved in the nickel-related band is not 

yet understood. ODMR68 shows that NIRIM-2 ' is associated with the 1 .404 eV ZPL and that, in spite of very similar 

g-values, it is a separate defect from Pal. 

A remarkable feature of Table 1 is the large number of different sites with relatively high symmetry. Particularly 
intriguing is the large number of trigonal sites, as hole-like trigonal sites largely correspond to holes in the e-orbitals, 
which are not affected in first order by either spin-orbit coupling or a trigonal crystal 

16 
Eq (1) is the general spin 

hamiltoman for trigonal EPR centres 

H = 
g111BSZBZ + gJLB(SXBX + SB) + D[S2 - (l/3)S(S+l)], (1) 

where only the first two terms are required for the majority of the centres which have S = '/2, but the third term is 
required for centres with S > V2. Of the trigonal centres, NIRIM-2 and Pal have the properties one would expect, as the 
degeneracy of the e-orbitals is split by the combined effect of the trigonal crystal field and spin-orbit coupling, leading 
to a very small or zero g1. The departure from g1 0 is due to admixture of a1-orbital, and for that to be large, as it is 
for many of the trigonal sites, requires the a1 level to be very close to that of e. For example, one can account for the 
properties ofNE4 in terms of 3d5, t25, at a semi-vacancy site (as one can for the similar low-symmetry site of 04, which 
is cobalt related 30), but that requires a very small trigonal splitting of the T2 state. In contrast, LDF theory predicts a 
configuration a12e3 whose g-values ought to be similar to NIRIM-2 (but for Cu° it predicts a1e4). 

If the trigonal component of the crystal field is small enough, one might expect (as for cubic symmetry) that the site 
would be subject to a J-T distortion of tetragonal or lower symmetry, which would separate the e-orbitals. The EPR line 
shape of NIRIM- 1 , and its temperature dependence, does suggest that there is J-T distortion at very low temperature, 
which is motionally averaged at higher tu19 If a similar motional averaging occurred in sites where symmetry 
had been lowered from trigonal by J-T distortion, it might average only those sites distorted from a specific <111> 
direction, and so lead to an apparently trigonal site. 

Another way to produce a trigonal site of apparently S = V2 is to place 3d7, S 3/2, in a trigonal crystal field which is 
strong enough to give a fine structure parameter D >> hv, where v is the microwave frequency. For M V2 lower, 
gff in S = V2 formalism would be changed from the true value of g1 by an amount dependent upon DIhv; but 
asymptotic to 2g1 for D >> hv, so relatively easily recogmsable. For M = 3/2 lower, for which the transition has to be 
AM = 3, the intensity would be zero for B parallel to the axis, but with increasing signal strength towards B 
perpendicular to the axis. The value of g1 would be small, and also dependent upon v, and 

g11 
would be close to 6.89 

The trigonal EPR centre AB5 is an analogous site of 3d8, S = 1 , except that as D = 3 1 .72(2) GHz measurements at v 
_ 35 GHz showed both AM 1 and AM = 2 transitions.7° As this centre was found in diamond with high concentration 
of N (- 90 ppm), it has been attributed to (Ni - NJ, with a line width too great for the hfs of '4N to be resolved 
(though a trigonally distorted site of Ni2 cannot be ruled out). The newly discovered EPR centre NOL1 72 is another 
site of this type for 3d8, S = 1, with D>>hv (D 5.7 cm), where only the AM = 2 transitions are observed. As this 
centre also occurs in synthetic diamonds grown from nickel solvent catalyst, but with nitrogen getters leaving its boron 
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content uncompensated, and in addition it exhibits a 4 line hfs, it has been attributed to (Ni1"B) •72 NOL1 is similar to 

Fe10 B in silicon,90 but since there was no iron in the solvent catalyst it has been attributed to the nickel analogue. 

