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Abstract
The single substitutional nitrogen atom in diamond is apparently a very simple
defect in a very simple elemental solid. It has been modelled by a range of
computational models, few of which either agree with each other, or with the
experimental data on the defect. If the computational models of less well
understood defects in this and more complex materials are to be reliable, we
should understand why the discrepancies arise and how they can be avoided in
future modelling. This paper presents an all-electron, augmented plane-wave
(APW) density functional theory (DFT) calculation using the modern APW
with local orbitals full potential periodic approximation. This is compared to
DFT, finite cluster pseudopotential calculations and a semi-empirical Hartree–
Fock model. Comparisons between the results of these and previous models
allow us to discuss the reliability of computational methods of this and similar
defects.

1. Introduction

In the last few decades, the experimental data on defects in semiconductors have become so
sophisticated that it is sometimes possible to derive a full structural and electronic model
of a defect from experimental data alone. However, more often the experiments can be
interpreted ambiguously or the data are not conclusive, and additional sources of information
are needed. Here, quantum mechanical modelling of defect centres plays an important role. All
computational modelling of quantum mechanical systems necessarily involves approximation
at some level [1, 2]. It is useful to know which computational models can reliably predict which
properties of the defects. This paper takes one of the simplest elemental solids, diamond, and
one of the simplest possible defects in it, and shows how the large number of computational
models, including ab initio calculations, do not agree with each other or with the experimental
4 Author to whom any correspondence should be addressed.
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data on this well characterized defect. If we are to trust calculations on much less well
understood, much more complex defects in this and other materials, it would be sensible to
understand why these discrepancies occur and whether they can be avoided.

Nitrogen is the most common impurity in diamond. It is incorporated in single
substitutional form in the lattice (most synthetic and some rare natural diamonds, which are
classified as type Ib [3]). Under high temperature and pressure, in natural geological conditions
or in the laboratory, various aggregates may form (A and B centres, in diamonds classified as
type Ia) [4], or the nitrogen may combine with other defects [5].

The single substitutional nitrogen atom,sometimes known as the C centre,has a distinctive
infrared spectrum with a local vibrational mode at 1344 cm−1 [6] and gives rise to the P1
electron paramagnetic resonance (EPR) signal. The P1 centre was first identified in 1959
with a single substitutional nitrogen atom [7]. It gives rise to a deep level in the bandgap of
diamond [8] and not the shallow donor level that might be expected, based on comparison with
P in silicon.

Since the 1960s very many experimental and theoretical studies have been carried out on
this defect. While experimental studies have generally been in agreement with each other,
the same cannot be said of the significant number of theoretical calculations that have been
performed for this centre. Experimentally it has been well established that one of the four
N–C bonds elongates, producing a C3v symmetry for the centre. However, several theoretical
treatments (both ab initio and semi-empirical) have predicted that the nitrogen stays on site,
giving a Td symmetry. Even among those theoretical models that predict the experimentally
observed symmetry, there is little agreement on the energy, or even number, of electronic levels
in the bandgap.

Various explanations have been put forward to rationalize the C3v distortion of the defect.
Originally, it had been ascribed to the occupation of an antibonding orbital by the fifth valence
electron of the N atom [7], while a spontaneous Jahn–Teller distortion has also been put
forward [9]. The origin of the relaxation has also been visualized [10, 11] as a lone pair orbital
on nitrogen and a dangling bond orbital on a carbon atom directed towards each other, the gap
state corresponding to an antibonding combination of these two orbitals.

In this paper, we compare some of the very many computational models of the single
substitutional nitrogen atom in diamond and report new calculations using semi-empirical
methods with large clusters [2, 12] and state-of-the art all-electron, linearized augmented
plane-wave (APW) density functional theory (DFT) as well as the APW + lo full potential
periodic formalism using WIEN2k [13], together with DFT calculations on finite clusters
using the AIMPRO program [14].

1.1. Experimental properties

Nitrogen is one of the most common impurities in diamond, with concentrations varying from
0.01 ppm in type II diamonds (those with very low nitrogen content) to 5000 ppm (atomic) in
type Ia stones [3].

