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J.  Phys.: Condens. Matter 4 (1992) 811e8130. Printed .in the UK 

ENDOR studies on the N1 di-nitrogen centre in diamond 

A Cox, M E Newton and J M Baker 
Oxford Physics. Clarendon Iabratory, Parks Road, Oxford OX1 3PU, UK 

ReceNed 29 April 1992 

Abstract. New W~DOR measurements on the NI cenm mn6rm the W G N +  model for 
the defect. The N+ is in a substitutional site with approximately tetrahedral Symmelry. 
lhe N-C fragment of the centre resembles the P1 centre, with slightly larger unpaired 
elecIron density on the,nitrogen, and a maller quadrupole interaction. 

1. Introduction 

A considerable variety of EPR centres have been found whose hyperline structure 
indicates that they involve two I4N nuclei (Loubser and van Wyk 1978, Ammerlaan 
1990). An even greater variety of atomic models for these centres has been proposed 
by various authors. Some clarification of this confusion was proposed by Newton and 
Baker (1991a), as a consequence of a delinitive determination of the symmetry of the 
W7 centre, and its hypefine and quadrupole interactions, using ENDOR (Newton and 
Baker 1991b). 

In this paper we discuss the application of this type of ENDOR measurement to 
the N1 centre. The centre is described by the following spin Hamiltonian with S = $, 
and I, = I, = 1 for the two inequivalent 14N nuclei: 

H = g ~ B E .  s + s. A(') . f i l l  +-S. A(,) . + I(') . p(1) . f i 1 )  + 1 ( 2 )  . p(2) . ~ ( 2 )  

-gNPN E .  (I(')  + I")). (1) 

NI was first observed by Shcherbacova el 01 (1969), and was remeasured by bubse r  
and van wk (1985): the spin-Hamiltonian parameters determined by both groups 
of authors are given in table 1. Both groups found axial symmetry about (111) for 
A('), but they disagreed about the symmetry of A(,). The latter is almost isotropic, 
and it is not clear to us how either -group of authors was able to determine the 
anisotropy, as any multiplicity of lines resulting from it lies within the EPR linewidth. 
Our data described below show that the defect has ub symmetry, and hence there are 
12 symmetry-related sites. The four sites that arise from differently oriented (111) 
directions of A(') are easily resolved in the EPR, but the further threefold splitting of 
each of these four spectra is not evident in the EPR spectrum. 

Laubser and van Wyk (1985) showed that A(z) has the opposite sign to A(') by 
observing the onset of motional averaging of the EPR at 600 K 

Newton and Baker (1991a) discussed the various models propwed for NI and 
the other common di-nitrogen centres, and produced arguments to suggest that NI 
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Tubk t me "N hypemne parameters determined by Shcherbamva U al (1969) and 
Loubser and van v k  0985) for the NI centre. Direnions of principal values of 
hyperfine and quadruple tensors given as [e, +], where 8 is measured from the [a011 
aystal axis, and I" the [IKIl axis while rotating about [Oal]. Only ermrs given in 
the hvo references quoted. 

ShcherbamM U d (1969) Lnubser and van (1985) 
Ah = l30(1.5) MHz (54.7, 45.01 All = 130.0 MHz IS4.7, 45.01 
A A  = W(1.5) MHz A s  = 90.2 M H z  
All = 9.0(9) MHr [54.7, 225.0] All = -8.3(1) M f i  [90.0, 45.01 
A s  = 8.1(9) M H z  AA = -7.9(1) MHz 

Major nitrogen 

Minor nitrogen 

corresponds to substitutional nitrogen atoms in second-neighbour sites, as shown in 
figure 1, one of which has lost an electron. Although tbis model had been proposed 
before for another di-nitrogen centre, it had not previously been proposed for N1. 
Newton and Baker also suggested that this model for N1 should be confirmed by 
an ENDOR determination of the symmetry of the site and the magnitudes of the 
quadrupole matrices, which is the motivation for the measurements described in this 
paper. 