Other sites, which are difficult to model, are those with D2d (Rol) or near D2d (AB4) symmetry. A <100> split- 
interstuitial is unlikely for a 3d ion. A substitutional site would require 2 neighbours (most likely N) incorporated at 

a0 along <100> or 4 at (I'/2)a0 along <1 10> and <ljO>, both unlikely. A Td interstitial site requires 2 nnn at Y2a0 

along <100> or 4 nnn at Y2a0 along <010> and <001>. The hfs predicted by LDF theory for '3C at such a mm site,54 

extrapolated to the g value of '4N, would lie within the observed line width. As AB4 is C2, (only nearly D2d) it might 

correspond to one N, neighbour of Ni1. 
It is curious that a different set of EPR sites appears to occur in crystals grown by Feigelson (the NE1-9 centres) and 

at NIRIM (the AB1 - 5 centres); the growth temperatures of the latter are only slightly higher. There are not yet 
models for AB 1- 4, but they do not seem to be related to a semi-vacancy site. 

6. COBALT-RELATED SITES 

Table 2 lists a number of optical centres, all observed in luminescence except for one weak absorption, which are 
observed only in diamonds grown with cobalt solvent catalyst.83 As 59Co is 100% abundant, the involvement of Co is 
not detectable by an isotope structure. Only one of the centres (1.985 eV) is observed in as-grown diamonds. The 
remainder appear only after anneal above the temperature at which N becomes mobile, and most N is in the form of A- 
centres, so are likely to be cobalt-nitrogen complexes; and they have been shown to correspond to different defects. As 
for nickel, these appear almost exclusively in { 1 1 1 } growth sectors. Their concentration is much lower than that for 
nickel complexes found under the same conditions. One optical ZPL has been shown by stress measurements to 

correspond to a trigonal site,9° and LFD 91 
suggests that it corresponds to (Co, - N,)°, 3d6, a12e2, S 0. 

Only the EPR centre 04 is proven to be cobalt related by its 59Co hfs ' (there is also another similar, as yet 
unidentified, site in the same diamond with similar hfs).92 04 has C2h or Clh symmetry with g-values like 3d5 in a 
distorted octahedral crystal 

16 has been proposed to be Co2, with one N,F ligand to lower the symmetry and 

give the large line width through unresolved '4N hfs. The parameters for 04 (and for other EPR centres discussed 

below) are listed in table 3. It is possible but not proven, that the ZPL at 2.135 eV, which has monoclimc I symmetry, 
corresponds to 04. 

Table 3. Panimeters for EPR centres discussed in the text which are not Ni-related. 

EPR 
centre 

Diamond 

type 

S g-value D (MHz) other factors symm 
. 

model Ref. 

04 synth. lb 1/2 1 .8438 
1.7045 
2.3463 

C2h or 
Clh 

(C3VCoVC2N) 31 

Wl5 lb 1 

1 

2.0028 2874 I = l, A, = 2.2 

A=0.07,P =-5.04 
C3 (N-V) 93 

W36 nat. lIb 2.002 155.4 I 3/2k, A 6.9 

A=0.9,P =-5.4 
Trig ? Cu-related 32,33 

W32 nat. lib 1 2.002 204.9 Trig see text 32 
R4/W6 Ila 1 2.002* 390* Trig* (V-V)0 94 
w10 nat. Ila 

brown 
2 2.001 154.4 Trig see text 60 

W44 nat. Ia 5/2 2.0025 62 <1 10> 
-56 
-6<001> 

C2 ? 3d5 58 

KUL7 powder 1 '-2 I = 5/2 
A= 118 

Mn-related 34 

* Parameters for 440K where C2h symmetry approximates to axial about <1 1 1>. + Additional terms in the spin hamiltonian for Wi 5 and W36 A,(SI) + A(3SI - SI) + P[i2 - (1/3)1(1+1)]; A,, A and P in MHz. 

