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Abstract

The electronic and vibrational features of the single- (1.v) and double- (I.x) nitrogen interstitial defects
in diamond are investigated at the quantum mechanical level using a periodic supercell approach
based on hybrid functionals constructed from all electron Gaussian basis sets within the CRYSTAL
code. The results are compared with those of the well characterized <100) split self-interstitial
defect (l.c). The effect of defect concentration has been investigated using supercells with different
size, containing 64 and 216 atoms. Band structure, formation energy, charge and spin density
distributions of each defect are analyzed. Irrespective of the defect concentration, these defects show
important features for both IR and Raman spectroscopies. Stretching modes of the two atoms involved
in the defect are calculated to be around 1837, 1761 and 1897 cm! for the I, l.v and I case,
respectively. Since they are well removed from the one-phonon mode of pristine diamond (1332
cm™), they are, in principle, detectable from the experimental point of view.

1 Introduction

Natural and synthetic diamonds are characterized by a large variety of point-defects, including vacancies,
interstitials, substitutionals and combinations of them. These strongly affect the exceptional properties
(high Young's modulus and thermal conductivity, broad transparency range, high carrier mobility, etc.) of
the ideal defect-free crystalline structure.’* The investigation of native and radiation-induced point-defects
in diamond (as well as in other semiconductors) has thus attracted extensive theoretical and experimental
interest.*Despite the simplicity of the perfect diamond lattice, a wealth of different defects can be formed,
whose electronic structures and spectroscopic fingerprints remain to be characterised in any detail at the
atomic level.

A key feature of radiation-damaged diamonds is associated with the relative abundance of sp®and
graphitic-like sp? carbon atoms. In this respect, given the specific spectroscopic fingerprint of different
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hybridizations of carbon atoms, ! Infrared (IR) and Raman spectroscopies represent ideal experimental
techniques with which to characterize the atomic nature of the various point-defects in both diamond and
diamond-like materials.*>?* In this regard, in a series of previous publications®®>° some of the present
authors have proposed the guantum-mechanical characterization of several point-defects in diamond,
including the simulation of vibrational IR and Raman spectra.

Since first principles techniques have become available, both finite cluster and periodic supercell
approaches have been used,>?* mainly based on the simplest formulation of Density Functional Theory
(DFT), notably the Local Density and Generalized Gradient Approximations (LDA and GGA,
respectively). However, these are known to poorly describe the exchange interactions of well-localized
unpaired electrons and to underestimate substantially the lowest energy band-gaps, where defect states are
located.

Theoretical simulations of IR and Raman spectra of extended solids have recently become feasible at the
quantum-mechanical level of theory, so that computational spectroscopy can now be an effective
complementary tool in the interpretation of experimental spectra, and an essential means to the atomic
characterization of their features.>*’

In this work, the analysis of the {100) split self-interstitial® is extended to cases in which one or both
the atoms forming the defect are nitrogen atoms.

In 2004, Goss et al.* reported a quantum mechanical investigation of both the electronic and vibrational
properties of several interstitial nitrogen defects, including those considered in the present paper. In this
study,the defective structure was modelled on periodic supercells, and based a local spin density
functional®® and norm-conserving pseudopotentials for the core electrons, in the calculation of the
electronic wavefunctions. By contrast, the electronic and vibrational properties reported here are derived
from all electron Gaussian orbital B3LYP*#2 calculations, again based on periodic supercells, as embodied
in the CRYSTAL code. As outlined previously,**~* the B3LYP hybrid functional, with 20% non-local exact
exchange, leads to a proper description of (electronic) spin polarisation, while the use of (periodic)
supercells allows the effects of defect concentration to be explored.

The paper is structured as follows. Section 2 contains the details of the computational procedures and
conditions. Section 3 is organised in two parts: Section 3.1 describes the fully-relaxed structures of the
defective lattices, their charge (and spin) distributions and band structures; Section 3.2 reports the
corresponding vibrational features and their detailed analysis. Section 4 contains the discussion and Section
5 contains the conclusions of this study.