2. Experimental details 

21. Characterization of he diamond 

The diamond, chosen for this study because it showed a strong NI spectrum, was a 
natural rounded dodecahedron, with a dark reddish coloration, which is probably due 
to absorption in the N-V (1.945 ev) band produced by radiation damage. 

Parallel faces were polished on the diamond, to allow measurement of the IR 
absorption spectrum. The defect-induced absorption in the one phonon region was 
very strong, and saturation could not be avoided. It was not possible to deconvolve 
the measurements reliably into contributions from the A (Davies 1976), B (Davies 
1977) and PI (Smith et al 1959) nitrogen centres, but we estimate the A- and B-centre 
concentrations to be greater than 500 ppm, and therefore characterize the diamond 
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as type IaA/B. There was also a very strong narrow peak at U70 cm-l, associated 
with a high concentration of platelets (Evans 1973). 

Besides the N1 centre, EPR of the diamond used in this study showed that it also 
contained the 0 1  @mer and Wdd 1973), P2 (also known as the N3 optical centre, 
Davies er a1 1978), and P1 (Smith et a1 1959) centres. The presence of 01 clearly 
showed that the diamond had been electron or neutron irradiated, and annealed to 
temperatures below llOOoC, prior to our measurements: we how nothing of previous 
irradiation treatments. 

It was very diflicult to estimate the relative concentrations of the EPR defects 
present because of their different saturation behaviours; however, we note that the 
P1 concentration was- less than that of N1, which was less than that of P2 centres. A 
typical EPR spectrum, recorded at 4.2 K, is shown in figure 2 

333 335 337 339 341 343 345 

Fwre 2 Wical  EPR spectrum for diamond containing NI, PZ PI and 01 centres; 
mcorded at 4.2 K with magnetic field oriented along [OOl], micmwave kequencj 
954 G W  micmWave power < IO pW, field modulation a5 G (115 Wz). 

Magnetic Field (mT) 

22 The "Illo ENDOR cavity 

AI1 measurements were made at X-band using a mllu ENDOR cavity constructed 
in the Clarendon. Several workers (Biehl and Schmalbein 1980, Hurst et al 1982, 
MOM and de Boer 1985) have made improvements and modifications to the ENDOR 
cavity described by Biehl er al (1975), operating in the mlIu mode, with a spiral RF 
ENDOR coil of same length as the cavity, concentric with the axis. We have found 
that problems associated with the introduction of the ENDOR coil (Le. reduction in 
cavity Q, poor microwave coupling) are entirely Overcome by reduction in the length 
of the RF coil. RF coils were made from 0.7 mm OD copper wire, which was flattened 
to 0.25 nun, and wound under tension on a 9.0mm OD former, mounted in a lathe. 
The pitch of the coil was typically 0.75 turns mm-I, and the length approximately 
15 mm. When the tension was released a free standing coil 11.0 nun ID, 11.5 nun 
OD could be taken off the former. Connections to the ends of the coil were made 
and passed through the side wall of the cavity, and soldered to terminals. Standard 
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BNC connectors make a press-fit contact with these terminals. The connections to 
the coil are perpendicular to, and in the nodal plane of the microwave E-field of the 
chosen mode. Introduction of the coil shifted the frequency by 100 MHz, and did not 
degrade the Q of the resonator noticeably. The unloaded Q of the microwave cavity 
was approximately 4ooo. A schematic diagram of the cavity is shown in figure 3. 

Figure I mlto moll cavity, showing position of 
ENWR mil. 

the 

The field modulation coil was wound in the nodal E-field plane of the selected 
microwave mode, as close to the centre. of the cavity as possible. Not only did 
this provide an efficient field modulation, but also it suppressed unwanted modes, 
in the Same way as the modification described by Biehl and Schmalbein (1980). In 
all other respects the ENDOR cavity was conventional, constructed in silver-plated 
brass, radius 17.25 mm, length 30 mm, resonant frequency 9.75 GHz with 11.0 mm 
Oxford Instruments quartz insert (10.57 GHz without insert). Microwave coupling 
was accomplished with an iris/coupling screw mechanism on the side of the cavity. 

