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Infrared and Raman Spectroscopic Features of the Self-Interstitial Defect in Diamond from Exact-Exchange Hybrid DFT Calculations

Quantum-mechanical calculations are performed to investigate structural, electronic, and Infrared (IR) and Raman spectroscopic features of one of the most common radiation-induced defects in diamond: the "dumb-bell" 100 split self-interstitial. A periodic super-cell approach is used in combination with all-electron basis sets and hybrid functionals of the density-functional-theory (DFT), which include a fraction of exact non-local exchange and are known to provide a correct description of the electronic spin localization at the defect, at variance with simpler formulations of the DFT. The effects of both defect concentration and spin state are explicitly addressed. Geometrical constraints are found to prevent the formation of a double bond between the two three-fold coordinated carbon atoms. On the contrary, two unpaired electrons are fully localized on each of the carbon atoms involved in the defect. The open-shell singlet state is slightly more stable than the triplet (the energy difference being just 30 meV, as the unpaired electrons occupy orthogonal orbitals) while the closed-shell solution is less stable by about 1.55 eV. The formation energy of the defect from pristine diamond is about 12 eV. The Raman spectrum presents only two peaks of low intensity at wave-numbers higher than the pristine diamond peak (characterized by normal modes extremely localized on the defect), whose positions strongly depend on defect concentration as they blue shift up to 1550 and 1927 cm -1 at infinite defect dilution. The first of these peaks, also IR active, is characterized by a very high IR intensity, and might then be related to the strong experimental feature of the IR spectrum occurring at 1570 cm -1 . A second very intense IR peak appears at about 500 cm -1 , which, despite being originated from a "wagging" motion of the self-interstitial defect, exhibits a more collective, less localized character.

Introduction

Both natural and synthetic diamonds are characterized by a large variety of point-defects (including vacancies, interstitials, selfinterstitials, and their possible combinations), which strongly affect the exceptional properties (high Young's modulus and thermal conductivity, broad transparency range, high carriers mobility, etc.) of the ideal defect-free crystalline structure. [1][2][3][4] The investigation of native and radiation-induced point-defects in diamond (as well as in other semiconductors) has thus attracted large theoretical and experimental interest. [1][2][3][4][5][6][7][8][9][10][11][12][13][14] Despite the sim- plicity of the pristine diamond lattice, indeed, a wealth of different defects can be formed, which have not yet been thoroughly characterized at the atomic level as regards both their electronic structure and spectroscopic fingerprint.

A key aspect of radiation-damaged diamonds is represented by the relative abundance of sp 3 and graphitic-like sp 2 carbon atoms. In this respect, given the specific spectroscopic fingerprint of different hybridizations of carbon atoms, 15,16 Infrared (IR) and Raman spectroscopies represent ideal experimental techniques in the attempt to characterize the atomic nature of the various pointdefects in diamond-like materials. 2,3,8,12,13,[17][18][19][20][21][22][23] Pristine diamond does not show any spectral feature in its IR spectrum by symmetry, whereas a peak appears at about 1570 cm -1 in defective diamond, which is tentatively attributed to the sp 2 "dumb-bell" split self-interstitial defect. 2 While the Raman spectrum of pristine diamond consists of a single, sharp Raman peak at 1332 cm -1 , defective samples are characterized by several additional features, the most significant ones being observed at about 1450, 1490, 1630 and 1680 cm -1 . 3,19 The spectral features at 1630 and 1680 cm -1 have been attributed to sp2 defects. In particular, the peak at 1630 cm -1 has been experimentally assigned to the "dumb-bell" split self-interstitial defect. 3 Despite this assignation was originally confirmed by molecular dynamics theoretical simulations using a Brenner semiempirical potential, 13 a more recent ab initio density-functionaltheory (DFT) simulation performed on finite clusters using a generalized-gradient functional could not confirm it. 14 Many possible interstitial defects in diamond have been proposed in the literature in the last 20 years ( 100 , 110 , bondcentered, platelets, di-[001] split interstitial, Humble di-[001] split interstitial), whose structural, electronic and energetic properties have been theoretically investigated in a series of papers by Briddon and coworkers; 1,5,24 the most stable isolated interstitial defect was found to be the 100 split self-interstitial one.

