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Nitrogen, a common impurity in diamond, can be displaced into an interstitial location by irradiation. The
resultant interstitial defects are believed to be responsible for a range of infrared and electronic transitions that
vary in thermal stability, and on the type of diamond. Of particular prominence, and the only center for which
an atomistic model has been suggested, is theH1a infrared band, which has previously been correlated with
the vibration of isolated, bond-centered interstitial N. We present the results of a local-density-functional
investigation of interstitial N and a range of complexes made up from N and self-interstitials. We disagree with
the previous assignment ofH1a to bond-centered interstitial N as we find it is not the ground state structure
and it is mobile at temperatures at whichH1a is stable. Instead we assignH1a to a complex of two N atoms
sharing a single site in a[001]-split configuration, which is both more stable than isolated interstitial N and can
simultaneously explain the infrared absorption and dependence on the aggregation stage of N in the irradiated
material. We also make tentative assignments for other optical systems thought to involve interstitial N, and
suggest schemes for hierarchical formation of complexes for Ia and Ib material.
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I. INTRODUCTION

Nitrogen content forms a cornerstone of diamond classi-
fication: diamond is termed “type I” if it contains significant
concentrations, and “type II” otherwise. Type-I material is
further subdivided into Ia and Ib depending on whether N is
aggregated or in isolated substitutional centerssNsd, respec-
tively. A centers(nearest-neighbor N pairs) and B centers
(vacancies surrounded by four N atoms) represent the most
common forms of N aggregates.

Ib material can be transformed to Ia by an appropriate
high-temperature treatment: the activation energy for
A-center formation is 4.8–6.2 eV(Refs. 1 and 2) with that
for the formation ofB centers being higher still.1 Such high
energies are indicative of the barrier to the interchange of
nearest neighbors on the diamond lattice. However, the ni-
trogen diffusion rate depends on factors such as the anneal-
ing cycle3 and applied pressure,2 implying that the motion of
N through diamond involves rather complex atomic pro-
cesses. In particular, the interaction of native defects such as
vacanciessVd and self-interstitialssId changes the diffusivity
of impurities,3 with the mobility of Ns thought to be en-
hanced by a catalytic reaction withV.4 Migration barriers for
V and I, measured at 2.3±0.3 eV(Ref. 5) and 1.7 eV(Ref.
6), respectively, are much lower than those for the formation
of N aggregates.

There has been a focus on complexes of N with lattice
vacancies, and assignment of a range of complexes to optical
transitions, such as those from the NV complex at 1.945 and
2.516 eV,7–9 and those labeled N2, N3, N4, H2, H3, and
H4.7,10–15 These optical centers, as with Ns and A and B
centers, are stable to relatively high temperature. However,
irradiation of diamond also produces mobile self-interstitials,
even at cryogenic temperatures.16 Self-interstitials contain

short bonds and give rise to local-vibrational modes
(LVM’s ), as well as introducing states into the band gap.17

Where N-containing material has been irradiated, both elec-
tronic and vibrational characteristics of interstitial-nitrogen
defects are observed, but the structures of the defects respon-
sible for these observations largely remain to be understood.
It is the aim of this study to assign possible defect structures
to these experimental observations, and we therefore briefly
review selected data.

A. The H1a infrared absorption center

TheH1a infrared(ir) center has been assigned to intersti-
tial nitrogensNid.18 H1a splits into three peaks with mixed
12C/13C (1450.0–1450.6, 1437.9–1438.9, and
1424.1–1425.1 cm−1, depending on the13C concentration),
indicating two equivalent C sites.18 There is a 24 cm−1 shift
with the N isotope, and two peaks in material with mixed N
isotopes suggests only one N atom is involved.19

Subsequent to irradiation,H1a forms at 300 and 650 °C
in Ia and Ib material, respectively. It is stable to around
1400 °C,18 but whether this pertains to the diffusion ofH1a,
its dissociation, or the motion of a second defect toH1a, is
not clear.

The difference between Ia and Ib materials is suggestive
of a charge-state effect. Previous calculations suggest Ni
adopts a puckered bond-centered configuration[Fig.
1(c)].18,20 This was found to have vibrational modes broadly
consistent with experiment, and this model has been widely
accepted. The material-type dependence was explained by a
barrier for the negative charge state to form Ni from a more
stable Ns-I complex. However, the stability ofH1a up to
around 1700 K is inconsistent with the bridge-bonded struc-
ture, which has acalculatedactivation energy for diffusion
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of ø1 eV,18,21 much less than that ofI, which diffuses ther-
mally at around 700 K.6

Assuming Ni is responsible forH1a, the reactions

I + A center→ Ns + Ni , s1d

I + Ns → Ni , s2d

represent likelyH1a production paths for Ia and Ib material,
respectively.18 However, Eq.(1) implies that Ni is mobile at
300 °C(the production temperature in Ia material) so that the
Ns and Ni components can become spatially separated,
which is inconsistent with the subsequent stability ofH1a up
to 1400 °C . We shall show later that this is resolved by
correlatingH1a with a more stable defect.

Finally, we note that in Ia material the concentration of
H1a correlates with that ofA centers, but is unrelated to that
of B centers.18 However, until now a direct role forA centers
has not been suggested.

B. Other infrared-absorption centers

Other ir bands have been ascribed to interstitial nitrogen.
One at 1502.0 cm−1 anneals out between 720 and 900 °C ,
shifts to 1479 cm−1 with 15N, and might arise from a differ-
ent charge state of theH1a center.22 A peak at 1706 cm−1

also appears to arise from a defect containing a single nitro-
gen atom, and shifts by 28 cm−1 to lower frequency with
15N.23 This system, seen in material containing aggregated
nitrogen, anneals in around 600 °C and out between 900 and
1400 °C.23

Finally, the 1856 cm−1 line exhibits athree-peak structure
in material containing mixed nitrogen isotopes,24 lying at
1856, 1833, and 1820 cm−1. This defect, interpreted as con-
taining twoequivalentN atoms, is produced in irradiated Ia
material subsequent to annealing, with thresholds at 500 and
900 °C.24 In irradiated synthetic(Ib) material the line can be
produced by annealing to 1400 °C, perhaps due to the for-
mation ofA centers,24 suggesting that the 1856 cm−1 system
is stable above this temperature.

C. Ni-related optical absorption and luminescence

Optical absorption bands correlated with Ni in irradiated
Ib material lie at 2.367 and 2.535 eV, stable up to 200 and
400 °C, respectively. The 2.367 eV transition arises from a
thermally populated state, and is frozen out at low

temperature.25 The absorption is bleached under suitable il-
lumination, with a transition at 1.979 eV taking its place. It is
suggested that the 2.367 and 1.979 eV transitions arise from
different structural configurations of the same defect, with an
activation energy for conversion of,0.7 eV. Under anneal-
ing the 2.367 eV center may convert into the 2.535 eV cen-
ter, possibly involving self-interstitial emission, leading to
the suggestion that the former center contains at least two
self-interstitials.25 However, there is no direct evidence for
the number of interstitial components to any of these optical
absorption centers.

After annealing at 300–800 °C, cathodoluminescence
(CL) peaks at 2.807 and 3.188 eV grow in intensity, although
they are already present immediately after room-temperature
electron irradiation.24,26 The CL increases in intensity under
the electron beam,26 which may be interpreted as a change in
charge state. Both CL bands anneal out at around the same
temperature asH1a,27 although to our knowledge, no formal
correlation has been made between any of these centers.