The reduction in length of the RF coil should not dramatically reduce the RF field 
generated at its centre. From simple geometrical considerations, reducing the length 
from 30 to 15 nun, for a coil of radius 5.5 mm, should reduce the RF magnetic field 
at the centre of the coil by only 15%. The RF field was measured by the mcthod of 
Hyde (1965); we estimate that at 25 MHz, an RF field of approximately 0.5-0.8 mT 
(in the rotating frame) can be generated with 100 W of RF power (coil 15 mm long, 
radius 5.5 nun, 0.75 turns mm-'). 

3. Results 

3.1. W D O R  measurements 

cw ENDOR measurements were made on both nitrogen atoms of the NI  defect at 
nominally 5 K, using the technique described by Newton and Baker (1991b). In this 
experiment one RF frequency is swept rapidly and repeatedly through the nuclear 
transitions, resulting in a large enhancement of the EPR, while a second is swept 
slowly, so stimulating ENDOR which is detected in a conventional manner at higher 
signal-to-noise ratio. This enhanced the cw ENDOR signal-to-noise ratio by up to an 
order of magnitude over that of conventional WDOR. 14N ENDOR transitions were 
detected in the range 1 to 70 MHz with vely good signal-to-noise ratio. Accurate 
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ENDOR measurements were made on EPR transitions belonging to different symmetry- 
related sites with the external magnetic field carefully aligned along (100), (110), 
and (111) directions. The anisotropic nature of the ENDOR spectra and the narrow 
linewidth (60 kHz) made very precise orientation possible (f0.05'). An isotropic 
ENDOR resonance, detected at 3.65 MHz was attributed to natural-abundance I3C 
(distant ENDOR). 

The transmission h e  supplying the RF power for ENDOR was either terminated 
with the RF coil itself, or interrupted by the coil and terminated with a 50 C2 load. 
We find that driving directly into the coil is particularly useful when looking at low- 
frequency (1-5 MHz) resonances, as maximizing the current in the coil, and hence the 
RF magnetic field, is essential to drive these nuclear transitions towards saturation. 
The effects of different RF loads is shown in figure 4 for low-frequency 14N and uC 
ENDOR from the N1 centre. 

I 

3.2 Fifting fhe qin-Hamiltonian parameters 

We fitted the Hamiltonian given in equation (1) to the experimental data in two 
ways: (a) while constraining the major and minor nitrogen hyperfine and quadrupole 
interactions to { l l O }  symmetry (7 varied parameters); and (b) while letting them 
vary arbitrarily (11 varied parameters), in order to determine if there was a true 
{ l l O )  plane of symmetry. The X2-fit used the best estimate for the individual 
standard deviations in the data points. Though the xz was slightly larger for the 
constrained fit (a), the computed probabilities (assuming that the measurement errors 
are approximately normally distributed) estimating the 'quality of fit', are about the 
same for both approaches. It appears that constraining the N1 defect to ob symmetry 
is reasonable, and from our data we must deem the models acceptable on equal terms, 
ie. any distortion lowering the gb symmetry is not significant. The experimental RMS 
standard deviation from the best Xz-fit was slightly larger for the ENDOR lines from the 
major nitrogen (0.005 MHz) than for the minor nitrogen (0.003 MHz). The reasons 
for this included greater sensitivity to misorientation, lower signal-to-noise ratio, and 
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lhbk 2 Principal values of the "N hyperfine and quadrupole parameters for both 
nitmgens of the NI OenM determined m lhe present study. Direclions cf principal 
values of hypemne and quadrupole temrs p e n  as [e, $1, where il is measured f" 
(he [OOl] ayslal am.%, and 6 h m  the (IOO] axis While muting stout [OOl]. Emrs a w n  
in bradtets. 

