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Diamonds containing nitrogen in different forms have been irradiated by 3–MeV electrons or60Co gamma
photons and characterized by optical absorptionsOAd and electron spin resonancesESRd. An unusually low
production rate of vacanciessVd and interstitialssId was observed in gamma-irradiated Ib-type diamondssthose
containing isolated nitrogend and pure IIa-type diamonds as compared to Ia diamondsscontaining nitrogen
clustersd. Postirradiation annealing at temperatures above 300°C strongly increased theV andI concentrations
in Ib diamond, but not in IIa diamond. These results are explained as gamma irradiation of diamond predomi-
nantly producesV–I complexes instead of individualV and I defects. Strong effect of charge state onV–I
recombination is revealed: In Ib diamond,V–I complexes are negatively charged and dissociate upon anneal-
ing. On the contrary,V–I pairs are neutral in IIa diamond, and they annihilate during irradiation. The OA, ESR,
and positron annihilation signatures of theV−–I pairs are identified.
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I. INTRODUCTION

Defects produced by electron, neutron, or ion irradiation
of diamond have been intensively studied for already about
100 years. Most results have been obtained using optical ab-
sorptionsOAd and electron spin resonancesESRd techniques,
and can be summarized1,2 as follows: Irradiation of puresIIa-
typed diamond predominantly produces neutral vacancies
sV0d and interstitialssI0d with concentration ratioV0/ I0 in the
range of 3–10. With the OA technique,V0 is identified as a
tetrahedral center exhibiting a zero-phonon line at 1.673 eV
and labeled GR1; it has spinS=0 and is thus ESR inactive.I0

is associated with the OA line at 1.86 eV and a tetragonal
S=1 ESR center named R1. Vacancies are immobile during
irradiation and start migrating only at temperatures
T.600°C. The behavior of interstitials is more complex:
They migrate during electron irradiation performed at
T.100 K. However after irradiation, interstitials are stable
at room temperature and start migrating only atT.400°C.1

Enhanced mobility of interstitials in pure diamond during
irradiation results in partialV0− I0 recombination. As a result,
the production rate of vacancies and interstitials is relatively
low in IIa diamondssee also Table Id.2

Nitrogen is a dominant impurity in diamond. In Ib-type
diamond nitrogen is present as an isolated substitutional do-
nor center NS

0. It can be detected by ESR or OA, and tends to
charge most other defects negatively, thus itself converting to
NS

+. Therefore, irradiation of Ib diamond predominantly pro-
duces negative rather than neutral vacancies.V− was identi-
fied with the 3.15 eV OA center named ND1 and the tetra-
hedralS=3/2 ESRcenter S1/S2. Very few single interstitials
are produced in irradiated Ib diamond. However, postirradia-
tion annealing atT,400°C strongly increases theI0 con-

centration. This annealing also enhances NS
0 signals.2–4

Therefore, it was suggested that after electron irradiation
most carbon interstitials are captured by the NS

0 centers and
released only upon further annealing. The associated NS–I
complexes have been tentatively ascribed to the 2.367 and
2.535 eV OA centers.2–4

The defects responsible for the 2.367 and 2.535 eV cen-
ters are the major subject of this study. On the basis of
gamma irradiation results, we will demonstrate that they
most probably involve a negative vacancy and a carbon in-
terstitial, but not nitrogen. We will further associate those
defects with the previously characterizedS=3/2 W11 and
W13 ESR centers and discuss their positron annihilation sig-
natures.

Type-Ia diamond contains nitrogen mostly in the aggre-
gated A s2NS

0d and B s4NS−V0d forms. Those defects are
rather inactive electrically, but they produce significant elas-
tic strain in the diamond lattice. It was suggested2 that this
strain could assist separation ofV–I pairs thereby enhancing
the vacancy production rate in Ia diamond relatively to IIa
diamondssee also Table Id. Another possible reason for this
enhancement could be the observed capture of interstitials by
nitrogen complexes, which could suppressV–I recombina-
tion. Note that contrary to Ib diamond, the captured intersti-
tials are not released upon annealing in Ia diamond.2

Previously, damage in diamond was mostly studied using
irradiation by MeV electrons or neutrons. However, this pa-
per focuses on the production and annealing ofdominant
irradiation-related defects in diamond after60Co gamma ir-
radiation. The60Co radioisotope emits 1.17 and 1.33 MeV
photons. They produce damage in the diamond lattice
mostly5 via Compton scattered electrons, whose average en-
ergy is only ,0.5 MeV. Note that the minimum electron
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energy required to displace a carbon atom in diamond lattice
is ,0.2 MeV.5 Therefore, the60Co Compton electrons pro-
duce little damage, as compared to MeV electrons or neu-
trons, and provide relatively little extra kinetic energy to the
produced carbon interstitials.