2 Computational methods

Prior to the main body of investigations using the global B3LYP functional, preliminary calculations for
selected electronic and energetic features were performed using other DFT formulations, ranging from
pure (LDA* and PBE®), to global hybrid (PBE0®), and range-separated hybrid (HSE06°!). Pople's
standard 6-21G> all electron basis sets of Gaussian functions have been adopted for both carbon and
nitrogen, except for values of 0.228 Bohr2 and 0.30 Bohr 2 for the outermost sp orbitals of the host and
dopant atoms respectively. As elsewhere, > the five parameters, T;, that control the truncation of the
infinite Coulomb and exchange series®” were set to 108 (T1—T4) and 106 for Ts, while the Self-Consistent
Field (SCF) convergence threshold for the energy was set to 10 '* hartree for vibration frequency
calculations.

In the CRYSTAL code, the DFT exchange—correlation contribution and its gradient are evaluated by
numerical integration over the unit cell volume, where the generation of the integration grid points is based
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on an atomic partition method, originally developed by Becke® for molecules and extended further to
periodic systems. Within this scheme the unit cell is partitioned into atomic volumes centered on the nuclei,
where each point has an associated weight. Radial and angular points for the integration grid are generated
by Gauss—Legendre quadrature and Lebedev two-dimensional distributions respectively. The choice of a
suitable grid is crucial both for numerical accuracy and the optimisation of computational resources. In this
study a default> pruned grid with 75 radial and 974 angular points has been used, whose accuracy can be
measured by comparing the integrated charge density of Nj= 1304.016 for the largest supercell here
considered (216 + 1 atoms), with the total number of 1304 electrons in the unit cell.

As in previous studies, > a periodic supercell approach has been used to simulate different defect

concentrations. In this work two cubic supercells have been considered, containing respectively 64 + 1
(Sez) and 216 + 1 (Sz16) atoms. For each cell a different 7-centered Pack—Monkhorst™ grid for sampling
the reciprocal space has been used, consisting of 4 x 4 x 4 = 64 (Ses) and 2 x 2 x 2 = 8 (Sz16) k-points in
the first Brillouin zone.

Harmonic phonon frequencies (i.e. wavenumbers), wp, at the 7" point (the center of the first Brillouin zone
in reciprocal space) were obtained from the diagonalization of the mass-weighted Hessian matrix of the
second energy derivatives with respect to atomic displacements u:3+°6-%°
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where atoms a and b (with atomic masses Ma and Mp) in the reference cell, 0, are displaced along the i-th
and j-th Cartesian directions, respectively. The Raman intensity of the Stokes line of a phonon mode Qp,
characterized by a frequency wy, active due to the aiir component of the polarizability tensor «, is given by:

17 o | cay, i _ ()
\

The relative Raman intensities of the peaks are computed analytically by exploiting a scheme, implemented
in the CRYSTAL program,®*2 which constitutes an extension of the analytical calculation of IR
intensities.3>*® Both schemes are based on the solutions of first- and second-order Coupled—Perturbed—
Hartree—Fock/Kohn-Sham (CPHF/KS) equations.®®% The Raman spectrum is then computed by
considering the transverse-optical (TO) modes and by adopting a pseudo-Voigt functional form consisting
of Lorentzian curve with full width at half maximum of 8 cm™. Raman intensities are normalized so that
the highest value is conventionally set to 1000 a.u. Integrated intensities for IR absorption .#p are
computed for each mode p by means of the mass-weighted effective-mode Born-charge vector Z,%2%
evaluated through a CPHF/KS approach.3%33
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3 Results
3.1 Geometries, spin charges distribution and band structure

The top left panel of Fig. 1 shows the conventional diamond lattice, in which the generic split interstitial is
created. The two atoms involved in the defect (A and B, in green) can be either one carbon and one nitrogen
(11n), both nitrogens (I2n) or both carbons (l2c). As mentioned earlier, the latter defect, widely known as ¢
100 split self-interstitial, has been the subject of a previous investigation,® and is included here for the
purposes of comparison. In panels a, b, and ¢ of Fig. 1 equilibrium geometries of the lin, Ion and loc point
defects in diamond are reported. Also shown in Fig. 1 are the corresponding net atomic charge, spin and
overlap bond populations, OBP, (all in |e|) derived from Mulliken partitioning of the electron density.