Nitrogen NI Nitrogen & 

A(1) (Wiz) P(') (MHz) A(*) (MHz) NZ) (MHz) 
69.218(4) +I.ZU(l) -8.327(2) +0.0437(6) 
P", 1UOI [ W O ,  13501 [WO, 1391 [SO", 135'1 
126.355(4) -W88(1) -7.875(2) -0.2077(6) 
[55.15(5)0, 491 [54.79(5)0, 45'1 P.2(1y, 225'1 p218(5)', ZU'] 
89.198(4) .t 1.175( 1) -8.288(2) +O. 1639(6) 
[34.84(5)', PgO] [3521(5)*, 225*] [19.8(1)", 45-1 [17.82(5)0, 45') 

overlap of different resonances. The fitted hyperfine and quadrupole parameters for 
both nitrogen a t o m  of the centre are given in table 2 

Gross misorientation caused a splitting in the ENDOR lines, but small 
misorientations only modified the ratios in intensities between different lines in the 
spectra. Our simulations show that for orientation errors smaller than 0.0Y no effect 
can be observed in the ENDOR spectra. 'RI make a realistic estimate of the errors 
in the magnitude and principal directions of hyperhe and quadrupole parameters, 
the input data sets were modified with a gaussian-weighted error on all the transition 
frequencies, and the ?-fit repeated. The uncertainties determined are given in 
table 2 

The hyperfine and quadrupole matrices for the major nitrogen are close to axial 
symmetry. In this approximation, the parameters are compared in table 3 with .those 
for other centres in diamond. The hyperfine parameters have been factorized into an 
isotropic part A, = [;(All + 2A,)] and a traceless part A, = [;(All - A,)]. The 
unpaired electron orbital on the nitrogen is assumed to be $J = q(a& + 
where a, p, q are deduced from the hyperfine parameters in the usual way (e.g. 
Wtkins and COrbett 1961, Morton and Preston 1978). The fiaction of unpaired 
electron in the 2p orbital on the nitrogen is fin = $pi, and the hybridization ratio 
A= = @=/a=. 

Tpbk 3. "NI hyperfine mnstanfs A. and A,, q2, Xz and frp (mmputed using 
experimenlal values of A, and A,, and t h e  cilculaled for IW% mcupancy of 25 and 
2p orbitals on lhe free atom, Morton and Preston 1978) and quadrupole parameters. 

A. W W  A, ( M W  92 XZ f7P 41 (MHz) 
N4t: 74.2(3) 8.60) 0,196 3.78 0.155 1 

W7f 97.7913) 11.79(3) 0.267 3.93 0.213 -3.82(4) 
NI 101.590(5) 12.3811) 0,279 197 0.223 -3.582[1] 

PI! gm.s(i) ios03(z) a247 3.85 0.196 --1974(1) 

Newton and Baker (1591a) 
t Cook and M i f e n  (1965). 

The hyperfine parameters in table 2 are seen to tie within the probable uncertainty 
of those given in table 1 for EPR, but to d a e r  in the following details (specified for 
one of the centres for which (110) is the oh plane). 
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(i) The hyperfine matrix for N1 has approximate axial symmetry, like that for 
P1, but the principal axis is tipped by 0.4O from [lll], and its magnitude indicates 
a 13% larger density of unpaired electron on NI, with a 3% increase in A,. The 
quadrupole interaction matrix for N, is hardly significantly distorted from having 
[ill] as a principal axis, though there is small departure from axial symmetry, and its 
magnitude is 10% smaller than for P1. 

(ii) The hyperfine matrix A(') for N, is negative, A, = -8.16 MHz, and the 
anisotropic component is very small. The symmetry is not quite axial, but it 
approximates to it with A, = +0.144 MHz about a direction tipped 15S0 from 
[iil] towards [iiO]. Very approximately, the quadrupole interaction has the form 
P,, = -Pzz, with Pyy = 0 normal to the (110) plane; the zdirection making an 
angle tipped 17.4O from [iii] towards [iio]. 

4. Discussion 

4.1. The modet of the NI cenbe 

Models that have been previously proposed by various authors for N1 have been 
discussed by Newton and Baker (1991b) in sections 3 and 4, so we will not repeat 
that detail here. 