From a theoretical perspective, achieving a correct description of the electronic states of the defects within the main energy band-gap of the semiconductor is crucial, as well as describing the various possible spin couplings and the related role of symmetry. A non-trivial description of non-local long-ranged interactions is thus needed. These issues have been discussed in a seminal paper by Coulson and Kearsley about 60 years ago, using rather simple models. 25 Since ab initio techniques have become feasible, both the finite cluster and the periodic super-cell approaches have been used, 24 mostly as combined with the simplest formulation of the DFT (the local-density approximation, LDA), which is known to poorly describe the exchange interactions of well-localized unpaired electrons and to largely underestimate energy band-gaps, where defect states are located.

Since theoretical simulations of IR and Raman spectra of extended solids have become feasible at the quantum-mechanical level of theory, computational spectroscopy has become an effective complementary tool in the interpretation of experimental spectra, and an essential mean to the atomistic characterization of their features. [26][27][28][29][30][31][32][33] In the present study, ab initio calculations are performed to investigate the electronic and spectroscopic properties of the self-interstitial 100 defect in diamond, by use of a periodic super-cell approach and of the hybrid B3LYP functional, which contains 20% of non-local exact exchange (an essential prerequisite to the correct description of the electronic spin localization at the defect), [34][35][36][37][38][39] as implemented in the CRYSTAL14 program. 33 The effects of different defect concentrations and spin states are explicitly explored. The same computational procedure has recently been adopted in the theoretical characterization of electronic and Raman spectroscopic features of the neutral vacancy in diamond, which has allowed to rule out the previous assignation of the spectral features at 1450 and 1490 cm -1 as due to the vacancy. 40,41 

Computational Models and Details

All spin-polarized DFT calculations have been performed by use of the B3LYP global hybrid functional, 42,43 as implemented in the CRYSTAL14 program. 33 Some of the preliminary calculations on electronic and energetic features of the defects have also been repeated with the unrestricted Hartree-Fock (HF) method and with other DFT functionals ranging from pure (LDA 44 and PBE 45 ), to global hybrid (PBE0 46 ), and range-separated hybrid (HSE06 47 ) ones. An all-electron basis set of Gaussian-type functions has been adopted (Pople's 6-21G), whose outermost exponent (0.228 Bohr -2 ) of the most diffuse sp shell has been reoptimized for bulk diamond. 48 The defect formation energy has also been calculated with larger basis sets, such as 6-21G * , 6-31G and 6-31G * . 49 The truncation of the Coulomb and exchange infinite lattice series is controlled by five thresholds T i , which have been set to 8 (T 1 -T 4 ) and 16 (T 5 ). The convergence threshold on energy for the selfconsistent-field (SCF) procedure has been set to 10 -8 hartree for structural optimizations and to 10 -10 hartree for vibration frequency calculations.

Different structural models and spin-states of the selfinterstitial defect of diamond are considered, which correspond to different point-symmetries: the 100 split interstitial in the singlet state to C 2v , the 100 split interstitial in the triplet state to D 2d , and the bond-centered (BC) interstitial to C 3v . A periodic super-cell approach is used to simulate different defect concentrations. Super-cells containing 33, 65 and 129 atoms are considered (to be referred to in the following as S n , with n = 33, 65 or 129), which correspond to defect densities of 5.53 • 10 21 cm -3 , 2.76 • 10 21 cm -3 and 1.38•10 21 cm -3 , respectively. Reciprocal space has been sampled using a regular sub-lattice with a shrinking factor of 8 for S 33 and S 65 and of 4 for S 129 , which correspond to a sampling over 59, 65 and 13 k-points in the irreducible part of the Brillouin zone for the self-interstitial defect of D 2d point-symmetry.

Harmonic phonon frequencies (i.e. wave-numbers), ω p , at the Γ point (i.e. at the center of the first Brillouin zone in reciprocal space) are obtained from the diagonalization of the massweighted Hessian matrix of the second energy derivatives with respect to atomic displacements u: 29,50-53

W Γ ai,b j = H 0 ai,b j √ M a M b with H 0 ai,b j = ∂ 2 E ∂ u 0 ai ∂ u 0 b j , (1) 
where atoms a and b (with atomic masses M a and M b ) 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 Q p , characterized by a frequency ω p , active due to the α ii component of the polarizability tensor α, is given by:

I p ii ∝ ∂ α ii ∂ Q p 2 . ( 2 
)
The relative Raman intensities of the peaks are computed analytically by exploiting a scheme, recently implemented in the CRYS-TAL14 program, 26,27 which constitutes an extension of the analytical calculation of IR intensities. 27,28 Both schemes are based on the solutions of first-and second-order Coupled-Perturbed-Hartree-Fock/Kohn-Sham (CPHF/KS) equations. 54,55 The Raman spectrum is then computed by considering the transverse-optical (TO) modes and by adopting a pseudo-Voigt functional form: a linear combination of a Lorentzian and a Gaussian curve with full width at half maximum of 8 cm -1 . Raman intensities are nor- malized so that the highest value is conventionally set to 1000 a.u. Integrated intensities for IR absorption I p are computed for each mode p by means of the mass-weighted effective-mode Born-charge vector Z p 56,57 evaluated through a CPHF/KS approach: 27,28

I p ∝ Z p 2 . (3) 
The DFT exchange-correlation contribution to the Fock matrix has been evaluated by numerical integration over the unit cell volume. Radial and angular points for the integration grid are generated through Gauss-Legendre radial quadrature and Lebedev two-dimensional angular point distributions. The default pruned grid with 75 radial and 974 angular points has been used. With such a dense grid, the first-order Raman peak of pristine diamond is found at 1317 cm -1 , at variance with the 1333 cm -1 position reported in the previous investigation on the neutral vacancy in diamond, where a somehow poorer grid was used (55 radial points and 434 angular points). 40 

Results and Discussion

Structural, Electronic and Energetic Properties

As anticipated in the Introduction, several possible self-interstitial defects have been proposed for diamond, 1,5,14 among which the 100 split self-interstitial is indicated to be the most stable one. 1 In the present study, we investigate the 100 defect (in different spin states), as well as its possible counterpart where a doublebond is formed, and the bond-centered (BC) one. A schematic representation of the structural features of the 100 and BC interstitials is given in Figure 1, where some structural and electronic indices are also reported, to be discussed below. Let us start from a detailed investigation of structural, electronic and energetic properties of the 100 split self-interstitial.

Three different electronic states are considered for the 100 defect: a closed-shell solution, in which spin-up and -down electrons are forced to occupy the same defective crystalline orbitals (DCO), and the two open-shell solutions, in which spin-up and spin-down electrons are allowed to occupy different DCOs, which correspond to the singlet S z = 0 and triplet S z = 1 states. In Table 1, we report the computed energy of the singlet state for three different defect concentrations (corresponding to the S 33 , S 65 and S 129 super-cells), as well as the energy differences of the other two electronic states with respect to S z = 0. Some considerations: i) the two open-shell states are much more stable (by about 57 mHartree) than the closed-shell solution; ii) the singlet state is found to be slightly more stable than the triplet one, with an energy difference of about 1 mHartree (i.e. 0.03 eV) thus indicating that the two unpaired electrons could either be kept sufficiently far apart from each other or occupy rather localized DCOs oriented on orthogonal planes, so as to make Pauli repulsion small (as clearly emerges from the spin-density maps reported in Figure S1 of the Supplementary Information); iii) the relative stabilities of the three electronic states are found to be almost independent of defect concentration. The higher stability of the singlet spin state seems to be in agreement with experimental evidences. 2 In this respect, in order to check whether or not the computed higher stability of the singlet state could be an artifact of the specific adopted functional of the DFT, we have investigated it also by using several different methods (LDA, GGA, global and rangeseparated hybrid DFT functionals, and the HF method). The computed energy differences are reported in Table S1 of the Supplementary Information. All adopted methods describe a more stable singlet state (by about 1 mHartree for B3LYP, PBE0, HSE06 and PBE, 0.2 mHartree for LDA and 4 mHartree for HF).

As anticipated above, in Figure 1, we report selected values of structural and electronic quantities, which can be useful to describe the perturbation to the diamond lattice represented by the self-interstitial defect. For pristine diamond, the computed equilibrium bond length is of 1.56 Å, the covalent bond population is of 0.30 |e| and, obviously, the electronic charge on each carbon atom is of 6.00 |e|. The bond length d 12 of the two central atoms of the 100 defect is much shorter (1.30 Å), with a corresponding higher bond population of 0.39 |e| and a slightly lower electronic charge of 5.96 |e|. The spin density is found to be localized on the two central atoms as well, with spin moments µ= ±1.001 |e|, which propagate (with sign alternation) in a rather damped way to first-neighbors, where µ = ∓0.123 |e| (almost one order of magnitude lower than that at the central atoms). It is seen that this perturbation propagates up to the fourth neighbors, where the structural and electronic features of pristine diamond are fully recovered (see carbon atoms 8 and 9 in Figure 1).