The results of early measurements of EPR and ENDOR spectra of the P1 centre have
previously been reviewed [15]. More recent EPR and ENDOR studies include [16] and [17],
while the quadrupole interaction in this centre has also been studied [18]. Importantly, these
studies show that the P1 centre has C3v symmetry with the nitrogen atom relaxing away in a
〈111〉 direction from one of its neighbours and with most of the unpaired spin located at the
unique carbon neighbour, while the spin density at the nucleus of the N atom is greater than
the spin density at the nucleus of the unique carbon atom. The EPR spectrum of the P1 centre
has an isotropic Zeeman splitting g-tensor of 2.0024, which is close to the free electron value.
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Measurements of the electrical resistance of type Ib diamonds as a function of
temperature [8] indicate that the impurity energy level of nitrogen is 1.7 eV below the
conduction band of diamond,while from optical absorption and photoconductivity experiments
the optical ionization energy is closer to 2.2 eV [8, 19]. The difference in these values indicates
that the relaxation of the structure in the ground state is very large, accounting for up to 0.5 eV
difference in energies.

Of the other studies that have been carried out on the P1 centre in diamond, information on
the barrier heights comes from orientation of the centre under uniaxial pressure and relaxation
at high temperature [20] as well as motional averaging studies at high temperatures [21].
Temperature dependences of spin–spin and spin–lattice relaxation times have also been
studied [22, 23], where it has been shown that cross relaxation between different impurity
centres is important, this mechanism being more effective than the direct mechanism in some
cases. Studies of type Ib diamond with high nitrogen concentrations ([Ns] > 300 ppm) [24]
show that for closely separated pairs of P1 centres the constituent centres have certain
determined relative orientations. It is inferred from these data that the interaction between pairs
of P1 centres closer than 0.4 nm is strong enough for them to be coupled to give a net zero spin
with the exception of the configuration of two P1 centres situated directly above one another
in a [001] direction, separated by four atomic layers. Random relative orientation occurs
for separations of 0.7 nm or more. The interaction between P1 centres has been explained by
treating nitrogen centres as point magnetic dipoles, with the long distance interaction occurring
via the magnetic dipole–dipole interaction.

1.2. Previous theoretical treatments

Sixteen computational models of single nitrogen in diamond are summarized in table 1, which
includes four from the present work. It is clear that, at the very least, a plausible model
of the centre should reproduce the C3v symmetry, the deep donor level near 2.2 eV below
the conduction band (from the optical ionization energy of 2.2 eV [19], since the thermal
ionization energy of 1.7 eV [8] implicitly includes any subsequent relaxation of the ionized
donor), together with the spin distribution localized on the unique carbon atom. If it also casts
light on the origin of the C3v distortion, this would be an added benefit. We focus mainly on the
more modern DFT calculations and include various older models for the sake of completeness.

1.2.1. Semi-empirical calculations. The first extensive calculations on the single nitrogen
substitutional atom in diamond were performed by Messmer and Watkins [9] using a
noniterative (non-self-consistent) extended Hückel theory (EHT) method. They found a triply
degenerate, singly occupied, deep impurity energy level of T2 symmetry, 2.2 eV above the
valence band edge. The C3v distortion of the centre was ascribed to a spontaneous Jahn–Teller
distortion. Further calculations [25], using a self-consistent HF–LCAO–MO-type calculation,
found a similar level in the gap, but this time 2.1 eV below the conduction band. It was
shown [26] that, depending on the parametrization of the EHT method, the A1 and T2 levels can
be reversed, leading to a single electron occupying a nondegenerate A1 level in the bandgap.
Similar calculations were performed [27–29] using a CNDO semi-empirical technique in a
nonperiodic cluster, with the results dependent on cluster size, but all showing a substantial
C3v distortion.

1.2.2. Hartree–Fock calculations. Unrestricted Hartree–Fock cluster calculations [30] found
an elongation of 0.3 Å (∼20%) for the C–N bond. The antibonding, triply degenerate T2 state
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Table 1. Calculations reported for the single nitrogen substitutional atom in diamond. The one-
electron energy levels are relative to the edge of the conduction band (EC ) or valence band (EV ),
together with their degeneracy and occupancy. For spin polarized calculations, the spin splitting
of the one-electron levels is given in brackets.

A lattice site C3v symmetry

Elongation One- One-
of N–C electron electron

References Method bond levels Degen. Occ. levels Degen. Occ.