Fig. 1 Schematic representation of the {100 -split interstitial, where the two atoms forming the defect (A and B)
are reported in green. These can be either one C and one N (panel a, l1v), both N (panel b, Iv), or both C (panel c,
Ioc). B3LYP Mulliken net (le|, in bold) and spin charges (Je|, in italic) are reported for each atom displayed. Bond
lengths (in A) and Mulliken bond population (le|, in italic) are also reported.
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From a structural point of view the differences between the loc defect and the two containing
nitrogen (Iw and I2n) are, as expected, rather small, for carbon and nitrogen are neighbouring
elements in the Periodic Table and their covalent radii, 73 and 71 pm,®* are comparable. One of
the few noteworthy differences between l2c and both linand I2n is the bond length between
atoms A and B, which decreases slightly as the number of nitrogen increases, from 1.30 A for
lc to 1.27 A for Ian. Fig. 1 also shows that, concomitant with these changes in bond length, there
are corresponding changes in the Mulliken charge and spin populations.

In the l2c defect (Fig. 1c), where only carbons are present, remarkably, no net local charges are
found. For the lin defect (Fig. 1a), on the other hand, the difference in electronegativity between
nitrogen and its neighbours polarises the electron density, leading to a net charge of —0.60 |e|
on the impurity and net charges of +0.27 |e| and +0.17 |e| on atoms A and D respectively. In the
case of I2n, both nitrogens have a Mulliken net charge of —0.40 |e|, which is almost completely
neutralised by charges of +0.18 |e| on the 4 neighboring carbon atoms. This perturbation on the
electron density due to the presence of nitrogen, however, is very local and its effect, short-range,
for, as panel b of Fig. 1 shows, it does not propagate to the second and third neighbours of the
defect.

Before considering the details of the electron spin distributions, we note, first, that each of the
two carbon atoms of the I2c defect, our reference system, has a single unpaired electron, which
is associated with a “dangling bond”, as a result of the three-fold coordination. This leads to two
possible spin states, namely, an open-shell, but paired, singlet (S; = 0) [Ca(a)Cs(B)] and a triplet
(Sz=1) [Ca(a)Cs(a)], of which the former is slightly more stable by 0.027 eV.2® The very small
energy difference is a consequence of the fact that the unpaired electrons populate orthogonal
atomic orbitals: they essentially ignore each other. In the case of lindefect, there is a single
unpaired electron associated with the carbon atom, as the three-fold coordination of the nitrogen
satisfies its normal valence. This leads to one possible spin state, the doublet (S; = %2). The spin
state of Ion is even simpler, for there are no unpaired electrons, since both nitrogen atoms are
three-fold coordinated. This closed-shell configuration is the origin of the EPR inactivity. The
above-mentioned spin multiplicities all refer to the ground states of the respective defects.

Fig. 2 compares bi-dimensional spin density maps of the lin and Izc defects, where the selected
orthogonal projection planes are defined by atoms A, B, and C (top panels) and A, B, and D
(bottom panels). As can be observed, the single unpaired electron in linis almost entirely
localized on carbon atom A, conventionally with a-spin, which induces a small B-polarization on
its first neighbours to reduce Pauli repulsion. In the case of lc, the strong localisation of the
unpaired electrons on each of the two carbon atoms is clearly evident; note that, despite the
availability of two electrons on neighboring atoms, the formation of a double bond is hindered
due to geometrical constraints (see discussion in ref. 38; the two unpaired electrons occupy
mutually orthogonal orbitals).


https://pubs.rsc.org/en/content/articlelanding/2018/CP/C8CP02484G#cit64
https://pubs.rsc.org/en/content/articlelanding/2018/CP/C8CP02484G#fig1
https://pubs.rsc.org/en/content/articlelanding/2018/CP/C8CP02484G#fig1
https://pubs.rsc.org/en/content/articlelanding/2018/CP/C8CP02484G#fig1
https://pubs.rsc.org/en/content/articlelanding/2018/CP/C8CP02484G#fig1
https://pubs.rsc.org/en/content/articlelanding/2018/CP/C8CP02484G#cit38
https://pubs.rsc.org/en/content/articlelanding/2018/CP/C8CP02484G#fig2
https://pubs.rsc.org/en/content/articlelanding/2018/CP/C8CP02484G#cit38

Fig. 2 B3LYP spin density maps of Iin and Ic defects in diamond. Referring to Fig. 1, orthogonal projection planes
are defined by atoms A, B, and C (top panels) and A, B, and D (bottom panels). Isodensity lines differ by 0.01 |e|
(a0)"%; spin density is truncated at +0.1 |e| (a0) 3. Continuous, dashed and dot-dashed black lines indicate positive,
negative and zero values, respectively.