II. EXPERIMENTAL DETAILS

Two similar sets of Ia, Ib, and IIa diamonds have been
irradiated either by 231018 3–MeV electron/cm2 or by a
60 MGy doseswaterd of 60Co gamma photons, which is
equivalent to 1019 photons/cm2. The samples were mounted
on a water-cooleds,10°Cd block to minimize sample heat-
ing by the beam. The Ia diamonds were natural, but the Ib
and IIa samples were grown using the high-pressure high-
temperature technique. The Ib and Ia samples contained
,100 and,500 ppm of nitrogen, respectively. The damage
production rate in gamma-irradiated diamond is rather
small.5 Therefore, samples for which the absorption length
was.5 mm have been used for most OA measurements on
gamma-irradiated diamond. The OA spectra were recorded
with a commercial Nicolet Avatar 360 Fourier-transform IR
spectrometer in the range of 400–5000 cm−1 at room tem-
perature and with a Perkin–Elmer Lambda 900 double-beam
grating spectrometer in the range of 1.4–5.5 eV at 77 K.
ESR measurements were performed at room temperature
with a Bruker EMXX-bands,9.6 GHzd spectrometer. All of
the reported results were reproduced on several samples.

III. EXPERIMENTAL RESULTS

The obtained results are summarized in Table I and Fig. 1.
Table I lists the maximal concentrations of dominant defects
encountered over the annealing temperature range of
0–600°C, while Fig. 1 presents their isochronal annealing
curves for Ib diamonds. Note that due to the low production
rate, the W11 and W13 ESR signals could not be reliably
studied in gamma-irradiated diamonds and therefore are not
shown in Fig. 1sbd. As reported previously,1,2 vacancies and
interstitials in IIa and Ia diamond exhibit rather regular an-
nealing curves, i.e., a plateau followed by a steplike de-
crease, which is therefore not shown either. On the contrary,
Ib diamond exhibits rather interesting nonmonotonous an-

nealing behavior, which will be the main subject of this
paper.

A. Electron irradiation of Ib diamond

Most data of Fig. 1sad, in particular the annealing curves
of the 2.367 eV, 2.535 eV, andI0 defects in electron-
irradiated Ib diamond, have already been reported and dis-
cussed previously.2–4 There, it was suggested that irradiation
of Ib diamond produces few interstitials because they are
captured by NS

0 centers. The resulting NS
0–I defects exist in

sat leastd two configurations corresponding to the 2.367 and
2.535 eV centers. Those configurations interconvert upon an-
nealing atT,230°C and disintegrate atT,400°C releas-
ing the NS

0 andI centers. Note that annealing out ofI centers

TABLE I. Maximal sversus annealing temperature, see Fig. 1d concentrations of defects observed in Ia, Ib, and IIa diamond irradiated by
1019 60Co gamma photons/cm2 or 231018 3–MeV electrons/cm2. Concentrations are expressed either in parts per millionsppmd or as the
integral under the zero-phonon linesin meV/cmd. Accuracies are about 30%.

Irradiation
Diamond

type
I

sppmd
V0

sppmd
V−

sppmd
V−

smeV/cmd
2.367 eV
smeV/cmd

2.535 eV
smeV/cmd

electron Ia 3 16 3 250 ,1 ,1

gamma Ia 0.03 0.14 0.03 2.5 ,0.001 ,0.001

electron Ib 4 ,0.1 16 1350 50 80

gamma Ib 0.03 ,0.001 0.16 14 2.1 2.3

electron IIa 3 12 ,0.1 ,8 ,1 ,1

gamma IIa ,0.003 0.004 ,0.001 ,0.1 ,0.1 ,0.1

FIG. 1. Isochronals1 hd annealing curves for dominant defects
in electron-sad and gamma-sbd irradiated Ib-type diamond. Both
absolute and relative intensities are arbitrary.
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at T,500°C is not unique to Ib diamond; it occurs in Ia and
IIa diamond as well.1,2

It was tentatively proposed3,4 that the 2.367 and 2.535 eV
OA centers correspond to some of the ESR centers W11–14,6

which are the dominant irradiation-induced ESR signals in Ib
diamond. The current results corroborate this as indeed, Fig.
1sad reveals a very similar annealing behavior of the W11
and 2.367 eV, as well as of the W13 and 2.535 eV centers,
thus suggesting that they pairwise originate from the same
defects. This conclusion for the W11 and 2.367 eV centers is
further supported by the observation that they both corre-
spond to excited states at,2 meV above the ground state.7,8