[9] EHT 26% EC − 1.5 eV T2(3) 1 EV + 2.2 eV
+2 close
to bands

[25] HF–LCAO–MO ∼5% EC − 1.26 eV T2(3) 1 EC − 2.1 eV
(finite cluster)

[27] CNDO 5–10%
(finite cluster)

[29] CNDO 24–25%
(finite cluster)

[32] DFT—Green EC − 0.15 eV A1(1) 1
function LDA
(periodic)

[30] UHF–SCF 19% T2(3) 1
(finite cluster) A1(1)
spin-polarized

[31] DFT, LDA 0% EC − 0.9 eV A1(1) 1
(finite cluster) +T2 state in

CB

[33] LDA (periodic) Fixed at EC − 0.8 eV A1(1) 1
lattice site

[10] DFT, plane 25% EC − 0.7 eV A1(1) 1 EC − 1.9 eV 1
waves (periodic) EV + 0.15 eV 2

[11] DFT, LDA (finite 28% Midgap A1(1) 1 EC − 0.5 eV 1
cluster) EV + 1.2 eV 2

[34] Molecular N at lattice EC − 0.17 eV 1 EC − 3.4 eV 1
dynamics site; C
(periodic) relax 35%

[10] MNDO 0%

This UHF AM1 (96-atom 0% EV + 1.7 eV A1(1) 1
work supercell), spin

polarized

This DFT–LSDA (finite, 32.9% EC − 0.46 eV 1 1 EC − 0.71 eV 1 1
work 165 atoms), spin (0.07 eV) (0.58 eV)

polarized EV + 0.26 eV 1 2
(0.16 eV)

This FLAPW GGA 21.2% EC − 1.0 eV 1 1 EC − 0.66 eV 1 1
work (8-atom supercell), EC − 2.75 eV 1 2 EV + 0.85 eV 1 2

spin polarized (∼0.01 eV)

This APW + lo GGA 28.1% EC − 1.89 eV 1 1
work (64-atom supercell), (0.82 eV)

spin polarized
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(unoccupied) was above the nondegenerate, singly occupied A1 state, so here the Jahn–Teller
effect could not have been responsible for the lowering of symmetry.

1.2.3. Density functional theory calculations on finite clusters. In local density
approximation (LDA) DFT calculations [31], two impurity related states were observed: an
A1 state of s-like character (antibonding nature), at EC − 0.90 eV, and a T2 state of p-like
character, just above the bottom of the conduction band. The undistorted configuration was
stable. In other pseudopotential LDA DFT calculations (using the program AIMPRO) [11],
the N–C bond length was found to elongate by 28%.

1.2.4. Density functional theory calculations with periodic clusters. DFT calculations [32],
using a Green function self-consistent local density functional method,found a singly occupied,
nondegenerate A1 level 0.15 eV below the minimum of the conduction band, together with an
unoccupied, triply degenerate T2 level in the conduction band. Since no partially occupied,
degenerate levels were induced, this confirmed that the distortion of the single substitutional
nitrogen atom in diamond was not due to a Jahn–Teller effect.

LDA DFT calculations [33], with the substitutional nitrogen atom fixed at the lattice site,
found a state 0.8 eV below the conduction band minimum. Other calculations with plane wave
methods and ab initio pseudopotentials [10] found that the N–C bond length increased by 25%.
Results were dependent on cluster size, though not on the number of k-points (for a cluster
of 64 atoms). An occupied orbital was found at EV + 0.15 eV. The EPR-active orbital was
located at EC −1.9 eV, consisting of an antibonding combination of the nitrogen lone pair and
carbon dangling bond orbitals. The nitrogen atom was, however, also found to remain at the
lattice site in other more recent ab initio calculations [34]. The four carbon nearest neighbours
were found to relax strongly away from the nitrogen, the N–C bond lengths each increasing by
35%, retaining Td symmetry for the centre. The spin density, however, did have C3v symmetry,
which would be in agreement with EPR experiments.

Studies of the single substitutional nitrogen atom near a surface have also been carried
out [35], where it has been found that the extra electron plays a crucial role in the bond-breaking
of the unique N–C bond.