Fig. 3 compares the band structures of pristine diamond with those of lin, lonvand loc based on
Sea supercells, where the horizontal blue line represents the Fermi level, Er. Note, however, that in this
figure the Fermi level simply provides a convenient demarcation between the occupied and virtual orbitals.
The continuous black and red lines indicate o and B spin bands respectively, and for the closed-shell
systems, pristine diamond and Izn, the a and B bands are superimposed. A number of interesting and
noteworthy features emerge from these. First, the band gaps of the defective systems, 5.59 eV, 5.56 eV and
5.45 eV for lin, lon and loc respectively, are all less than, but within 5% of the perfect diamond value of
5.73 eV. Second, the band structure of the reference Ioc defect in its singlet state, contains a pair of
occupied, degenerate, spin polarised bands, one a and one B, approximately 1 eV below Ef, containing the
two unpaired electrons, and a corresponding pair of unoccupied bands approximately 2 eV above the Fermi
level. Third, the totally spin-paired Ion defect contains a pair of doubly-occupied, low-lying nitrogen bands
approximately 2 eV below Er, which are dispersed by less than 0.5 eV and are degenerate at the /™-point.
Fourth, the band structure of Iy is similar to those of Ioc and Iz, allowing for the differences in chemical
composition and number of unpaired electrons. It contains one similarly-flat, doubly-occupied nitrogen
band, approximately 1 eV below the Fermi level (the In bands are 2 eV below Eg), one singly-occupied
carbon spin band, approximately 2 eV below Er (the Ic bands are 1 eV below) and one un-occupied carbon
spin band approximately 2 eV above the Fermi level, as it is in lxc.


https://pubs.rsc.org/en/content/articlelanding/2018/CP/C8CP02484G#fig1
https://pubs.rsc.org/en/content/articlelanding/2018/CP/C8CP02484G#fig3

Energy (eV)

Fig. 3 B3LYP band structure of the pure (first panel) and defective diamond (I, lIzn and Ixc in second, third and
fourth panels, respectively). Reported data refer to the Ses supercell. Black-continuous and red-dotted lines indicate
energy bands accessible for electrons with o and f spins, respectively. Horizontal blue line marks the position of the
Fermi energy.

Turning now to the formation energy of these defects, Table 1 reports these for a set of different density
functionals. In this paper, formation energies of the Iin and I2n defects have been defined as the total energy
difference between “products” and “reactants” of the following reaction:

Diamond + a-N (or C) - Ian + (2 — 1)-C (3)

where a is the number of nitrogen atoms inserted, while (a — 1) is the number of carbons that have been
removed. To reduce the Basis Set Superposition Error (BSSE), atomic energies of isolated nitrogen and
carbon atoms have been calculated including two shells of neighboring ghost functions. As can be
observed, the three hybrid functionals provide rather coherent values of formation energies, which are
approximatively 6, 8, and 4.5 eV for the lin, v and Izc, respectively. The PBE and LDA functionals, which
contain no exact Hartree—Fock exchange, lead to underestimates of the formation energies compared with
the B3LYP values, that range from 1.0 eV (lon) to 0.83 eV (lwv) for PBE, and from 1.88 eV (Ion) to 1.57
eV (lzc) for LDA.