The CL bands exhibit LVM replica. These lie at 1357,
1375, 1426, 1442, 1478, and 1536 cm−1 for the 3.188 eV
center and at 1356, 1378, 1390, 1411, 1425, 1539, and
1602 cm−1 for the 2.807 eV center.24,26In material containing
mixed nitrogen isotopes, several phonon replica split into
two components, interpreted as the presence of a single N
atom in the defect.26

It is generally taken that only totally symmetric modes
couple to zero-phonon transitions. Under such an assumption
it seems likely that the CL centers possess very low symme-
try and/or contain several defect atoms: if the defect has high
symmetry, in general only a subset of the normal modes will
transform appropriately, meaning that there are more than
seven LVM’s, whereasI is predicted to have three28 or four17

local modes, only one of which is totally symmetric. How-
ever, two coupled self-interstitials with no symmetry could
potentially generate the seven one-phonon replica reported
for the 2.807 eV system, suggesting that the CL systems may
be multi-interstitial complexes.

In an attempt to determine the likely structures of the
defects giving rise to the infrared bands and optical activity,
we have examined the structure of Ni and complexes formed
by the interaction of self-interstitials with N defects using
first-principles simulations. We outline our method in Sec. II
and present our results in Sec. III.

II. COMPUTATIONAL METHOD

Calculations were carried out using the local-spin-density-
functional technique, implemented in ab initio modeling
program29 (AIMPRO). To model the various defects, 64–216-
atom supercells have been used. The Brillouin zone is
sampled using the Monkhorst-Pack scheme,30 generally with
a mesh of 23232 specialk points. For representative cases
we have compared total energies with a 43434 mesh, and
this suggests our results from the smaller mesh are con-
verged to of the order of 10 meV. Core electrons are elimi-
nated by using norm-conserving pseudopotentials.31

The wave function basis consists of independent sets ofs
and p Gaussian orbitals with four different exponents, sited

FIG. 1. The (b) [001]-oriented split-interstitial and(c) bond-
centered configurations of Ni. Black and gray circles represent C
and N, respectively.(a) shows the corresponding section of defect-
free diamond for comparison, and the dashed lines indicate the
cubic axes.
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at each C or N site. For CsNd 1 (4) additional atom-centered
d Gaussians were also used. The charge density is Fourier
transformed using plane waves with a cutoff of 300 Ry,
which yields total energies converged to around 1 meV. The
lattice constant and bulk modulus of diamond using these
bases are within,1 and 5%, respectively, of the experimen-
tal values, while the direct and indirect band gaps at 5.68 and
4.18 eV, respectively, are close to previously published
plane-wave local-density approximation(LDA ) values.32

Donor or acceptor electrical levels are estimated by com-
parison of the ionization potential or electron affinity of a
bulk supercell, as suggested previously,33 and discussed in
detail for application to defects in diamond.34 Vibrational
modes are calculated by obtaining second derivatives of the
total energy with respect to the atom positions for a subset of
atoms(typically the defect atoms and their immediate neigh-
bors). The dynamical matrix is then made up from a combi-
nation of these explicitly calculated terms and ones obtained
from a valence force potential for the remaining atoms. Fi-
nally, we use the convention that a positive binding energy
implies the reactionA+B→AB is exothermic.

III. RESULTS

A. Interstitial nitrogen, N i

We have examined a number of likely configurations for
Ni. The relative total energies are summarized in Table I. The
N atom was displaced alongf112g or f110g from the [111]
bond axis to generate puckered bond-centered structures with
Cs andC2 symmetry, respectively. Both relaxed defects have
/CNC angles of,135°, and CuN bond lengths of 1.26 Å.
Previous, more approximate molecular-orbital calculations
obtained a bond angle of 115° and CuN bond length of
1.47 Å.18

We find that the[001]-oriented split-interstitial structure is
significantlymore stable than any other configuration consid-
ered, and in particular 1.2 eV lower in energy than the puck-
ered bond-centered geometry. TheT and H interstitial sites
are only viable when constrained by symmetry, and very
high energy, whereas Kiflawiet al. found the hexagonal in-
terstitial just 0.9 eV above the puckered bond center.18

The relaxed structures of the[001]-oriented split-
interstitial and puckered bond-centered structured are shown
in Figs. 1(b) and 1(c). The NuC bond lengths for the[001]-
oriented split-interstitial structure are 1.37, 1.37, and 1.26 Å
in the neutral structure, and differ from these values by just

60.01 Å when charged. These, along with/CNC at 109°
and 142° are within around 2% of those calculated forI,
which is also a[001]-oriented split interstitial.17,28,35

We estimate the binding energy of Ni, f001g relative to neu-
tral Ns and I to be 5.6 eV, which represents the energy lib-
erated in Eq.(2), and hence a considerable barrier to the
reverse process. The large value results from the loss of two
“dangling bonds”36 (DB’s) and suggests that once formed,
Ni,f001g will persist until it becomes mobile or complexes
with another defect.

Following Ref. 18, we considered complexes made up
from Ns and I. We find structures consisting of Ns with a
self-interstitial at theT or H sites are unstable, and relax to
the structure Fig. 1(b) or Ns-I pairs with I in a [001]-split
configuration. However, this latter class of complexes may
be important. There are many distinct Ns-I complexes. Four
are shown schematically in Fig. 2, where the center ofI is
first, second, and third neighbor to Ns. Structures(a)–(c)
have total energies 4.0, 3.6, and 2.4 eV above the ground-
state structure[Fig. 1(b)]. ReorientingI in structure(c) pro-
duces(d), lowers the symmetry, and increases the total en-
ergy to 3.0 eV above the ground state. We find reorientation
of the second-neighbor structure does not lead to reconstruc-
tion, and increases the total energy to around 4.3 eV. Sepa-
ration to fourth neighbors increases the total energy to more

TABLE I. Total energies(eV) for Ni in diamond relative to the[001] split-interstitial structure.

Charge State

Model Symmetry 21 0 11

Puckered bond center Cs 0.3 1.2 1.7

Puckered bond center C2 0.3 1.3 1.9

Bond centered D3d 1.2 1.9 2.1

H site D3d 8.9 8.3 6.2

T site Td 11.0 11.2 10.0

FIG. 2. Schematic representation of Ns and I in (a) nearest-
neighbor,(b) next-nearest-neighbor, and(c) and (d) third-neighbor
sites with different orientations. Circle shading as in Fig. 1, with the
addition of white circles highlighting the C atoms in the split inter-
stitial in each case. Threefold coordinated C atoms are indicated
with the heavy black circles. The vertical and horizontal axes are
approximately[001] and [110], respectively.
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than 5 eV above the ground state, which we interpret as the
two components being effectively dissociated. Other con-
figurations exist where Ns andI are at second or third neigh-
bors, but which do not reconstruct and are relatively high in
energy. We therefore conclude that the second- and third-
neighbor pairs shown in Figs. 2(b)–2(d) represent the most
significant metastable structures.

This result can be understood simply by counting the car-
bon DB’s in each case. Recall that there is only a single DB
in the case of Ni,f001g. Where Ns borders I [Fig. 2(a)], it
becomes on-site Ns

+, donating an electron to one of the the
threefold-coordinated carbon atoms. However, this complex
retains the two DB’s ofI. Where Ns is more distant fromI,
one NuC bond is broken and two threefold-coordinated C
atoms then reconstruct to form ap bond, leaving Ns three-
fold coordinated with a filled lone pair. The resulting com-
plexes have three- and four-member carbon rings, and only
one DB.