1.2.5. Discussion of the previous models. A model for the origin of the distortion emerges
from [10] and [11], the two models which, so far, reproduce the experimental data best.
Consider the valence electrons of the nitrogen atom and the unique carbon atom: both the
nitrogen and unique carbon atoms bond with three of their carbon neighbours. On the N atom
the remaining two valence electrons occupy a lone-pair orbital,while on the unique carbon atom
the fourth valence electron occupies a dangling bond orbital. The nitrogen’s lone-pair orbital
and the carbon’s dangling bond orbital are directed towards each other, forming bonding and
antibonding orbitals from the sp3 hybrids. The lower bonding orbital will be fully occupied,
with N and the unique C atoms each contributing an electron, while the partially occupied gap
state corresponds to an antibonding combination of these two orbitals.

It is seen from table 1 that even DFT calculations yield cases where no deviation from
Td symmetry was observed (as was the case with older semi-empirical calculations). The
impurity energy levels are predicted to be almost anywhere in the energy gap, and though DFT
methods have a higher likelihood of finding two impurity energy levels in the gap, there is no
general agreement. Finally, many authors report that their results were dependent on cluster
size.
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2. The present models of the defect

We have performed calculations using accurate semi-empirical Hartree–Fock methods with
large clusters (MOPAC 93), DFT pseudopotential methods with finite clusters using the
AIMPRO program and ab initio all-electron, linearized APW GGA–DFT, as well as the
APW + lo full potential periodic formalism using WIEN2k.

2.1. Semi-empirical Hartree–Fock calculations

Because semi-empirical methods use fewer computer resources, much larger clusters of atoms
can be used. They could, therefore, indicate whether size effects are causing the anomalous
results referred to in section 1.

In these calculations, the advanced LCAO AM1 Hamiltonian (based on the MNDO
formalism), implemented in MOPAC 93 [2, 12], was used. We used a periodic supercell
of 96 carbon atoms consisting of eight layers each of 12 atoms for the full calculations, with
Born–von Karman periodic boundary conditions. A similar periodic supercell of 192 atoms
was also used, but with fewer atoms allowed to relax in the geometry optimization. Note
that the 192-atom calculation is the first to be performed where the nitrogen concentration is
comparable with the highest seen experimentally. The results for the larger cluster are given in
brackets, below. The lattice constant was optimized, keeping the symmetry of the cluster fixed,
giving a value of 3.5623 Å, close to the experimental value of 3.5667 Å [36]. The bandgap
at the �-point was calculated to be 10.0 eV (9.8 eV), compared to the experimental value of
7.3 eV (the direct bandgap).

Using these clusters, replacing a carbon atom with nitrogen and keeping the lattice constant
at the experimental value, the geometry was optimized for various initial atomic positions,
allowing the impurity atom, its neighbours and next nearest neighbours to relax. In all
calculations, the nitrogen substitutional atom was stable at the lattice site. Even when the
nitrogen and a neighbouring carbon atom were displaced along 〈111〉 directions, the atoms
relaxed back to Td symmetry. There was a nondegenerate impurity level in the bandgap at
1.7 eV (2.1 eV) above the top of the valence band (highest occupied pure carbon orbital). This
impurity level in the bandgap consists of the valence s orbital of the nitrogen atom overlapping
with the sp3 hybrid orbitals of the four carbon neighbours. The spin density, therefore, has Td

symmetry. The carbon atoms are bonded with the usual sp3 orbitals, while the nitrogen atom
bonds only with its p orbitals, and the s orbital contains the unpaired spin.

The results varied very little with cluster size. Comparing the nitrogen–nitrogen distances
in these periodic clusters, 7.1 Å (10 Å), with those seen experimentally where the impurities
are known to interact (<7 Å), we are confident that the interaction between nitrogen atoms in
the periodic clusters is unlikely to be responsible for the poor results.

2.2. Ab initio density functional theory, with finite clusters

The single substitutional nitrogen atom in diamond was also modelled using local
density functional theory (LDA) with norm-conserving Bachelet–Hamann–Schlüter
pseudopotentials [37], as implemented in the AIMPRO code [14]. Finite, hydrogen terminated
clusters of 165 C atoms were used, bounded by (111) surfaces. This was the same
computational method as that used by [11], except that their clusters contained only 45 C
atoms. The N atom was placed at the centre of the cluster. All atoms up to third neighbours
from the nitrogen atom were allowed to relax and the clusters were not restricted to any pre-
determined symmetry.
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Firstly, the nitrogen atom was placed on a lattice site and a full geometry optimization
performed without any symmetry constraints. The final geometry was found to have Td

symmetry, with the N atom remaining on the lattice site and the carbon neighbours relaxing
away from it by 0.1 Å, increasing the N–C bond lengths by 6%. A nondegenerate, singly
occupied level is induced in the bandgap at EC − 0.46 eV (with a spin splitting of 0.07 eV).