Table 1 Formation energies of the I, In and loc point defects in diamond. Values, in eV, refer to the Sessupercell
and are obtained according to eqn (3)

Method lin Iy lc

B3LYP 5.96 7.88 4.69
PBEO 5.97 8.14 4.45
HSEOQ6 5.97 8.13 4.44
PBE 5.14 7.14 3.73

LDA 4.28 6.04 3.12
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3.2 Infrared and Raman spectra

Vibrational spectroscopy makes a significant contribution to the identification of the different types of
defect present in diamond. Now it is generally rather difficult to assign a given spectral feature
unambiguously to a specific structural defect, from experiment alone, since, potentially, there is a large
number of factors such as defect type, concentration, aggregation etc., that might hinder or complicate this.
However, the same is not true for simulations, since the nature of a particular defect, its concentration and
local environment i.e., bulk, surface grain boundary, presence of impurity etc., can be defined exactly a
priori.

The experimental Raman spectrum of pristine diamond is simple, for it consists of a single and sharp peak
at the experimental value of 1332 cm™!, while the IR spectrum is featureless, due to symmetry constraints.
For these reasons, all features observed in the simulated IR spectrum can be attributed to the presence of
the specific defect(s) contained in the simulation, while all features that appear in the Raman spectrum,
aside from the one-phonon mode at 1332 cm™! can similarly be assigned. Among the many peaks that
appear in simulated spectra of defective diamond, those that appear above 1332 cm™ are of particular
interest, for these can be related to vibrational normal modes that involve the displacements of just a few
sets of atoms, typically those of the defect and their nearest neighbors.

As with all quantum mechanically-based studies of the type reported in this paper, the accuracy and
dependability of the results are determined, in large measure, by the quality of the basis set used. However,
for calculations of the size used in the present study, which involve the direct structural minimisation of
defective cells containing up to 216 atoms, inevitably a balance needs to be struck between basis set size,
accuracy and computational cost. Here a modified Pople 6-21G basis set has been chosen, which, we
believe achieves this balance. To illustrate this, Table 2, lists the calculated zero-phonon Raman
frequencies for perfect diamond derived from 6-21G, 6-21G*, 6-31G and 6-31G* basis sets compared with
estimates of the computation times for the structural minimisation of defective cells containing 216 atoms.
Thus, a reduction in the error of the computed Raman frequency, compared with the experimental
frequency of 1332 cm™!, from 1.1% for 6-21G to 0.5% for 6-21G* requires 1.16 times the computational
cost, while a further reduction to 0.3% for 6-31G requires 1.75 times the cost. Importantly, the 6-31G*
basis set is 4.5 times more costly, with an increased error of 1.6%.

Table 2 Comparison of the predicted zero-phonon Raman frequency, v (cm™), deviation from the experimental
value of 1332 cm™, 4 (%), and relative computation cost, S, for different basis sets

Basis set v A (%) S

6-21G 1317.0 -1.1 1.00
6-21G* 1325.9 0.5 1.16
6-31G 1336.4 +0.3 1.76

6-31G* 1353.8 +1.6 4.50
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3.3 Infrared spectrum

Starting with the IR spectrum of the reference defect, loc, shown in the right-hand panels of Fig. 4, an
animation of the normal modes (available at www.crystal.unito.it) indicates that the peak at 1519
cm (1506 cm* from Ses) corresponds to a doubly-degenerate (E symmetry) asymmetric C—C stretch
involving atoms labelled C—A-C and D-B-D in Fig. 1c. This indicates that the frequency is determined
solely by the nature of the three atoms, in this case all six are carbon, and is apparently unaffected by the
coordination of atoms C and D, which are different. Visual analysis shows that the two modes at 448
cmtand 561 cm ™ correspond to ‘waggling’ modes of the self-interstitial, again associated with C-A-C
and D-B-D. At the higher defect concentration (Ses), the lower frequency line is shifted upwards by 5
cm?, while the intensity of the higher frequency line is substantially reduced to the point where it is barely
discernible.
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Fig. 4 B3LYP simulated IR spectra of the I, In and Ic defects in diamond for both Segs and Szi6 supercells (top and
bottom panels, respectively).

Turning now to lzn, which has a similar (local) D2g sSymmetry as the reference defect, the middle panels
of Fig. 4show that there is a similar, high-frequency doubly-degenerate asymmetric stretch of N-N, now
at 1431 cm™!, with a shift of —9 cm™! at the higher defect concentration (Ses). Once again, visual inspection
indicates that these stretching modes involve the neighbouring atoms C and D. There is a similar “‘waggling’
mode at 414 cm (448 cm ! in Ic), which is shifted by —17 cm ™! at the higher defect concentration, with a
slight increase in intensity. Overall, the spectra of these two symmetric {100) split interstitials are very
similar, with differences that can straightforwardly be attributed to the differences in chemical composition.