The principal properties of N1 which have to be accounted for by a model are as 
follows. 

(i) Our ENDOR measurements show that the site symmetry is uh, and that the 
parameters for the major nitrogen (NI) are similar to those for P1, and those for the 
minor nitrogen m,) show that it is almost tetrahedral Nt. Hence, the centre must 
comprise a P1 centre which is slightly perturbed by a second N+ atom in the {llO} 
plane which contains P1. 

(ii) The motional averaging of the EPR at high temperatures shows that the two 
nitrogen atoms can exchange roles by tunnelling of the unpaired electron between 
them, so they must occupy symmetrically related sites in the centre. It shows further 
that the (111) directions of the principal directions of the P1 sites for these nitrogens 
are different. The activation energy for this hopping (0.4 eV, Loubser and van Wyk 
1985) is smaller than that for the hopping process in P1 centres (0.76 eV, Loubser 
and van Ryneveld 1967). 

Starting with P1 (NI<) as a basic component of the defect, we have to determine 
where the N$ lies in the {llO} plane, and whether there are other perturbing features 
in the same plane. Figure 5 shows the P1 centre, and the other carbon atom sites 
in the relevant {110} plane. N,' cannot lie at an interstitial site, as when the two 
nitrogen atoms exchanged roles by the transfer of the unpaired electron, an entirely 
different centre would be formed. The even-numbered sites in figure 5 are ruled 
out as possible sites for N,, because when NI and N, exchanged roles, the two sites 
would be related by inversion, which would not change the principal axis of the P1 
component, contrary to the observation mentioned in (ii) above. 

Some of the odd-numbered sites are N k d  out by the magnitude of A, in 
comparison with I3C hyperfine parameters of similarly placed C atoms in the P1 
centre (Barklie and Gwen 1981): for an equivalent electronic wavefunction on I4N, 
the value of A, would be halved. Fbr l3C, A, exceeds 12 MHz only for sites 4, 7 and 
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1 3 6 7 9 

0 0  
10 

0 0  

0 0  
2 4 6 8 

Flgum 5. Carbon atoms surrounding single substitutional nitrogen (PI) detect, m a 
chosen (110) plane. For details of labelling see WxI. 

8, and no other site has A, larger than 8.2 MHz Hence, the measured A, for N, 
is too large for sites 3 or 9. Tbis leaves only site 7, as suggested for this centre by 
Newton and Baker (1991b). 

We should also consider whether a vacancy or substitutional impurity could be 
involved in the centre. The requirement for symmetry relative to N, and N2, makes 
site 6 the only possible place for a vacancy or impurity. The lack of observed I3C 
hyperfine structure from the unique carbon at site 6 is suggestive that the atom may 
be missing or replaced by an element with low abundance of isotopes with nuclear 
moments. However, the non-observance may simply be due to its small signal strength 
and the uncertainty in its magnitude. It would be very interesting to measure its A 
matrix, as unlike for P1 it would not be axially symmetrical. A vacancy (V) at site 6 
would destroy the P1 component by removing its principal C atom. Also, the centre 
(N,-V-N,)+ would have C, symmetry with the unpaired electron presumably in a 
NI-N, anti-bonding orbital, making the two nitrogen atoms equivalent. Furthermore, 
the centre formed by two N atoms adjacent to a vacancy is already known as the 
H3 centre (2.463 eV absorption band): it is not paramagnetic, and is a commonly 
observed optical centre in diamond, formed when a vacancy is trapped by an A centre 
(Davies 1977). An impuriy at site 6 would also destroy the P1 component, unless it 
were good at mimicking C, like Si or Ge, or even B-, but such substituted element$ 
would give readily observable hyperfine interactions with their odd nuclei, which are 
not observed. 

It therefore seems that alternatives to the N,-CN: model do not fit the observed 
properties. It is of interest to see how far we can-account for the details of the 
observed properties with this model. 