Secondly, when the geometry optimization began with the N atom initially off the lattice
site (in an arbitrary direction, without any symmetry constraints), the final structure had C3v

symmetry, in agreement with experiment and [11], which reported a similar calculation on
a smaller cluster of 44 atoms. In the final structure, the N and unique C atoms relax away
from each other along a 〈111〉 direction, the nitrogen–carbon bond elongating by 33% (28%
in [11]). Two states are induced in the bandgap: one nondegenerate fully occupied level close
to the valence band edge, at EV + 0.26 eV (EV + 1.2 eV in [11]), the other a singly occupied
nondegenerate level at EC − 0.71 eV (EC − 0.5 eV in [11]). The spin splittings of these levels
were 0.16 and 0.58 eV, respectively.

The relative energy difference between the on- and off-site nitrogen is 0.33 eV, the C3v

symmetry site having the lower energy and the Td configuration being metastable.
Therefore, depending on the accuracy of the method and initial atomic positions used in

the geometry optimization or dynamics calculation, either C3v or Td symmetry, or even both
symmetries, may be found to be stable or metastable.

The effects of cluster size can be established by comparing these results with those of [11],
where the same method has been used with a considerably smaller cluster: firstly the elongation
of the unique N–C bond is seen to be larger in the larger cluster (most likely due to greater
freedom for geometric relaxation of neighbours),while the partly occupied nondegenerate level
is seen to drop lower in the bandgap. This is possibly partly due to the change in geometry
(this level drops deeper in the bandgap with increasing distortion) as well as possible impurity–
surface interactions. The fully occupied nondegenerate level above the valence band is found
to be the most sensitive to cluster size, dropping from EV + 1.2 eV in the 44-atom cluster
of [11] to EV + 0.26 eV in our 165-atom cluster calculations. This may be due to either the
change in geometry or reduced impurity–surface interactions, or both.

2.3. Ab initio density functional theory, with periodic boundary conditions

The ab initio DFT calculations use the modern generalized gradient approximation (GGA) [38]
with the state-of-the-art full potential linearized augmented plane wave (FLAPW) treatment
as well as the augmented plane wave with local orbitals (APW + lo) [39] with fully relativistic
treatment of core electrons, as implemented in the WIEN2k code [13]. Integration over the
Brillouin zone used Blöchl’s modified tetrahedron method [40]. In the (APW) group of methods
the value of Rkmax (smallest muffin-tin radius multiplied by the maximum k-value in the
expansion of plane waves) is an indication of the accuracy of the basis set used. Compared to
the full potential linear augmented plane wave (FLAPW) method, smaller Rkmax can be used
with the APW + lo approach, while maintaining the same accuracy [41].

For the pure diamond calculations a supercell of eight atoms was used with the FLAPW
approach (Rkmax = 8.0), with 64 k-points in the full Brillouin zone to optimize the lattice
parameter of pure diamond, which was found to be 3.49 Å (cf experimental value of
3.5667 Å [36]). The bandgap at the �-point was found to be 5.5 eV.

Calculations for the single substitutional nitrogen atom were performed for eight-atom
and 64-atom periodic supercells, using the previously optimized lattice constant. The eight-
atom calculation was performed using the FLAPW–GGA–DFT formalism. All atoms in the
cluster were allowed to relax during geometry optimization, without any symmetry constraints.
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Table 2. Summary of the 〈111〉 distortions of N and the axial carbon atom from their respective
lattice sites in the eight-atom GGA–FLAPW and 64-atom GGA–APW–lo DFT calculations.

8-atom cluster 64-atom cluster

Distortion Distortion as Distortion Distortion as
from lattice % of C–C bond from lattice % of C–C bond
site (Å) length site (Å) length

Nitrogen 0.123 8.1 0.198 13.1
Unique carbon 0.197 13.1 0.227 15
Elongation of N–C bond 0.32 21.2 0.425 28.1

Table 3. Spin densities at atomic nuclei (within Thomson sphere) and within the atomic muffin-tin
spheres in the 64-atom GGA–FLAPW–DFT calculation.