The temperature to which one might expect the meta-
stable forms to persist is difficult to estimate without an ex-
haustive analysis of the energy surface joining the various
structures. However, qualitatively, the barrier to formation of
from the third-neighbor pair must reflect the motion of the
self-interstitial plus the breaking of the reconstruction, and is
therefore likely to exceed the barrier forI migration.

1. Electronic structure

We find that Ni,f001g possesses a pair of levels in the band
gap [Fig. 3(e)] with b1 and b2 symmetries in theC2v point

group. Electric-dipole transitions are forbidden between
these levels, rendering the defect optically inactive. The
lower band is mainly a filled lone pair localized on N. The
higher band is partially filled in the neutral charge state, and
is chiefly ap orbital on C1 [Fig. 1(b)].

In the neutral charge state, Ni would be an orthorhombic
S=1/2 paramagnetic defect, with the majority of spin den-
sity localized on carbon atoms: Mulliken population analysis
suggests 1.5% and 56% of the spin density is localized on N
and C1, respectively. The defect is similar toI−, although
here the equivalence of the central atoms renders thep or-
bitals degenerate[Fig. 3(d)]. The gap levels of Ni,f001g are
lower in the gap than those of Ns, I, and I−, consistent with
the binding energy relative to these components.

The s−/0d and s0/+d levels of Ni calculated using the
comparison of ionization energies outlined in Sec. II lie at
Ec−1.6 eV andEv+1.6 eV, respectively, broadly in line with
the Kohn-Sham spectrum, Fig. 3(e). In particular thes−/0d
level is close to the experimental donor level of Ns
[Ec−1.7 eV(Ref. 37)]. Additionally, the highest occupied Ns

0

Kohn-Sham level is marginally above the lowest empty level
of Ni [Figs. 3(b) and 3(e)], suggesting that Ns might donate
an electron to Ni. Where Ns and Ni are at fourth-neighbor
sites, charge transfer has occurred. This suggests that Ni may
be negatively charged in Ib material, rendering it diamag-
netic.

Also plotted in Figs. 3(f)–3(h) are the Kohn-Sham spectra
of the metastable Ns-I complexes. The lower symmetry of
these species(Fig. 2) render optical transitions dipole al-
lowed, with the Kohn-Sham levels indicating zero-phonon
energies around half the band gap, consistent with a tentative
assignment of the 2.367 and/or 2.535 eV absorption centers
to Ns-I complexes. The conversion of the former into the
latter at 200 °C might correspond to the movement ofI into
a more stable configuration. Furthermore, the 2.367 eV arises
from a thermally populated state, reminiscent of the complex
optical characteristics ofI.17,38–40

The electronic structures of the second- and third-
neighbor pairs[Figs. 3(g) and 3(h)] resemble that of Ni since
they also consist of a filled N lone pair and a single C-related
DB. The relaxation in the third-neighbor pair is more exten-
sive than the second, which results in a more stable lone pair
lying around the top of the valence band.

2. Migration of Ni

SinceH1a center is much more thermally stable thanI, it
is important to estimate the barrier to diffusion. We calculate
this barrier assuming the path follows a

FIG. 3. Kohn-Sham eigenvalues in the vicinity of the band gap
for Ni-related defects.(a) Ns

+, (b) Ns
0, (c) I, (d) I–, (e) [001]-oriented

Ni, (f) Ns neighboringI, (g) Ns and I second neighbors, and(h) Ns

and I third neighbors. The valence-band top is at 0 eV, and the
gray-shaded areas represent bulk bands. Arrows indicate occupied
levels and their spin and white circles indicate empty levels. The
calculated band gap of 4.2 eV is typical of the method.

FIG. 4. (a) suggested trajec-
tory for Ni in diamond. Black and
white circles represent C and N,
respectively. (b) is the saddle
point structure.
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f001g split→ bond center→ f001g split

pattern, with the stages illustrated schematically in Fig. 4(a).
This is the migration path predicted for Ni in silicon.41 In this
scheme the N atom moves, but note that the initial C com-
ponent of the split interstitial does not.

The barrier height is estimated using a constrained mini-
mization technique: differences in the squares of interatomic
distances are fixed and all atoms allowed to relax subject to
this constraint. For Ni we haveR1

2−R2
2=const, whereR1 and

R2 are as indicated in Figs. 1(b) and 1(c). The energy profile
as a function of the constraint is shown in Fig. 5, yielding a
barrier of 1.7 eV. This step represents the barrier to migration
provided the barrier to precession of the bond-centered con-
figuration is less than the reverse Ni,f001g to Ni,BC reaction.
Since we find that the barrier to precession is of the order of
0.1 eV, the activation energy in Fig. 5 represents that re-
quired to migrate Ni through the lattice. The saddle-point
structure is shown in Fig. 4(b).

The migration barriers for the positive and negative
charge states computed using the same method are estimated
to be 2.4 and 0.8 eV, respectively. The difference with charge
state reflects the changes in the relative stabilities of Ni,f001g
and Ni,BC (Table I).

As previously noted, the partially dissociated pairs will
possess a barrier to recombination. In particular, if Eq.(2)
proceeds via structures in Fig. 2, there will be a barrier of 1.7
eV (the migration ofI) plus the barrier to convert Ns-I into
Ni. We have not calculated these barrier heights, but it seems
plausible that conversion of Fig. 2(c) into Fig. 2(b), or indeed
Fig. 2(b) into Fig. 2(a), might correspond to the 650 °C re-
quired for the formation ofH1a in Ib material.

3. Local vibrational modes

LVM’s constitute a key to obtaining an unambiguous
identification forH1a. Those calculated for Ni,f001g are listed
in Table II, all of which are both ir and Raman active by
symmetry. Each C/N isotopic combination yields three
LVM’s, the highest being a CuN stretch mode along the
C1-N axis (indicated schematically byv1 in Fig. 6) and the
second a C1 stretch mode with its two carbon neighbors(v2
in Fig. 6). The lowest is a NuC stretch mode(v3 in Fig. 6)
and its frequency is in reasonable agreement with the loca-
tion of the H1a band. Although the N atom is bonded to
three rather than two C atoms,v3 is very weakly coupled to
C1, shifting by,1 cm−1 with the C1 mass. Indeed,v3 splits
into three bands in a ratio of 1:2:1 with an equal13C/12C
mixture, with the three peaks split by 13 and 15 cm−1, cf.
,12 and 14 cm−1 from experiment. The N-isotope shift is
also in agreement withH1a, being calculated to be 25 cm−1

(cf. 24 cm−1).
A general overestimate in the location of the modes and

isotope splittings may occur due to the compressive nature of
the fixed volume supercell in the presence of an interstitial
atom.42 Allowing the lattice constant to vary to minimize the
total energy dilates the supercell by,1.7Vref sVref=a0

3/8d,
slightly less than that calculated forI.42 The LVM’s calcu-
lated with the relaxed lattice constant are also listed in Table
II. The agreement with theH1a bands is indeed closer. How-
ever, we shall show later that this agreement is fortuitous,
and that there is a more convincing model.

In the positive (negative) charge state, the LVM’s are
shifted down(up) by 7, 26, and 46 cm−1 (0, 28, and 21 cm−1)
for v1, v2, and v3, respectively. Since the positive charge
state is unlikely to be important in N-containing material, a
simultaneous assignment ofH1a and 1502 cm−1 to two
charge states of Ni, f001g seems unlikely. Although it remains
a possibility that Ni, f001g is responsible for the 1502 cm−1

band, the agreement is not particularly good, and as with
H1a, we shall propose a different model.