7. OTHER POSSIBLY 3d-RELATED SITES 

An EPR centre (KUL7) with S = 1 and a six-line hfs, corresponding to an isotope with 100% natural abundance with 

Proc. SPIE Vol. 4766114

Downloaded from SPIE Digital Library on 21 Oct 2009 to 159.226.100.225. Terms of Use:  http://spiedl.org/terms



IOUtO1A oq Jo osn oq çIJOUO U! OSOID £IOA sos o = s pu j s SOA! 03 q M uiwjdoi nq 'suoiioojo jo ioqmnu 
oIus .ioj suoipjnopo 1I!m!S 'JAOMOH jçO S OS pUflOJ 1 A! qO!qM 'O!S Siq JOJ SUO1flO13O Q'J JO 

UOUOipJd oq qM uomoosp u 'Spj 9M J0 jojou '0(ZA) u '01p '0!N oq pjflOO qo!qM 'pUOW1!p qjj 
odX U! UflOJ osj '(E: ojq oos) sjq flOq!M nq o sioiui.ud .njpus I(!OA q2M OOJOP adI U S OJqJ 

8-LEIN .'OJ pOSfl s1 odiooi i rnMOjIOJ 

pUOIut!p OIjUXS 111 O!S Sq O ojqissod oq pjnoqs ! 'os XOU1OtA-!UJOS n s ! J! SpUOWip 
qjj odA p.rniiu owos u UflOJ I1UOO OJ1J 1 S! 9PA uo!jnods s! uo!oJ!uop! S!qJ puowl3!p qii od u siodow 
Sq o JOJSU1I oarnqo UIOJJ S!J1 PIflOM DJOp OI JO OS J1qO OA!!SOd oqj jopow XoU1wA oq qi pJos!suoo osp Si 
v jjrnus oq puii '( ojqi s) JO 11j O JjiWiS Si '0(ZA) s pjiuopi 'çpy>j oiuoo >jdj oJ a Jo 

oq ois /OU1D1A-JWOS OIj UI SIJ OfljM !N uq JOjjUS Si fl3 0(ZA) ui 0p pj S! °°J°P °'P 'P OS 'jqoiddi 
S! jOjOW O1j 1Ij popiAoJd tops IOUIOA-IWOS U o puodsauoo pjnoo O!S oq psons 

uooq siq I sjwijgd poosqo oq q2iM ooJop poo.i-j juou (jdmis soj ) jopoiu o oqissodwi siuoos 
I A - 1 O pOjOJ oq ouuo SMOIjS SHj :zJJAJ tL8 Si JOU1I j2 JOJ U JO OfljA Oq nq '( jqi os) (A - 

oq o UMOUI Si 0M 'j S qM 'çJ/ OOJjD )1dEI °P U! N1 J0 OSOq XjOSOO pnb qopm sjooiugiid oo.ap JOUJJOJ OqJ 
(zj,j O 1) U IPWS 1 jU dy pj sV sioowiuid ougiodiq jpi.us 'd iooiuiiid ojodiupinb !IoA!IoJ 1 JI SOJflJ 
ojqiou ioqo oqj jiu uoipsuiij i uiq .iqii 'jrnpsiou! ui io XoU1o1A i qp pornoossi OOJOp JO OAUSOflS '( 

oIq2 os) IIrnuS c1oA S OSj1 9M ZE1 = sq 'H11 'odo2os! U1UflUO oq osniooq pui 'puowp qjj odX u UflOJ 
S! ! osnooq qoq ooJop po2pJ-uoJoq i o ponqii uooq siq '/ i pui j S q!M '9 ooJOp IdI IU0!14 O1jJ 

OfljA U IUO!I II1IuS £IOA 1 pui = S 

qIM 0!S 1 IOJ jOpOU.I I OS!Ap O jflOIJJip OSj1 Si i nq 'jm UOiiSU1fl OAjOAUI SOOp ØJ/ P I° Ou Si fl 66O 
JflOJ JO UOWU1JJ1 1 U1AJOAUI PS O&i1IS pui 6 

IuOJJ UO1JJ!P £IOA si OnpA- oq /oiouoop jiqio 
JO osntiooq OJOqM 0!S j2iS1OU Pj 9p z = S IM OiW Xuo oiti aioq 0104M uooqis wo.Lj sonjo jndjoq 
OU OJ1 oioqj JOJ ojoq posns jopom oq o .ujiius si s!q nq U Jo OfljA oAwu1dmoo i .IOJ wo p.iuoo 