Spin density Spin density
at atomic within atomic
nuclei muffin-tin spheres

Nitrogen 0.281 0.151
Unique carbon 0.151 0.285
Neighbours of N −0.001 −0.002
Neighbours of unique C −0.015 −0.008

In the final geometry, the N and a unique C atom relaxed away from each other, yielding C3v

symmetry; these results are summarized in tables 1 and 2.
The 64-atom calculation was performed with the APW + lo GGA–DFT formalism. The

cluster was constructed using 22̄2̄ conventional fcc diamond unit cells, with the previously
optimized lattice constant, replacing one of the C atoms with a nitrogen atom. The symmetry
of the cluster was restricted to C3v, since the preliminary unconstrained eight-atom geometry
optimization had found C3v symmetry for the impurity, in agreement with experiment. 27
k-points were used in the full Brillouin zone, or six k-points in the irreducible wedge of the
Brillouin zone, with Rkmax = 5.0. Increasing the number of k-points to 125 in the full Brillouin
zone, no changes in the position of the impurity level in the bandgap or forces on the atoms
were observed, while the spin density at the nuclei changed by less than 2.5%. Similarly,
increasing the value of Rkmax did not result in changes in the optimized geometry.

Geometry optimization was performed, relaxing all atoms up to third neighbours of the
nitrogen atom. The geometry optimization was continued until the forces on the atoms were
smaller than 1 mRyd au−1 (0.026 eV Å−1). Subsequently, the SCF cycles were continued
until the total energy was converged to within 1 × 10−7 Ryd.

In the fully relaxed structure, the nitrogen atom relaxes away from its lattice site by
0.20 Å and the unique carbon by 0.23 Å along a 〈111〉 axis, towards the plane of their respective
carbon neighbours. Hence the N–C bond elongates by 28%. The final geometry is shown in
table 2.

Polarization of core electrons was found to have a significant contribution to the spin
density at the atomic nuclei, this contribution reducing the valence electron contribution at N
by 9.0 and 29.5% at the unique C atom, while increasing the valence electron contribution
by 37.1% on the remaining C neighbours of N and 12.3% on the C neighbours of the unique
carbon atom.

The spin densities on the atomic nuclei (within the Thomson sphere, since the core
electrons are treated relativistically [42]), and the total spin densities within the muffin-tin
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Figure 1. Energy levels of nitrogen impurity in diamond clusters of (a) 96 atoms (MNDO, periodic),
(b) 122 atoms (LSDA–DFT, cluster) and (c) 64 atoms (APW + lo GGA–DFT, periodic). Energy
levels are for the �-point of k-space and are relative to the Fermi level.

spheres, are given in table 3. The spin density at the nitrogen nucleus was found to be greater
than the spin density at the unique C nucleus, in agreement with experiment [7]. On the other
hand, the greater part of the spin density associated with the donor level wavefunction was found
to reside in the vicinity of the unique carbon atom (∼65%), with ∼35% in the vicinity of the
nitrogen atom (within the muffin-tin spheres of the respective nuclei), also in good agreement
with experiment [8]. The spin densities in the vicinity of the nitrogen and unique carbon atoms
is the reverse of the spin densities at the respective atomic nuclei. This is attributed to the fact
that the nitrogen atom s orbital contributes more to the impurity wavefunction than the unique
carbon atom s orbital (since only s orbitals have nonvanishing amplitude at atomic nuclei),
while the reverse is true for the p orbitals.

The energy levels at the �-point of reciprocal space for the 64-atom cluster are shown in
figure 1. We see that for spin up there is an impurity state, at 1.89 eV below the conduction
band, slightly below the Fermi level (for spin down this level is at 1.07 eV below the conduction
band, slightly above the Fermi level, due to spin splitting). This is the donor impurity state and
its position is in good agreement with experiment [20], and with the calculations of Kajihara
et al [10]. The density of states is given in figure 2 for the 64-atom periodic cluster including
nitrogen, and also for pure diamond. The largest contributors to this energy level are the
unique carbon’s p orbitals, the nitrogen’s p and s orbitals and the unique carbon s orbital (in
that order). In addition, we find that the nitrogen generates a nondegenerate hyperdeep level at
1.5 eV below the bottom of the valence band, in agreement with other calculations [11, 32, 33].

The spin density associated with the impurity level is plotted in figure 3. It can be seen that
the spin density is primarily associated with the impurity state. It is also seen that the donor
level has an antibonding nature, with the electron density associated with this level having a
node between the N and unique C atoms.