For comparison, the LVM’s of theC2 Ni, BC are also listed
in Table II (this symmetry being chosen because it yields two
equivalent neighbors). Although Ni, BC has a mode in reason-
able agreement withH1a, since the14N/15N shift is very
small (just 3−4 cm−1) this structure can also be discounted
on the grounds of vibrational frequency.

4. Discussion

The energy and LVM’s show that, in contrast to a previ-
ous assignment,18 Ni, BC is not a convincing model for the
H1a defect. Instead, of the forms of Ni, our calculations
favor Ni, f001g. The acceptor level and a higher-frequency
mode in the negative charge state are broadly consistent with

TABLE II. LVM’s for N i scm−1d in 12C/14N material. The H1a ir band is at 1450 cm−1.

Bulk a0 Relaxeda0

[001] split interstitial 1898 1577 1501 1861 1537 1461

Bond center 2020 1503 1983 1472

FIG. 5. Barrier to convert Fig. 1(b) into Fig. 1(c). Thex axis is
the constraint as discussed in the text. The computed data are indi-
cated by black circles. The line joining the data is to guide the eye.
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the suggestion that the 1502.0 cm−1 band arises from another
charge state of theH1a center.22

However, a crucial problem remains: the diffusion barrier
is too small for the defect to survive to the observed tem-
peratures. If we approximate the hop ratevh by

vh = va exps− E/kBTd, s3d

whereva is the attempt frequency,E is the diffusion barrier,
kB is Boltzmann’s constant, andT is the absolute tempera-
ture, takingva=40 THz and requiringvh to be 1 Hz yield a
stability temperature for Ni around 350 °C. Using Eq.(3)
with the experimental stability ofH1a, T=1400 °C, and the
calculated diffusion barrier of Ni impliesva,105 Hz, which
seems implausible. SinceT=1400 °C andva=40 THz im-
plies E,4.5 eV we conclude thatH1a is not due to Ni, but
instead due to a more stable interstitial defect.

B. Ni-Ns pair

Theoretically, a pair of N atoms sharing a single sitesN2id
constitutes a particularly stable structure in silicon.43–46 The
structure[Fig. 7(a)] possessesD2d symmetry and resemblesI
and Ni in diamond(Sec. III A). For the relaxed structure, the
NuN and NuC bonds are 1.24 and 1.38 Å, respectively,
with bond angles of 110° and 139°, close to those of Ni.

N2i is lower in energy than separated, neutral Ni and Ns
by 5.1 eV, and 6.9 eV is liberated in the reaction

I + Acenter→ N2i .

This implies that, as with Ni, once formed, N2i is unlikely to
dissociate. Furthermore, it will not form a source of Ni [Eq.
(1)] at the temperatures whereH1a is stable, contradicting
previous propositions.18

Metastable partially dissociated structures, similar to
those found for Ni (Fig. 2), can also be formed with Ns and
Ni, and are shown in Figs. 7(b)–7(f). The DB present in
Ns-I defects can be replaced by a nitrogen lone pair. Ni-Ns
pairs at second and third neighbors are low in energy in
comparison to the dissociated components, and structures
(d)–(f) are respectively just 2.9, 1.7, and 2.7 eV higher in
energy than the ground-state N2i configuration. Ns neighbor-
ing Ni can be achieved with NuN bonds or Ns bonded to
the C atom in the split-interstitial[Figs. 7(b) and 7(c), re-
spectively]. These have energies of 3.3 and 3.9 eV, respec-
tively, relative to the ground state. However, in order to con-
vert several of the Ni-Ns structures into N2i an exchange of C
and N must take place, and it seems reasonable that there
will be a considerable barrier to the formation of the struc-
ture in Fig. 7(a) from partially dissociated pairs.

1. Electronic structure

N2i has a donor level around 0.7 eV above the valence-
band top(due to N lone pairs) and an acceptor level lying
above the conduction band minimum. This is in line with the
chemical nature of the defect, with both N atoms being three-
fold coordinated, and no carbon DB’s. The metastable sepa-
rated pairs also only possess occupied(N-related) orbitals
close to the valence-band top. This suggests that Ni-Ns
would be electrically, optically, and EPR inactive, with only
the atomic vibrations as a mechanism for direct detection of
their presence.

2. Migration of Ni-Ns

The path for Ni migration does not apply to Ni-Ns since
both N atoms need to move together. Instead, the most prob-
able course is partial dissociation followed by recombina-
tion, such as that indicated schematically in Fig. 8. This pro-
cess includes structures where Ns neighbors Ni. All such
structures that we have examined areù3.3 eV higher in en-
ergy than that shown in Fig. 1(d). The trajectory in Fig. 8
involves a number of reorientations of Ni, which is likely to

FIG. 6. An illustration of the LVM’s of Ni,f001g. Black and gray
circles represent C and N, respectively, the arrows the direction of
displacement for the core atoms in each mode, and the dashed lines
the cubic axes.

FIG. 7. Schematics of Ni-Ns

complexes. (a) [001]-oriented
split-interstitial, (b) and (c)
nearest-neighbor Ni-Ns, (d)
second-neighbor pair,(e) and (f)
third-neighbor pairs. Shading
and orientation are as defined in
Fig. 2.
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involve a barrier of the order of the migration barrier of Ni.
Although we have not directly estimated the barrier to mi-
gration, the energies of the intermediate structures in Fig. 8
strongly suggests that the activation for the motion of the
pair is substantially higher that that of Ni, and broadly con-
sistent with migration around 1400 °C whereH1a is lost.

3. Local vibrational modes

The LVM’s for the structure in Fig. 1(d) are listed in Table
II. The calculated volume dilation of 1.6Vref is very close to
that of Ni. As with Ni, f001g there are three stretch modes, with
v2 andv3 (Fig. 6), now degenerate, in good agreement with
H1a. In particular, a lack of coupling between the two N
atoms in these modes yieldstwo rather than three peaks with
mixed N isotopes, with the calculated splitting of
23–25 cm−1 encompassing the experimental value of
24 cm−1 for H1a.19 The shifts with carbon isotope also agree
well with H1a: 11 and 15 cm−1, cf. 12 and 14 cm−1 from
experiment. Therefore, the LVM’s of N2i make it a good
candidate forH1a, despite being made up from two N atoms
rather than one N atom.

N2i has two equivalent N atoms and the N-N stretch mode
is close to the 1856 cm−1 band. However, the N-isotope
shifts are in poor agreement with experiment and the differ-
ent annealing properties ofH1a and 1856 cm−1 centers do
not support an assignment of the 1856 cm−1 and H1a ir
bands to the same center. We shall show below that there is a
more favorable model for this center.

We have also calculated the LVM’s for the partially sepa-
rated, metastable Ni-Ns pairs(Table III). A N-related mode in
the third-neighbor pair lies in reasonable agreement with the
1502 cm−1 ir line, in particular yielding a N-isotope shift of
23−24 cm−1, compared to the experimental value of
25 cm−1. Furthermore, where the three C neighbors to the
interstitial-N atom are replaced with13C, the mode drops by
28 cm−1, in excellent agreement with the 29 cm−1 shift in 13C
material.22 The modes of the second-neighbor pair, and the
low-symmetry third-neighbor pair(not listed) are not in par-
ticular agreement with any ir bands, and since they are
higher in energy than structure(e), Fig. 2, we tentatively
correlate the 1502 cm−1 ir band with the third-neighbor meta-
stable Ni-Ns complex.