The IR spectrum of I1n, shown in the left-hand panels of Fig. 4, is richer than those of Iy and loc, in that it
contains three new features above the one-phonon mode, at 1422 cm™!, 1534 cm ™' and 1851 cm™, with
reductions of ~12 cm™!, but comparable intensities, for Ses cells. Vibrational animation shows that the two
lower frequency peaks correspond to the Iy and loc features at 1431 cm ™! and 1519 cm! respectively, with
the 1422 cm ' mode assigned to the B; asymmetric C-N-C stretch, and the 1534 cm ! mode to
the B> asymmetric C—-C—C stretch (C in the last two mode designations refers to carbon atoms, and not the
labels of Fig. 1). It is of interest to note that the frequency (energy) of the asymmetric C—-N—C stretch in
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Iin is less than it is in Ion, whereas the frequency of the corresponding C—C—C stretch in Iy is greater than
that in Ioc. Again, visual inspection assigns the 1851 cm™! feature to the symmetric C-N stretch of the two
interstitial atoms. This mode is not observed in the spectra of I or loc, for these have local D2g Symmetry,
the breaking of which by the dissimilar neighbouring carbon pairs (C. and D- of Fig. 1) is unable to induce
a sufficiently large dipole moment for measurable intensity. Finally, the Ses ‘waggling” mode in Ion and
loc at 397 cm ™! and 453 cm™! respectively, is seen at 381 cm™!; but there is no measurable intensity for this
mode at the lower defect concentration.

However, it is worth mentioning that while defect-induced spectral features above the pristine diamond
first-order peak can be readily detected from experiment, this is not the case for the spectral region below
the one-phonon absorption band. This is due to the fact that any defect-induced reduction of symmetry in
diamond generates a broad band in the region between 300 and 1300 cm™!, which is essentially proportional
to the vibrational density of states.

3.4 Raman spectrum

The simulated Raman spectra of the I1, In and Ioc defects for the Ses (top panels) and Sz16 (bottom panels)
supercells are reported in Fig. 5, where the intense one-phonon peak of the perfect diamond lattice at 1317
cm?, is again prominent, but slightly shifted, to 1331 cm™, 1333 cm*and 1324 cm* respectively,
separating the spectra into two regions. The one below the first-order Raman peak is rather complex and
with many close peaks, that are usually associated with collective-normal modes; the region above the
pristine diamond Raman feature shows, instead, rather distinct spectroscopic features, which are commonly
related to localized vibrational modes.
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Fig. 5 B3LYP simulated Raman spectra of the I, lon and Ixc defects in diamond for both Ses and So16 Supercells (top
and bottom panels, respectively). Intensity of the peaks marked by (*) and (**) have been multiplied by 10 and 100,
respectively.
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Turning now to a more detailed analysis, the principle features in the IR spectra reported in the previous
section should also be found in the Raman spectra, albeit possibly with minor adjustments resulting from
the interaction with nearby modes that are not found in the former spectra. As reported previously,® the
Raman spectrum of Ixc contains three active modes above the first-order frequency, two degenerate
asymmetric stretching modes at 1519 cm™' and a symmetric mode at 1912 cm™! (1506 cm™' and 1897
cm ™! from Sea).

The Raman spectrum of Iy is similar to that of Ioc, though shifted to lower frequency by ~7% and ~10%
with the intensity, with asymmetric and symmetric stretches at 1431 cm™' and 1772 cm! respectively
(1422 cm™" and 1761 cm™! from Ses). Predictably, the Raman spectrum of Iy is richer than those of Iy and
Ioc, but, as before, broadly in line with the IR spectrum. The frequency of the symmetric stretch, 1851
cm ! (1837 cm™! from Se), is identical to the IR frequency, and compares with values of 1772 cm™! and
1912 cm ! for Ion and Ioc respectively. The changes in frequency of +79 cm™ and —61 cm™! from those in
Ion and loc suggest that the interstitial bond strengths in diamond are in the order C-C > C—N > N-N, which
compares with C=C =~ C=N > N=N in molecules (https://chem.libretexts.org >...> Fundamentals of
Chemical Bonding).