We can see some of the artifacts introduced by the small size of the cluster by comparing
the eight- and 64-atom results. Both have a C3v distortion, the N and unique C atoms shifting
more in the 64-atom cluster, with the nitrogen–carbon distance correspondingly larger in the
64-atom cluster. The spin distributions are qualitatively similar, while the band structure is
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Figure 2. Density of states for the 64-atom GGA–DFT calculation (a) containing the single
substitutional nitrogen and (b) for pure diamond. The full and broken curves show the up and down
spin densities of states, respectively. Energies are relative to the Fermi level in each case, but, for
clarity, plots (a) and (b) have been aligned such that the bandgaps coincide. In both cases 1000
k-points have been sampled in the full Brillouin zone using the modified tetrahedron method [40].
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Cunique

N

Figure 3. Spin density for the 64-atom periodic APW + lo GGA–DFT calculation. The plot passes
through the nitrogen and unique carbon atoms in a (110) plane. The spacing between contours is
0.1 e Å−3.

quite strongly dependent on cluster size. Hence, in agreement with other authors [10, 27, 33],
it is seen that cluster size strongly influences the results, although qualitative agreement can
be achieved for small clusters.

3. Discussion

The AM1 Hamiltonian based on the MNDO formalism reported here is the most advanced semi-
empirical method that has been reported in the literature for calculations on single nitrogen in
diamond. No distortion is predicted by this method, although other semi-empirical methods
do predict the C3v symmetry (though some on the basis of a Jahn–Teller distortion, which has
since been shown to be incorrect).

On the other hand, more recent results from ab initio calculations have also been very
mixed, with some calculations predicting no distortion, one calculation predicting no distortion
of the nitrogen atom while its neighbours do distort and a majority of calculations predicting
the C3v distortion. There has been no general agreement as to the magnitude and origin of the
distortion.

However, the new full potential all-electron 64-atom APW + lo model reported here is the
first which agrees with a previous calculation (see [10], a pseudopotential plane wave model).
In both cases an elongation of 28% has been obtained for the unique N–C bond, while the
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Figure 4. Schematic diagram of the expected energy level splitting when the Td symmetry of a
single nitrogen substitutional atom distorts into C3v symmetry.

partially occupied one-electron level is found at EC −1.9 eV in both cases. These calculations
do, however, differ with respect to the fully occupied nondegenerate level observed just above
the valence band top in [10], but not observed in the bandgap in our calculations. This may
be due to the pseudopotential methods used in the cases where this level has been observed
in the bandgap (see [10] and also our finite cluster calculations of section 2.1), while a full
core electron treatment was used in the APW + lo calculation where this level is not observed.
In addition, our APW + lo calculations were performed using considerably more k-points.
Considering this together with the sensitivity of this level to cluster size (section 2.1), it is seen
that the position of this level is particularly sensitive to the approximations used.

Close examination of several of the models show that the discrepancies have one or more
of the following causes.

(1) By symmetry, the nitrogen at the lattice site must be in equilibrium (although perhaps
unstable). In order to demonstrate that it moves off site, the nitrogen must be displaced
at the starting point of the calculation. Some calculations may not have done this or been
able to do this [32, 33].

(2) The electronic orbitals of the nitrogen may hybridize into a filled 2s and three partially
filled 2p orbitals. This will lead to the spin density located on the p orbitals on the nitrogen
atom.

(3) Alternatively, the nitrogen’s orbitals can form four sp3 hybrids of which one is doubly
occupied (the lone pair). The latter allows the three partially occupied sp3 hybrids
to bond with neighbouring carbon, leaving the lone pair and the unique carbon
neighbour’s dangling bond, which form completely occupied bonding and partially
occupied antibonding orbitals. This is the conventional explanation of the P1 nitrogen
EPR centre [10, 11, 43].

We can discriminate between cases 2 and 3 by looking at the p character of the unpaired
electron.

It has been shown previously [26] that depending on the parametrization of specific semi-
empirical methods, the position and order of energy levels in the bandgap may be altered.
Considering this, it is seen that the properties of the P1 centre are delicately balanced. Hence
if methods of differing accuracy are used to model the centre,different results could be obtained.
Therefore the active electronic orbitals are very close in energy, and a crossover takes place to
stabilize the distortion. Small changes in the parameters or the approximation scheme mean
that this crossover of energy levels does not occur for the distortion concerned, and the defect
relaxes back to the tetrahedral structure.