4.2. &tails of rhe hyperfine inleraclions 
From table 3, we see that fZp increases and [pIII decreases through the series 
P1 --t W7 -+ N1. Messmer and M t b s  (1972) predict such behaviour as the 
NI< bond length decreases. (We have no reason to believe that calculations of 
fzp and Pil based upon the more recent calculations (Briddon et ai 1991, Kajihara ef 
al 1991) would not show the same behaviour.) Further, the larger A(') and X2 in N1 
compared with P1 indicates a shorter N,-C bond, but with a greater displacement 
of the nitrogen, suggesting a smaller displacement of the unique carbon. This could 
account for the lower activation energy for motional averaging. 

Newton and Baker (1991b), section 4, have accounted for the small negative value 
of A?) as resulting from partial cancellation between a negative indirect contribution 
from spin polarization and a positive direct contribution. Even more remarkable is 
that Af) is much smaller than the dipolar interaction (A?)) between the unpaired 
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electron in the N,-C bond and the I4N2 nucleus. If Q ( r )  represents the wavefunction 
of the unpaired electron, primarily located on the unique carbon atom and NI, the 
dipolar interaction between this electron and the I4N nucleus of N2 at R is given by 

(2) 

The integral may be approximated by taking 28% of the magnetic moment of the 
unpaired electron to be centred on the NI nucleus and 72% on the unique carbon 
nucleus. This gives A, = 1.15 h4Hz in principal direction [ e ,+ ]  = [57.3",225']. If, 
as for transferred hyperfine interaction with ligand ions, e.g. in CaF,, the anisotropic 
component of A@) is written as AY)+AP), subtraction of the calculated AY) leads to 
an approximately axially symmetrical Af), with Af) U -1.0 MHz, and the principal 
direction, [e,+] = [55.6",225O], being tipped only 0.9' from (iil) ( N I X  is almost 
along (111)). Af) has the same sign as AiZ) and suggests a p:s ratio (Az) of 4.4 
which is reasonable. This analysis can be regarded only as very approximate, as we 
are making no explicit calculation of the indirect spin polarization, but it is indicative 
that the model can account for the measured interaction. 

4.3. .Details of ihe quadrupole  mat^ for the major nitrogen 
The line details of the quadrupole matrices are more difficult to account for. Unlike 
the A matrices, which depend only upon the distribution of the unpaired electron, the 
P matrices depend upon the distribution of all of the 2p electrons on the N atoms, 
as they gibre rise to the main part of the electric field gradient at the 14N nuclei. 
Analysis of the details of P(l) suggests that the contribution from N: to the electric 
field gradient at NI is not large, and that the small distortion from axial symmetry 
must result from a small change in bond angles. 

4.4. Details of the quadrupole matrir for the minor nitrogen 
The characteristic feature of P(2) is its approximation to Pyy = 0, so that P,, = 
-Pzc. It is also, as predicted by Baker and Newton (lWlb), larger in magnitude 
@an that found for the minor nitrogen in the W7 centre, because the minor nitrogen 
is closer to the extra electron in the N,-C bond. The proximity to N,-C is expected 
to increase .the distortion of the atomic positions, and create larger imbalances in 
the charge distribution around Nl. The small P(2) indicates very little distortion 
from tetrahedral symmetry, and therefore that the displacement of the unique carbon 
of the N,-C-N: structure is smaller than that of the P1 centre (14% of the C C  
bond, Kajihara et a1 1991, Briddon et al 1991). This is consistent with the preceding 
discussion on the hyperfine and quadrupole interactions of NI.' 

We can calculate expressions for the elements of P(z) in terms of the three angles 
e,, e,, and 8, = 0, (shown in figure 6) by making the assumptions that (a) the 
electric field gradient is due to the electrons occupying the 2p orbitals surrounding 
the nitrogen nucleus; @) the distortion from tetrahedral coordination is very small, 
so the changes in p:s 'i'atio of the nitrogen orbitals can be ignored; this is equivalent 
to saying that the orbitals remain sp' but are tilted a little from the (111) directions; 
(c) the occupation of the four orbitals around the nitrogen is identical; (d) the local 
environment of the nitrogen'is constrained to have a {llO) symmetry plane. 
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Flgurc 6 Schemalic diagram of the sp’ orbilal around the N+. Each orbilal makes an 
angle 8. with Ihe venial. The orbital labelled with lhe angle 81 is directed towards the 
unique carton of lhe defecr. 