4. Discussion

The thermal stability and LVM’s of N2i are consistent
with H1a. However, such an assignment implies that the
formation processes have different activation barriers in Ia
and Ib materials, rather than being a charge-state effect. Us-
ing the formation temperatures of 300 °C and 650 °C for Ia
and Ib material respectively,18 Eq. (3) yields activation ener-
gies of around 1.5 and 2.5 eV.

Noting that in Ia materialH1a is correlated with the con-
centration ofA centers,18 the simplest interpretation is for-
mation ofH1a via I +A center→Ni-Ns. Assuming that there
is no additional barrier to this reaction, this would be acti-
vated with an energy appropriate for the migration of theI,

TABLE III. LVM’s for N 2i and the planar second- and third-neighbor Ni-Ns pairsscm−1d. The N isotope
for the dissociated pairs refers to that in the split interstitial(see Fig. 7).

Defect Isotopes Bulka0 Relaxeda0

[001] split 14N-14N 1864 1493 1493 1830 1454 1454
15N-14N 1833 1493 1468 1800 1454 1431
15N-15N 1801 1468 1468 1768 1431 1431

Second neighbors 14N 2119 1613 1423 2050 1561 1384
15N 2075 1596 1423 2007 1544 1384

Third neighbors 14N 1833 1552 1443 1774 1501 1402
15N 1800 1528 1443 1742 1478 1402

FIG. 8. A possible scheme for the migration
of Ni-Ns. Black and gray circles represent C and
N, respectively. All atoms plotted are within a
single s110d plane.
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consistent with the formation ofH1a in type-Ia material at
around 300 °C .

The formation mechanism for N2i in Ib material is less
clear. Subsequent to irradiationI may complex with Ns and
form Ni. Above around 300 °C where we predict Ni is mo-
bile, it should form complexes with other centers in the ma-
terial, and in particular Ns. However, this direct formation
mechanism cannot be correct asH1a is formed at 650 °C in
Ib material, so for the assignment to be correct there must be
an intermediate stage in the production of N2i.

Three potential mechanisms suggest themselves.
(1) Under electron irradiationI diffuses athermally. Dur-

ing irradiation the dominant form of self-interstitial-nitrogen
complex may then involve more than oneI. The 650 °C
threshold would be the mobility ofV to complex with Ni-I
complexes forming mobile Ni, which rapidly forms N2i com-
plexes with Ns.

(2) The migration of Ni may lead to a metastable Ni-Ns
complex, which has a barrier to the ultimate formation of the
split N-pair corresponding to the 650 °C threshold.

(3) There is a barrier to the formation of Ni from I and
Ns, so that below 650 °C a metastable form of Ns-I domi-
nates. The annealing step is then the recombination of Ns and
I into mobile Ni, which migrates to form N2i complexes.

Indeed, our calculations support the formation of both
metastable Ns-I and Ni-Ns structures, but it is not possible to
be certain based on the present calculations which, if any, of
the three mechanisms is correct. However, if an assignment
can be made for the 1502 cm−1 ir line to the third-neighbor
Ni-Ns pair, then this would tend to support the formation of
metastable Ni-Ns centers that increases the temperature re-
quired for the formation ofH1a in Ib material.

C. Ni-self-interstitial complexes

We have substituted nitrogen for carbon in three low-
energy di-self-interstitial structures:17 the nearest-neighbor
pair, correlated with theR1 EPR center, the Humble, next-

nearest-neighbor structure proposed for the 3H optical cen-
ter, and ap-bonded defect yet to be correlated with any
experimental center. Schematics of the complexes are shown
in Fig. 9.

In the neutral charge state there is a slight preference for
the Cs R1 structure. The relative energies are listed in Table
IV. In all three cases the nitrogen atom preferentially takes
up a threefold-coordinated position, with Ni-I complexes
then possessing just one DB. The energy is increased by
around 3–4 eV by placing N at a fourfold site consistent with
introduction of a second DB.

The binding energies for Ni-I with respect to Ni andI are
5.6, 5.8, and 5.2 eV for the positive, neutral, and negative
charge states, respectively. These large values correspond to
the removal of two DB’s, and suggest that these complexes
are unlikely to dissociate except at high temperatures.

1. Migration of Ni-I

Since the binding energy is large, the loss of Ni-I would
most likely correspond to the further capture of mobile spe-
cies(such as Ni, I, or V) or the migration of the complex. A
potential migration scheme is portrayed in Fig. 10. This
scheme is similar to that proposed for the diffusion of the
di-self-interstitial.17 The intermediate stage with the gray at-
oms in Fig. 10 has an energy only 0.5 eV above theR1
structure. A complete analysis of the motion of Ni-I is com-
putationally expensive, and we are unable to precisely deter-
mine the thermal stability of Ni-I. However, it seems reason-
able to expect these complexes to be more mobile than N2i
since only the N atom is moving through the lattice.

2. Electronic structure

Neutral R1 and Humble structures possess one carbon
DB, populated by a single electron, whereas thep-bonded
model has a partially populatedp* state high in the band gap.
Therefore Ni-I is electrically active, the calculated levels be-

TABLE IV. Relative total energies for Ni-I in diamond, and the acceptor and donor levels calculated using
the bulk diamond cell as a marker(eV). Acceptor and donor levels are given below the conduction band
minimum and above the valence-band top, respectively.

Charge state

Model Symmetry 21 0 11 (2/0) (0/1)

R1 Cs 0.0 0.0 0.9 1.2 2.3

Humble Cs 0.4 0.2 0.9 0.8 2.5

p bonded C2 1.7 0.6 0.0 - 3.8

FIG. 9. Schematics of the low-
energy forms of Ni-I found in this
study. (b), (c) and (d) are analo-
gous to the R1, Humble, and
p-bonded di-interstitial structures,
respectively. Black and gray
circles represent C and N atoms.
(a) shows a section of defect free
diamond for comparison.
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ing listed in Table IV. The acceptor levels, lying close the
conduction band, means it is unlikely that Ni-I will adopt the
negative charge state. However, the donor level of the
p-bonded structure is above the measured acceptor level of
the lattice vacancy[measured atEc−2.65 eV(Ref. 47)].

The location of the Kohn-Sham eigenvalues in the vicin-
ity of the band gap for the three low-energy structures are
shown in Fig. 11. As with Ni, the gap has both occupied and
empty bands associated withp orbitals on N and C atoms.
For structures in the positive and neutral charge states these
defects represent potentially optically active centers, with ex-
citation energies crudely estimated from the Kohn-Sham lev-
els to lie in the 2–3 eV range, perhaps consistent with the
2.807 and 3.188 eV CL systems.

We also present the Kohn-Sham levels for Ni and I sepa-
rated by two host sites where they are effectively dissociated.
The lowest two gap levels reside on the Ni and the nearly
degenerate pair higher in the gap are chiefly localized onI
[cf. Figs. 3(c) and 3(e)]. TheS=3/2 configuration plotted is
calculated to lie around 0.4 eV above anS=1/2 ground state.
In either spin configuration, this complex is optically active
with transitions in the 2–3 eV range, as estimated from the
Kohn-Sham levels. It is noted that theW11-14 EPR centers
seen in irradiated Ib material are of low symmetry andS
=3/2.48 These centers are thought to involve N in a passive
sense, either as a donor or providing a local strain field. In
line with these properties, Ni-I complexes in theS=3/2 spin
state possess spin density chiefly on C atoms, and different
separations of the two components might give rise to the
range of observations. However, the current model for these
centers is a perturbed negative vacancy,49 and the stability of
the EPR centers is not particularly consistent with the migra-
tion of self-interstitials.