A qualitative picture (figure 4) of the problem is that the nitrogen’s valence orbitals form
sp3 hybrids, which, in the crystal field, form an A1 and a T2 electronic state separated by �E .
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There are also four sp3 hybrids from the neighbouring carbons oriented towards the nitrogen.
They form bonding and antibonding orbitals with the nitrogen sp3 orbitals. The bonding
orbitals are like normal carbon–carbon bonds and are therefore located in the valence band,
or very low in the bandgap. There is one spare electron which must occupy an antibonding
orbital—in a Td environment this must be the symmetric A1 electronic state. Under C3v

distortion the T2 orbital splits into an A1 and an E state, with the A1 directed along the axis of
the distortion. Since it is an antibonding orbital, the lengthening of the N–C bond lowers the
energy of this A1 state. Additionally, the configuration interaction between the two A1 states
will lower the compound state further, by energy I . As the N–C bond lengthens, the bonds to
the other carbons move closer to a planar configuration, with more p character.

There are three quantities of importance: the crystal field splitting, �E , the Jahn–Teller-
like reduction of energy of the A1 state split from the T2 state, EJ T , and the configuration
interaction, I . Different computational systems and approximations will reproduce these
in different ways. In particular, this explanation shows why some models which have no
configuration interaction included may predict no distortion—a small C3v distortion in figure 4
would relax back to the lattice site in the absence, or underestimation, of I .

It is also seen from [24] that nitrogen defects interact over long distances. This will have
an influence on calculations using both periodic and nonperiodic clusters since the impurity–
surface distance becomes important. Thus, it is important to use as large a cluster as possible,
preferably one in which the repeat distance (for periodic clusters) or the defect–surface distance
(for finite clusters) is greater than 7 Å (64-atom periodic cluster or ∼275-atom nonperiodic
supercell).

4. Conclusion

Using the nitrogen impurity in diamond as an illustrative example, these calculations emphasize
that care is necessary in searching for the global minimum structure of defects, such as by taking
as starting points both symmetric and nonsymmetric structures, to ensure that the defect can
relax into a global, not a local, minimum. This is most important for cases where the geometry
of the centre is not known in advance since an initial geometry that leads to a local minimum
could easily be selected.

Cluster size is important, but even more so are the approximations in the method
(calculations on small clusters using ab initio methods gave better results than those on larger
clusters using more approximate methods). In addition, the size of the cluster, periodic or
finite, must be sufficient to minimize defect–defect or defect–surface interactions. We note
that the models based on DFT reported in this work give a good model of nitrogen in diamond,
with the model based on the highest level of theory yielding the best results. We also observe
that the researchers with most experience of the material tend to obtain the best results.

The full potential APW + lo calculations reported here and the pseudopotential
calculations of [10] are the first where agreement is found for the elongation of the unique
N–C bond (28%) and position of the partially occupied one-electron level in the bandgap
(EC − 1.9 eV), though this agreement does not extend to the partially occupied nondegenerate
level above the valence band.

From the full potential, all-electron APW + lo calculations reported here, polarization of
core electrons was found to have a significant contribution to the spin density at the atomic
nuclei. This contribution reduced the valence electron contribution at N and the unique C
atoms by 9.0 and 29.5%, respectively, while increasing the valence electron contribution on
the remaining C neighbours of N and of the unique C atom.

The spin density at the N nucleus was found to be greater than the spin density at the
unique C nucleus, in agreement with experiment, while the greater part of the spin density
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associated with the donor level wavefunction was found to reside in the vicinity of the unique
carbon atom (within the muffin-tin spheres of the respective nuclei), also in good agreement
with experiment. The spin densities in the vicinity of the nitrogen and unique carbon atoms is
the reverse of the spin densities at the respective atomic nuclei, which is attributed to the fact
that the nitrogen atom s orbital contributes more to the impurity wavefunction than the unique
carbon atom s orbital (since only s orbitals have nonvanishing amplitude at atomic nuclei),
while the reverse is true for the p orbitals.

In conclusion, it is clear that computational calculations, however sophisticated the
method, are fallible, although at their best they can give a very useful, complete model of
a defect.
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