4 Discussion

The prime motivation of this study, as on previous occasions,® is to show that all-electron quantum
mechanical calculations based on the CRYSTAL code®’ can provide detailed, quantitative IR and Raman
spectra for the common defects in diamond. The utility of this approach is predicated on the twin facts that
perfect, or pristine diamond exhibits no IR features, for symmetry reasons, and that the Raman spectrum
consists of a single, sharp one-phonon peak at 1332 cm ™!, which compares with the calculated B3LYP/6-
21G value of 1317 cm 1.2 |t follows, therefore, that all IR features exhibited by real crystals, and all
Raman features other than the sharp one-phonon peak, are due to the presence of defects. However, real
crystals contain a multitude of defects, mostly of unknown provenance, so that the assignment of spectral
features to individual defects is both difficult and uncertain. On the other hand, calculations can be
performed for completely defined defects at specific concentrations, from which the unambiguous
assignment of spectral features is readily available.

Following previous studies,>° this paper reports the IR and Raman spectra of the {100) split-
interstitial defects, loc, Ion and l1n, obtained from all-electron Gaussian orbital B3LYP calculations based
on periodic 64- and 216-atom supercells (Ses and Sa16) using the CRYSTAL computer code.*” The principal
feature of both types of spectra is the presence of well-defined peaks above the one-phonon Raman
frequency, which recently-developed visualisation techniques (www.crystal.unito.it) are able to assign
with minimum ambiguity. These features consist the symmetric stretch of the interstitial pair, and doubly
degenerate asymmetric stretches corresponding to atoms C-A-C and D-B-D, in the notation of Fig. 1,
where A and B are carbon and nitrogen atoms according to the defect, and C and D, inequivalent lattice
carbon atoms. As expected, the symmetric stretches are seen in the Raman spectra of the three defects,
whereas it is only for 1 that this mode is seen in the IR spectrum. The asymmetric stretches for the three
defects are seen in both the IR and Raman spectra. In all cases, there is a shift to lower frequency by about
1% on increasing the defect concentration from the Szi6 to the Ses Simulations. This suggests that for real
crystals, where the defect concentrations are generally much lower than those considered here, the
So16 frequencies in particular, might reasonably be considered as (quantitative) predictions, in view of the
fact that the calculated one-phonon Raman frequency is within 1% of the measured value.

Finally, it is interesting to compare the wavenumbers reported in this work with those provided by Goss
and coworkers,® where calculations on Sgs and Szi6 supercells have performed with local spin density
functional and pseudopotentials. As regards the lin point defect, our values of 1422, 1534 and 1851
cm! for asymmetric and symmetric stretches compare with those of 1461, 1537 and 1861 cm!,
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respectvely: while for Ion, our values of 1431 and 1772 cm™! values compare with 1454 and 1830 cm ™!,
reported previously.®

5 Conclusion

The principal conclusion of this paper is that the three interstitial defects in diamond, Ioc, Ion and lun, are
predicted to have measurably different IR and Raman signatures from each other, and from pristine
diamond. The particular significance of the latter is that the present results make an important contribution
to the analysis and characterisation of the spectra of both natural and synthetic diamonds. There are no
previous reports, either of the frequencies or relative intensities of these novel spectral features based on
full qguantum mechanical methodology. Specifically, this study predicts that in addition to the presence of
relatively low intensity collective modes in the region of the one-phonon Raman frequency, the <100
split-interstitial defects, loc, Ion and lingive rise to doubly-degenerate asymmetric stretching modes which
are both IR and Raman active for all three defects, and a higher frequency symmetric stretch which again
is Raman active for the three interstitials, but is IR active only for Iin. The frequencies of this mode suggest
that the split-interstitial bond strengths in diamond are in the order C—C > C-N > N-N, which is supported
by the calculated Mulliken bond populations (0.392, 0.318 and 0.265 |e|, respectively).
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