3. Local vibrational modes

The LVM’s for the Ni-I complexes are listed in Table V.
The low symmetries and relatively large number of atoms
involved in these centers complicates the isotopic splittings.
However, the modes of theR1 structure around
1400–1450 cm−1 show very little shift with nitrogen isotope,
and can be ruled out as a candidate for theH1a center.

The 1470 cm−1 mode of the Humble structure has a nitro-
gen isotope shift in agreement withH1a, and is decoupled
from one of its three C neighbors. However the remaining C
neighbors are inequivalent, and lead to an isotope pattern
with four rather than three peaks at 1470, 1462, 1458, and
1447 cm−1. We can therefore also discount this as a candidate
for the H1a center.

The N-atom in thep-bonded defect has two equivalent C
neighbors, and thus might be a candidate for theH1a defect.
However, the modes are rather high in frequency, and the
isotopic shifts do not resemble those ofH1a. Therefore we
also reject this structure as a candidate forH1a.

Although there are no obvious links between Ni-I com-
plexes and ir bands, all three defects have a relatively large
number of LVM’s due to the number of inequivalent atoms
in strained conditions. Furthermore, given the lack of sym-
metry, many of these modes may occur as a phonon replica
of zero-phonon transitions. This is consistent with the obser-
vations of local modes in the side bands of the 2.807 and
3.188 eV CL systems, although it is not possible from the
current data to make a firm assignment based on our calcu-
lated LVM’s.

4. Discussion

Combining the data relating the electrical, optical, and
vibrational properties of Ni-I defects, we tentatively assign
the R1 and Humble forms of Ni-I to the two CL systems at
2.807 and 3.188 eV. Furthermore, the CL intensity depends
upon the exposure to the electron beam, perhaps indicating a
change in charge state, consistent with the prediction that
Ni-I is electrically active.

Since the defects will be optically inactive in the negative
charge state, one might suspect that under the electron beam
the defects are transformed from negatively charged to neu-
tral. In fact, this is what happens to the vacancy-nitrogen
complex in the same material.26 However, in the case of the
vacancy-nitrogen complex, there is a midgap acceptor level,
and given that the calculated acceptor levels of Ni-I are

FIG. 10. A possible scheme for the migration
of Ni-I. Black and white circles represent C and
N, respectively. All atoms plotted are within a
single s110d plane, except in the case of the sec-
ond step where the right-hand split-interstitial(in-
dicated by the gray atoms) is aligned approxi-
mately along[010].

FIG. 11. Kohn-Sham levels in the band gap for Ni-I in various
charge states.(a)–(c): Humble, 11, 0, and –1;(d) and (e): p
bonded,11, and 0;(f)–(h): R1, 11, 0, –1;(i) partially dissociated
Ni-I pair, made up from Ni,f001g and I similarly oriented and sepa-
rated by two host sites. Notation as Fig. 3.
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higher than the donor level of Ns, such an interpretation
seems unlikely. A transition between the neutral and positive
charge states remains possible, but it is not obvious why both
charge states do not yield optical transitions. Alternatively
the enhancement under the electron beam may relate to an
increase in the rate at which separated Ni and I combine to
form the optical centers, since it is well known theI is highly
mobile under ionizing conditions.

D. Ni-Ni complexes

In type-Ia material,A centers might capture a pair of self-
interstitials to form Ni-Ni complexes analogous to those seen
in silicon. Indeed, a defect closely resembling theR1 EPR
center is thedominantform of nitrogen in silicon.50 As with
Ni-I complexes, we have based our analysis on theR1,
Humble, andp-bonded di-interstitial models. The resulting
structures are shown schematically in Fig. 12. TheR1,
Humble, andp-bonded structures haveC2h, C2v, and C2h
symmetries, respectively, and for all charge states we findR1
to be the lowest in energy. The Humblespd structure is
around 0.7 eV(2.4 eV) and 0.5 eV(1.2 eV) higher in energy
in the neutral and positive charge state, respectively.

Exchanging a threefold-coordinated N atom for a nearby
fourfold site increases the total energy by more than 2 eV,
consistent with the formation of a DB. Similarly, separatingI
and N2i components by two host sites increases the total
energy by around 5.3 eV, consistent with the formation of
two DB’s. In contrast to the partially dissociated Ns-I and
Ni-Ns defects, no metastable forms of N2i-I complexes have

been found. Thus there is no particular structural reason to
suspect a barrier to the formation of Ni-Ni deviating signifi-
cantly from the migration barriers ofI or Ni s,1.7 eVd.

Table VI lists reaction energies for the formation of
Ni-Ni. As with previous complex formation mechanisms, the
large binding energy is a consequence of the reduction in the
number of DB’s and will inhibit dissociation.

1. Migration of Ni-Ni

Potentially, Ni-Ni might migrate in a similar fashion to Ni,
as illustrated in Fig. 13. Since the the mechanism is essen-
tially the through-bond diffusion plus the breaking of a re-
constructed bond, the barrier is likely to be larger than the
1.7 eV barrier for Ni, f001g. Indeed, the transition state in Fig.
13 can be viewed as Ni +Ni, which corresponds to a consid-
erable increase in energy(Table VI). The migration barrier of
Ni-Ni is thus likely to be several eV higher than that of
Ni, f001g, and it is plausible that Ni −Ni would be stable spe-
cies to high temperatures.

2. Electronic structure

As with N2i all structures(Fig. 12) contain only chemi-
cally satisfied species, and hence there are no deep empty
levels in the band gap, but the N lone pairs lead to a filled
band above the valence-band top. Using the bulk-ionization
energy as a reference, the donor levels of theR1, Humble,
andp-bonded structures lie aroundEv+1.5 eV,Ev+1.8 eV,
andEv+2.7 eV, respectively, with no evidence of any accep-
tor activity. We find no evidence of a second donor level.

TABLE V. LVM’s and isotopic shifts for the Ni-I complexes in diamondscm−1d. Frequencies correspond
to N and C masses of 14 and 12 amu, respectively. The15N shifts represent the reduction in frequency with
nitrogen isotope, and the maximum shifts are the reduction in frequency upon replacing all core atoms with
15N and13C.

Structure

R1 Mode 2032 1833 1642 1603 1445 1433 1417
15N shifts 2 29 6 18 0 4 0

Max. shifts 62 51 49 47 26 36 21

Humble Mode 1817 1769 1564 1470 1428 1399
15N shifts 0 30 2 22 0 0

Max. shifts 69 63 50 49 23 19

p Mode 2023 1933 1782 1575
15N shifts 0 39 19 7

Max. shifts 79 69 66 58

FIG. 12. Schematics of the
low energy forms of Ni-Ni found
in this study.(b), (c), and (d) are
analogous to theR1, Humble, and
p-bonded di-interstitial structures,
respectively. Black and gray
circles represent C and N atoms,
respectively.(a) shows a section
of defect-free diamond for
comparison.
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Therefore, it seems most likely that Ni-Ni will be present
as a neutral, diamagnetic defect in N-containing material.
Furthermore, the presence of only occupied gap states sug-
gests that in the neutral charge state these defects would be
optically inactive, and as with N2i they will be most likely
detected only by their LVM’s.