Using a factor Pu = -4.3 MHz for the principal value of the quadrupole 
interaction that would result from a single electron in a single sp3 hybrid (Edmonds 
et a1 1972), we calculate that an interaction matrix consistent with that measured is 
produced for 6, = 54.85O, 0, = 55.W9, and 8, = e4 = 54.57O (0 = 54.74 for an 
undistotted site). The result is encouraging, as we have shown that the observed 
quadrupole interaction can be produced by only a very small distortion,. and may 
confirm the suggestion made above that the displacement of the unique carbon is 
much less in N1 than P1. 

Hence, we have shown that the N,-C-N$ model is in qualitative agreement with 
all measured properties, and that no other atomic model can account for them. 

5. Formation of the N1 centre 

Now that the N1 centre is characterized, it is of interest to speculate how it is formed 
and why it appears in the diamond we have investigated. We also wish to examine 
further a question which vias discussed briefly by Newton and Baker (1991b); that 
of why the NIX-N, centre is ionized. Even in diamond containing as much as 
loo0 ppm single substitutional nitrogen the probability of statistical occurrence of any 
particular di-nitrogen centre is only about 1 ppm. and all possible neighbouring sit- 
for N,, relative to a specific N,, would be occupied with equal probability. Hence 
the di-nitrogen centres, which have been observed, occur in far more than statistical 
probability. 

The aggregation of nitrogen has been studied by several workers (Chrenko el a1 
1977, Evans and Qi 1982, Collins 1980). Under appropriate conditions of temperature 
and stabilizing pressure, single substitutional nitrogen atoms aggregate to form A 
centres (N-N diamagnetic nearest-neighbour pairs). More severe conditions allow 
aggregation of A centres to form B centres (Evans and Qi 1982). It seems that 
nitrogen atoms can ditfuse by N-C interchange, as well as by a vacancy-mediated 
mechanism proposed by Collins (1980). 



ENDOR on the NI centre in diamond 81 29 

During aggregation of PI to A centres (without involving vacancies in the final 
step), the nitrogen atoms must pass through the second-neighbour position, N-GN. 
Interchange of N and C leads to the A centre which is stable presumably because 
the energy of the full N-N antibonding orbital containing two electrons lies lower in 
the band gap than that of PI. We speculate that the stable configuration of N-GN 
could be N-C--N+, where the P1 centres have cooperated to form a full N-C- 
antibonding orbital, adjacent to a relatively strain-free Nf. Ionization of N-C--N+ 
would lead to the formation of the N1 centre, which, as we observe it, we presume 
to be stable to further evolution. Even if N-Nt-C were formed, it would probably 
be a very efficient electron trap, converting itself to the A centre. Therefore the 
only requirement of formation of NI beyond normal aggregation is the presence of 
a suitable electron trap. This mechanism accounts for the concentration of NI being 
much larger than one would expect for a random distribution of nitrogen: without 
ionization the N-C--Nt unit would either break up or an A centre would result. 

6. Conelusion 

The new ENDOR measurements on the NI centre confirm the N,-CN: model 
for the defect. The Nt is in a substitutional site with approximately tetrahedral 
symmetry. The N,-C fragment of the centre resembles the PI centre, with slightly 
larger unpaired electron density on the nitrogen, and a smaller quadrupole interaction. 
This information is consistent with a smaller unique Ni-C bond extension in the NI 
centre than that of the PI centre. This, taken with the A and P matrices for the 
Nt,  implies that the unique carbon undergoes a much smaller displacement from the 
tetrahedral lattice site than in the case of PI. Further work is required if we are to 
understand the formation process of the NI centre. 
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