B. Gamma irradiation

In this study, some remarkable results have been obtained
from gamma-irradiated diamonds. Table I reveals that
1019 photons/cm2 60Co gamma irradiation is about 100 times
less efficient than 231018 3–MeV electron/cm2 irradiation
in producing lattice damage in Ia and Ib diamond. However,
the relative defect production rates in Ia and Ib diamond are
rather similar. Also similar in electron- and gamma-irradiated
diamond are the isochronal annealing curves for the vacan-
cies and interstitials in Ia and IIa diamondsnot shownd, as
well as for theI0, 2.367, and 2.535 eV centers in Ib diamond
ssee Fig. 1d. By contrast, the vacancy production rate in IIa
diamond is,3000 times weaker for gamma irradiation than
for electron irradiationsTable Id. Note that similar results
were previously obtained by Newtonet al.9 However, the
most important result of this study, presented in Table I and
Fig. 1, is that in contrast with electron irradiation, the domi-
nant defects produced by gamma irradiation in Ib diamond
are not negative vacancies, but the 2.367 and 2.535 eV cen-
ters; annealing atT,400°C destroys those centers and in-
creases theV− concentration,50 times.

IV. DISCUSSION AND CONCLUSIONS

The unusual results of the previous paragraph can be logi-
cally explained by the following model: Gamma irradiation
of Ib diamond predominantly produces not individual vacan-
cies and interstitials butV−–I0 complexes. Those complexes
exist in different configurations, which interconvert upon an-
nealing atT,230°C. One configuration can be associated
with the 2.367 eV OA center and theS=3/2 W11center of
triclinic symmetry. Another configuration is probably respon-
sible for the 2.535 eV OA center andS=3/2 W13center of
monoclinic-I symmetry.6 The V− part of those complexes is
responsible for theS=3/2 spin and for the characteristic
value of spin-spin interaction, which was previously
attributed6 to a perturbation ofV− by a nearby speciessI0 in
our modeld. Annealing atT,400°C destroys those com-
plexes releasingV− and I0 defects.

Our data strongly suggest that, contrary to the previous
tentative model,2–4 nitrogen is not involved in thoseV−–I0

pairs. Indeed, no nitrogen hyperfine splittings,0.1 mTd

could be detected for the W11–14 centers in the present and
previous6 ESR studies. Moreover, considering that close
V−–I0 pairs are the dominant defects produced by gamma
irradiation of Ib diamond, it is hard to imagine how could
they migrate to the NS centers during irradiation. Note, that
the changes with annealing in the NS

0 and NS
+ concentrations,

which were previously considered as evidence for nitrogen
involvement,2–4 could simply originate from a charge trans-
fer between the NS andV–I complexes.

The discussedV−–I0 complexes have been recently char-
acterized by positron annihilation studies on gamma-
irradiated Ib diamond.10 They exhibit a lifetime of 130 ps
and unusually large positron trapping rate. The latter param-
eter strongly suggests involvement ofV− in the trapping cen-
ter thus further supporting the proposed model.

As mentioned in the last paragraph of the Introduction,
the formation ofV–I complexes, instead of individual vacan-
cies and interstitials, in gamma-irradiated diamond can be
attributed to the mild nature of gamma irradiation. Contrary
to conventional MeV electron beams, the Compton scattered
electrons produced by60Co gamma source supply only a
relatively small amount of kinetic energy to the displaced
carbon atoms, which could be insufficient to separate theV–I
pairs.

A significant finding of this work is thatV–I pairs have
been identified in gamma-irradiated Ib diamond, but not in
IIa diamond. It probably demonstrates the effect of charge
state on the recombination ofV–I pairs as follows: In Ib
diamond,V–I complexes are negatively charged and dissoci-
ate upon annealing. On the contrary,V–I pairs are neutral in
IIa diamond and they recombine, either during gamma irra-
diation or upon annealing of electron-irradiated diamond.2

Note, that neutralV–2I complexes have been previously
identified by ESR in electron-irradiated IIa diamond.11 Simi-
lar to the neutralV–I pairs, they recombine rather than dis-
sociate upon annealing. The thus revealed effect of the
charge state on theV–I recombination clearly requires fur-
ther theoretical modeling.

Finally, the reported here results appear important for
practical applications concerning radiation hardness of dia-
mond electronic devices. In particular, the present study
demonstrates the importance of diamond purity for its stabil-
ity against gamma irradiation—Table I reveals that damage
production in pure diamond is,40 times smaller than in
nitrogen containing diamond.
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