3. Local vibrational modes

The LVMs of Ni-Ni are listed in Table VII. Of particular
interest is the mode at 1917 cm−1 for 14N in theR1 structure.
This ir-active,Bu mode is characterized by displacements of
both N atoms approximately alongk334l. More significantly
the two equivalent N atoms yield three peaks in mixed-
isotope material, split by 24 and 14 cm−1. Although the fre-
quencies are 3% higher than the experimental values of the
1856 cm−1 defect, the isotopic splittings are in very good
agreement, and it is tempting to correlate the experimental
center with theR1 Ni-Ni defect. As with the previous calcu-
lations of LVM’s, we have also obtained the modes for the
R1 form of Ni-Ni subsequent to relaxing the volume of the
supercell. Focusing on the high-frequencyBu mode, we find
that the volume expansion lowers the 1917 cm−1 mode to
1845 cm−1, with the nitrogen-isotope splittings being 22 and
14 cm−1, in excellent agreement with the 1856 cm−1 experi-
mental data. The only modes in the vicinity ofH1a that
exhibit a N-isotope shift are ir inactive, and thus theR1
Ni-Ni structure cannot be correlated with this defect.

For the Humble structure a pair of close-by modes lie
around 1774 cm−1, made up from odd and even combination
of CuN stretches along the split-interstitial bonds. The
modes are split by just 2 cm−1, suggestive of a very weak
coupling between these oscillators. For mixed nitrogen iso-
topes there are essentially two frequencies(1774 and
1744 cm-1) split into a number of closely packed modes. Al-
though the overall range of frequencies are consistent with
the 1856 cm−1 system, the lack of coupling of the two N
atoms rules this structure out as a candidate. However, the
modes are in close agreement with the 1706 cm−1 system,
although, as withH1a, this center is thought to involve only
a single N atom. In the volume relaxed system the agreement
is excellent, withA1 modes at 1707 and 1675 cm−1 in the14N
and 15N cases. In the mixed isotopes the modes lie at 1678

and 1708 cm−1, and may not be resolved from the isotopi-
cally pure cases. There is also an ir-activeB1 mode close by
in frequency. However, since this represents an antisymmet-
ric combination of[001] stretch modes, it seems likely that
the induced dipole and hence strength of absorption will be
small, and may be undetected.

The lack of coupling between the N atoms might allow
the Humble structure of Ni-Ni to be responsible forH1a.
However, there is no mode of vibration that yields convinc-
ing isotope shifts and as such can also be ruled out as a
candidate.

Finally, thep-bonded structure has high-frequency modes
that may be related to the 1856 cm−1 band. However, the
N-related isotopic shifts are not in good agreement and
coupled with the relatively high energy of this structure in
the neutral charge state, we reject this as a model.

4. Discussion

Complexes made up from two Ns and twoI form particu-
larly stable structures. Where the N atoms are threefold co-
ordinated, Ni-Ni are chemically satisfied and most probably
EPR and optically inactive. The LVM’s of the nearest-
neighbor pair ofR1 structure are in very close agreement
with the experimental 1856 cm−1 band. No other structure
examined in this study has twoequivalentN atoms, modes of
the correct frequency with appropriate isotope shifts, and we
therefore assign the nearest-neighbor Ni-Ni pair to this ex-
perimental system. Additionally, the Humble form has

TABLE VI. Binding energyEb (eV) for neutral I-nitrogen complexes relative to species likely to be
involved in their formation. Unless otherwise stated, the configurations listed refer to the lowest-energy
states, andA refers to theA center.

Reactants Product Eb Reactants Product Eb

Ns+ I Ni 5.6 sNi-Id+Ns Ni-Ni 5.9

Ns+Ni N2i 5.1 Ni +Ni Ni-Ni 6.1

A+ I N2i 6.9 A+ I2 Ni-Ni 6.2

Ns+ I2 Ni-I 4.2 sN2id+ I Ni-Ni 6.6

Ni + I Ni-I 5.8

sNi-Nid+ I Ni-Ni-I 6.8 A+ I4 Ni-Ni-I2 2.6

A+ I3sO3d Ni-Ni-I 7.1 sNi-Nid+ I2 Ni-Ni-I2 8.0

sN2id+ I2 Ni-Ni-I 10.4 sNi-Ni-Id+ I Ni-Ni-I2 8.4

FIG. 13. A possible scheme for the migration of Ni-Ni. Black
and gray circles represent C and N, respectively. All atoms plotted
are within a singles110d plane.
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LVM’s that closely mirror the frequencies and isotopic shifts
of the 1706 cm−1 precursor to the 1856 cm−1 band and is
only slightly higher in energy.

It therefore seems plausible that annealing irradiated Ia
material leads to a succession of Ni-Ni defects. An anneal of
around 900 °C is required for the formation of the 1856 cm−1

system, which coincides with the onset of the loss of the
1706 cm−1 defect. Assigning the Humble andR1 forms to the
1706 and 1856 cm−1 centers, respectively, requires a barrier
to interconversion of the order of 3 eV, which seems reason-
able given the available data.

The 1706 cm−1 band appears after annealing to 600 °C,
suggesting that the formation of the Humble form of Ni-Ni
has a further activation stage. This may relate to the rear-
rangement of the components of an N2i-I complex, since
when initially formed, the N atoms will most likely remain
nearest neighbors. The 600 °C threshold(corresponding to
an activation energy of,2.4 eV) would then correspond to a
barrier to switch the N atoms from neighboring to the next-
nearest-neighbor sites in Fig. 12.

Alternatively, it could be that immediately upon irradia-
tion the dominant form of N-self-interstitial complex con-
tains more self-interstitials, and the lower-temperature an-
nealing threshold is the onset of the motion of lattice
vacancies, perhaps involved in a reaction such asA center
+3I +V→Ni-Ni –I +V→Ni-Ni. Unfortunately, our calcula-
tions are unable to resolve which, if either, of these models is
correct.

E. Higher-order aggregates

We first examine a potential low energy structure for
2Ns+3I, which relates closely to theO3 EPR center.6 As
before, the N reduces the number of DB’s, in this case to
zero. The structure is depicted in Fig. 14(b). The reaction
energies for the formation of this structure are listed in Table

VI. (Theoretically the lowest-energy tri-self-interstitial in
diamond isnot theO3 form, but one which is around 1.7 eV
lower in energy. However, since this defect does not possess
any DB’s, there are no obvious sites for N substitution.)
Once formed, Ni-Ni-I would be quite stable, since the first
reaction in Table VI indicates that the cost of dissociation
(estimated by summing the binding energy andI diffusion
barrier, 1.7 eV) is 8.5 eV. Thus if Ni-Ni-I is formed in Ia
material, the most likely mechanism by which this can be
transformed into Ni-Ni, is via the capture of a lattice va-
cancy. This may correspond to the activation temperature for
formation of the 1706 cm−1 band.

We have previously examined the possibility of N inter-
acting with tetra-interstitial aggregates in the context of
platelets in diamond.17,51 The lowest-energy structure is
shown in Fig. 14(c), and represents a defect with no DB’s.
However, the tetra-self-interstitial on which this complex is
based has no DB’s, leading to a relatively small binding en-
ergy for theA center toI4. This and other plausible reactions
are listed in Table VI.

The difficulty in forming Ni-Ni-I, Ni-Ni-I2, and higher-
order aggregates relates to the formation path.A centers al-
ready present in the material must first trap oneI to form N2i,

TABLE VII. LVM’s of N i-Ni in diamond scm−1d. Symmetries are for isotopically pure cases. For
C2h sC2vd symmetry,Au andBu (A1 andB) modes are ir active.