1 flO4iM (zA) o jqinquw pousqo uooq sq dEI ou nq) s os jopow IOUIOA i JOJ (zA) 
o!S t JO OJUOO 3 '01p '+'Z (q) ,uotiosip j1UOLt MO4S pnoqs I4M nq) ZVç omoooq 
sq ppow oq JO OS pUflOJ Oq 1O1qM .IOJ 0A JO O4UOO Oq 01p O)j qoq qTW +'Z juo!n4Usqns 
(ii) :EC UOU3IAUOO qoflifi flO4iM pOSOflS uooq OAj soipiqissod oj noq suommoo oAuon.tsuoo 

o)I13Iu O I°'JJ!P 0101U qonm Si J •O1i JO UOU1O1d.IUT iuo oq uo qnop sso s!s1Iu jioiiio siq 96(1uJo 60 
d) 9p '+zod JOJ iq o JI!m!S opn!Urnu 1 A1q o podxo si d pui '(,i,'+d) — U sojrnu qo!qM '[j] (d iooiuiid) 

uO!og1u! uids-uids moij U o uoinquuoo soioui i s 'pJ s U JO OflIA o uipo ss/pu siq 
'JOAOMOH poqounb cjqq Si WflWOIUOW .UIfluI oq UMOqS 'jjUS £IOA si poinsom oqj >ij — U 

— O SplO oqj 17 >> N S1 'SoU!wOp ojqnop JOMOj O1 UM OJflXUp1 O1jJ SOS pOiOXO OM2 OI SOXHII uijdnoo 
iqio-uids nq 'poqouonb S! wnuowoui ijnu j13iqJo oqj çi Aiouo iqiq oqnop ioqoui pu 'pjog 

oq JO uouodwoo puou oq Jo ipio oq Jo 'j Xiuo ojqnop 'is punoi juis orn ppj is'(o oq q !IdS Si qOIqM oS Uç O spuodsauoo suoxoop 9 JO WOSS oqj 'sos o JO sd OM ioddn oq Jo iouidnooo 
oIu!S pui s SMOj poidnooo Xjqnop i SOAOJ qoiqM pjoj ps(io oq o uouodmoo puou uois ipiM o!S 

' ('ij) 9p: o p°Uq!m uooq sq Ø9( ojqi oos) U UiU!IdS ainonis oug jjus £IOA i pu oiuws puouj 
' = S JORjM 'pUOIu1!p uoiq 1ii pinu ui UflOJ 'Øjj OJUO JdJ °I AOq POUOUUOTII OSjI OAq Oj 

XjSflO!JOS çP O sq ouo jfl1JO Xq 'OOUH 

6zic = S !M OS poiox /qJiu i OA4 ou sop pui '[961 zi = s uoi.injuoo siq oduixo JOJ 'A '/oUIoA 
AI31OU Op SUO.LIOjO po.rndun OAIJ sio qM atuoo oiqno /jJU iu JOJ ppow onisuoo o I°'JJ!P "OA s 

! nq 'pojoi poiu uosuiu s UOAOJd ou s! U jjrnns £IOA oq OA! O qnouo jjrnus uoo.io2u odoiosu 
oq o/ pu 'pojndod ou oq o zs + 's oJ nou oiij oq pnot o&uqoxo oidanos! XION!Iun S! ! 
nq 6'uooffls UI +!odsIV0!od O JIP!S '(+z!!N) i = ZS Pt1 (S) zi: = 'S SUOfl1TSUOO pojdnoo qp 0!S 

1 oq pjnoo ! 'oId!ou!Jd UI ,jis1co O!UO! /U .IOJ pOpJ000J Uq JjjWS pfl!Um JO JJO U1 SOj P U iunud 
oJflpnJS UIJ g o pio jflOM Uou3qJnlJd jjrnns £IOA qM nq 'o!s jrnusoui U /jqqoid 'çP O puodsolloo 