R1sC2hd
N1 N2 Ag Bu Bu Ag Au Ag Bg

14 14 2012 1917 1622 1595 1451 1431 1427

15 14 1994 1894 1615 1584 1451 1426 1427

15 15 1967 1880 1601 1579 1451 1421 1427

Humble sC2vd
B1 A1 B1 B2 A1 A2 A1

14 14 1775 1773 1472 1459 1453 1401 1392

15 14 1773 1745 1465 1459 1440 1401 1389

15 15 1746 1741 1447 1459 1437 1401 1387

p-bondedsC2hd
Bg Bu Ag Au

14 14 1992 1971 1661 1563

15 14 1984 1938 1647 1558

15 15 1948 1932 1631 1554

FIG. 14. Schematic representation of(b) Ni-Ni-I and (c)
Ni-Ni-I2. The black and gray circles represent C and N respectively.
(a) shows the corresponding section of defect free diamond for
comparison, and the dashed lines indicate the cubic axes.
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then a second to form Ni-Ni and so on. Purely on statistical
grounds the higher-order aggregates would form only for
high I concentrations. Furthermore, as the aggregates grow,
so do their strain fields, which is likely to further reduce the
probability of complex formation. Nevertheless, we note that
in IIa materialO3 forms at low temperature, albeit in small
concentrations, and we cannot exclude the formation of high-
order aggregates of self-interstitials and N in type-I material.

1. Electronic structure

Both tri- and tetra-interstitial defects possess filled states
close to the valence-band top associated with lone pairs on
the N atoms, the tetra-interstitial possessing slightly deeper
bands due to the N atoms being closer together. However,
they are most likely passive in N-containing material and
thus also optically and magnetically inactive.

2. Local vibrational modes

TheO3-structure Ni-Ni-I defect yields several LVM’s, the
highest two of which are in-phase and antiphase combina-
tions of CuN stretch modes approximately along[001],
where both N atoms are the same mass. The antiphase com-
bination is likely to have a much higher ir-absorption coef-
ficient than the in-phase mode, since in the latter case the
induced dipoles along[001] cancel. However, in the mixed-
isotope case the NuC oscillators become uncoupled and
there will be two high-frequency modes. If this defect were
present in the material, such ir activity might be interpreted
as a defect withinequivalentN atoms, although in reality this
is not the case.

Where the lattice constant is fixed to the bulk value the
modes of Ni-Ni-I lie at 1441, 1443, 1638, 1726, and
1730 cm−1, all of which are ir active by symmetry. Volume
relaxation lowers the frequencies to 1395, 1405, 1577, 1667,
and 1671 cm−1. Similar results are obtained for Ni-Ni-I2,
with around 10 modes above the Raman frequency, the high-
est lying around 1716 cm−1. However, in neither case is there
an obvious experimental system with which to make a cor-
relation.

IV. CONCLUSIONS

Based on the calculated properties of complexes made up
from Ns and self-interstitials, Table VIII lists the proposed
assignments for radiation products in N-containing diamond.

One can then hypothesize the formation paths that are occur-
ring if our assignments are correct.

Ib material. Upon irradiation bound, metastable Ns-I
complexes are formed that give rise to the optical absorption
peaks at 2.367 and 2.535 eV. At moderate temperatures(be-
tween around 300 and 650 °C) I becomes mobile and is
trapped by some Ns-I complexes to form Ni-I complexes,
giving rise to the 2.807 and 3.188 eV CL peaks. Other Ns-I
complexes convert into mobile Ni, which migrate to form
metastable but strongly bound Ns-Ni complexes, one of
which is responsible for the 1502 cm−1 ir system. Upon an-
nealing at and above 650 °C Ni-Ns reconstructs to form the
D2d symmetry N2i defect, which we correlate with theH1a ir
absorption. Above 1400 °CH1a is destroyed. It is not clear
by what process this occurs. However, we note that Eq.(3)
suggests that 1400 °C corresponds to an activation energy of
4.5 eV, which is considerably lower than the calculated acti-
vation barrier to dissociation of 6.8 eV(estimated from the
sum of the binding energy and migration barrier of Ni). It
seems more likely that this threshold either corresponds to
the migration of Ni-Ns, or to that of some other defect that
then complexes with theH1a center. This may involve the
formation of higher-order complexes that are very stable
(compare the binding energies of N2i and Ni-Ni-I or Ni-Ni
-I2, Table VI) and probably immobile. In particular, 1400 °C
may relate to a source ofI to convert N2i into Ni-Ni which
we correlate with the 1856 cm−1 band, and which is gener-
ated in Ib material by annealing to 1400 °C . Alternatively,
the 1400 °C threshold may pertain to the breakup of vacancy
complexes such as theR10 EPR center, which occurs around
this temperature,52 with N2i being converted intoA centers.

Ia material. At around 300 °C self-interstitials move to
form complexes withA centers, forming N2i, giving rise to
H1a. Also formed are Ni-Ns-I pairs, which above around
500–600 °C convert into Ni-Ni in both Humble andR1
forms, giving rise to the 1706 cm−1 and more stable
1856 cm−1 lines, respectively. At higher temperatures
(900 °C and above) the Humble form converts into theR1
form. Above 1400 °C the same processes occur toH1a as in
Ib material. However, the 1856 cm−1 defect persists, consis-
tent with the particularly high binding energy of theR1 Ni
-Ni defect.

In summary, we have shown that the currently accepted
model for theH1a center in diamond cannot explain the
experimental observations. However, a di-nitrogen-
interstitial defect appears to have the correct stability and
vibrational properties.

This assignment has an important implication for the in-
terpretation of the experimental spectra with mixed isotopes:
the interpretation that the presence of two peaks with mixed
N isotopes implies one N atom implicitly assumes that all
species in the defect couple together in all local modes. With
our assignment, the two-peak structure is interpreted as the
motion of the nitrogen atoms in the defect are not coupled.
This is similar to our interpretation of the 3H optical center,
which exhibits a three-peak structure in a phonon replica in
mixed carbon isotopes. In this case this is suggestive of two
equivalentC atoms,53 but the optical center has been as-
signed to a defect where two[001]-oriented carbon split-
interstitials at next-nearest-neighbor sites oscillate almost in-

TABLE VIII. Proposed assignments for N-containing interstitial
defects in diamond.

Experimental center Model

H1a s1450 cm−1d N2i

1502 cm−1 Ni-Ns

1706 cm−1 Humble Ni-Ni

1856 cm−1 R1 Ni-Ni

2.807 eV and 3.188 eV R1 and Humble Ni-I

2.535 eV and 2.367 eV dissociated Ns-I or Ni-I
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dependently of each other.17 The assignment ofH1a to anE
mode at aD2d N2i defect can be tested experimentally if the
symmetry of the vibrational mode can be examined under
uniaxial stress.

We are made more confident in our assignment forH1a
by how it fits into the broader picture of irradiated
N-containing diamond, and the lack of any other system si-
multaneously possessing vibrational modes and thermal sta-
bility consistent with experiment, despite the wide ranging
nature of the study. Indeed, by analyzing a range of combi-
nations of N and self-interstitials, we have been able to con-
struct broad schemes for the formation and annealing of de-
fects in Ia and Ib material consistent with the different
experimental observations for these materials.

Finally, although we have focused on ir modes that have
been correlated with N by isotopic effects, we find many

modes in N-containing defects for which there are no
N-related isotope shifts. For example,v2 in Ni shifts by less
than 10−2 cm−1 with the N mass in our calculations, despite
being directly adjacent to the N site. The case is even more
clear for defects such as Ni-I and the dissociated Ni-Ns pairs
where there are strongly localized modes that are spatially
separated from the N site. Many systems such as the 5RL
optical center are stable to temperatures that perhaps suggest
the stabilizing presence of a nearby impurity, and we have
shown that defects where N acts as a benign trap are quite
plausible.
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