2SflIU ! SUOJOjO o onp S! Sq2 JI •( ojq oos) UO!JO2S!P oiqmoqJoqio iius £IOA qUM 'ous °!q° sowp ui 
zic = S q1M 'pUOUI1!p I 'pUJOJOp í'jjio!sijd 'pinu u UflOJ 'jj'/ JUOO .JdJ Aoqi pOUOUUOIII A1q 

is1ciio WOAIOS UJAJ-IN UM /jUO U11OJ 

S! nq 'pj jUM UMO1 SPUOW1!P U UflOJ OU ! L1fDI pOUflO3Sp 'j 'odoos! OAUJOj 'PIH ijUO OqJ SijO 
UOAjOS OSUU1IU UJOJJ UMOJ sjisXio IU!S IHdH U! UflOJ uoq sq 021S P!OJ-UTJ\I OU S1 'uisuthns Si S! 8p 'uj, .io 'pE '5uj, iq o ponquw UOOq siq pU 'SUOU!su1ll 

= 
JApç7 si siopMod dIH rn poiosqo uoq sq '/ç = 

Proc. SPIE Vol. 4766 115

Downloaded from SPIE Digital Library on 21 Oct 2009 to 159.226.100.225. Terms of Use:  http://spiedl.org/terms



model for W32 contrasts with the properties of NE4, suggested to be Ni°, 3d'°, in (V2), which occurs in type lb 
diamond, where 6g suggests a much larger amplitude of unpaired electron on the Ni atom. 

ZPL have been observed for implanted Ti, Cr and Zn, each corresponding to a strongly coupled pair of atoms.8 

8. DISCUSSION 

Much remains to be established about those defects in diamond which may be related to 3d atoms. Although the 
data discussed above shown that there might be at least one defect related to each ofthe 3d atoms, except vanadium, the 
most reliable and extensive are related to nickel and cobalt. Of these two, nickel is found in greater concentration and 
at more different sites than cobalt. This correlates with the results ofLDF calculations ofthe stability ofthe 3d-atoms in 
the three principal sites, where Ni has the lowest (or next lowest) energy.5' The latter suggests that it might be much 
more difficult to incorporate the larger 3d atoms. Very few of the many optical and EPR spectra linked with nickel or 
cobalt have been associated with a molecular model. Only the EPR centres W8 and 04, and the ZPL at 1 .404 eV, are 

proved to be 3d-related by hfs and isotope structure respectively. For the majority of the rest the assignment relies on 
the occurrence of the defect only in synthetic diamond grown from nickel or cobalt solvent catalyst. A surprising 
feature of the data is the very large number of different nickel (and cobalt)-related sites. Not many of the EPR and 

optical centres have been linked. Finding models for all of these nickel-related centres, especially the large number of 
trigonal centres, presents a challenge, as the symmetry lowering constituent (probably N, B or V) must lie on the 
<1 1 1> axis through the nickel atom, or be present in groups of3 corresponding to C3 symmetry about a <1 11> axis (see 
NE4 & 9 in table 1). The nickel atom is probably incorporated in either a Td substitutional, a Td intersitial or a D3d semi- 

vacancy site. So far, ligand hfs has been observed for very few of the centres. so there is insufficient information for 
proper characterisation. For the defects found in synthetic diamond, further evidence might be obtained, particularly by 
using diamond isotopically enriched in '3C, to make ligand hfs more easily measurable. Identification is much more 
difficult for those found only in natural diamonds, for which the only solution may be to discover ways of making them 
artificially. 

The tenuous evidence for other 3d-related centres, coupled with the high energy calculated using LDF,53 may mean 
that it will be difficult to induce larger 3d atoms into point defects. However, Ti, Cr and Zn have been implanted into a 
surface layer, and have formed a point defect on annealing. It will be very important to fmd out what sort of defect, as 
that may guide the strategy for incorporating the larger ions. In this context, it would be useful also to characterise 

properly the proposed W1° defect (section 3). 
The EPR centres discussed fall into two clear categories, those with significant departure of g-value from g, and 

those with g-values close to g. The latter can be attributed to 3d atoms, only if an extreme form ofthe "vacancy" model 
is applicable, and so far there is no clear evidence that it is: the closest one can come is the interpretation of Eg for Ni 
which suggest a spin-orbit coupling parameter X much closer to that for carbon than for nickel, supporting the validity 
of a moderate vacancy model. 

It is not even clear whether the crystal field is larger or smaller than internal electron-electron exchange, though it 
seems likely that it is larger for substitutional and semi-vacancy sites: the few "high spin" centres found in diamond 
have not yet been proved to be associated with transition metals. 
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