Let us now discuss the formation energy E f of the 100 split self-interstitial defect, which can be defined as [58][59][60] 

E f = E P - E D -E A
, where E P and E D are the total energies of pristine and defective diamond super-cells, and E A is the energy per atom in bulk pristine diamond. This formation energy is reported in Table 2 as computed with different theoretical methods (HF and several DFT functionals belonging to different rungs of "Jacob's ladder") and for different defect concentrations (i.e. with the three supercells: S 33 , S 65 and S 129 ) for the most stable singlet spin state. For the B3LYP global hybrid functional, the effect on the computed formation energy of using richer basis sets is also documented. Some considerations: i) for a given defect concentration, the values of E f obtained with different methodologies are very consistent (despite the rather different descriptions they provide of spin localization); ii) the formation energy increases as the defect concentration decreases, passing from about 10.5 eV for S 33 , to about 11.5 eV for S 65 and to 11.8 eV for the lowest considered concentration (S 129 ); iii) the computed formation energy of the defect is found to be very stable with respect to the enrichment of the adopted variational basis set, with a maximum difference of about 3%. As a further check of the reliability of the computed formation energy, the effect of the inclusion of zero-point thermal effects has also been taken into account and has been found to be relatively small and to increase the defect formation energy by about 0.3 eV for all methods.

In Figure 2, we report the electronic band structure of the 100 split self-interstitial defect at low defect concentration (i.e. in the S 129 super-cell) in its three different spin states (closed-shell, singlet and triplet), as compared to that of pristine diamond (left panel). The Fermi energy is marked by a red horizontal line. If pristine diamond is described as an insulator with a band gap of 5.85 eV, the presence of the self-interstitial defect originates some localized electronic states within the gap. In the closed-shell solution, the double-occupancy with two electrons of the two nearly degenerate bands induces a metallic character to the so-lution. The singlet and triplet band structures correspond to nonconducting solutions and show minor differences between each other, thus confirming the small energy difference between the two states (0.03 eV, as discussed above). Let us briefly illustrate the main features of the most stable (singlet) state: i) spin-up and spin-down COs are nearly degenerate at all k-points; ii) the main energy gap of pristine diamond basically remains unchanged and just splits into three sub-intervals, which are marked to the right of the singlet panel (about 1 eV from the HOCO to the occupied defect band E V l , about 3.4 eV between the occupied and empty defect bands E lh , and about 1.5 eV from the empty defect band to the LUCO). The main features of such a band structure show just little dependence on defect concentration, as documented in Figure S2 of the Supplementary Information, the most significant effect being a reduced dispersion of the defect bands as the defect concentration decreases.

In order to evaluate whether or not a local structural distortion in the vicinity of the 100 split self-interstitial defect (reducing the C 2v point-symmetry) could promote the formation of a ), as computed with several theoretical methods. For the B3LYP functional, the effect of using a richer basis set is also documented.

Method

Basis Set E stabilizing double-bond between the two central atoms, we have performed a series of calculations where their first neighbors are rigidly rotated by a torsional angle up to planarity of the fragment involving atoms from C 1 to C 6 (see panel a of Figure 1). Both a cluster and a periodic model have been considered. While a detailed discussion of these calculations is given in the Supplementary Information, here let us summarize the main conclusions: i) the C 2v configuration given in Figure 1 (with no double-bond between the central atoms) is by far the most stable one with respect to lower-symmetry distorted configurations characterized by the formation of a partial to total double-bond; ii) a rigid rotation of first-neighbors of at least 30 • would be required to allow for the formation of a double-bond, which, however, would imply a much larger energy loss for the structural distortion with respect to the energy gain due to the double-bond formation.

The bond-centered interstitial defect (graphically represented in panel b of Figure 1) is here found to be less stable than the 100 split self-interstitial one by about 2 eV (2.1 eV for S 33 , 2.3 eV for S 65 and 2.4 eV for S 129 ). The origin of this large instability can be traced-back to the incapability of the central carbon atom to share two out of its four valence electrons, which remain unpaired and localized on it. This instability is reflected on a shorter C 1 -C 2 bond length of 1.27 Å (compared to 1.30 Å in the 100 defect) and a smaller bond population of 0.23 |e| (compared to 0.39 |e| in the 100 defect). A relatively large charge transfer occurs from C 1 to C 2 as a consequence of the strong electron-electron repulsion.

Raman Spectrum

While it is generally rather difficult to experimentally assign given spectral features to specific structural defects (because of the large number of factors they might depend on, such as kind of defect, concentration, local distribution, etc.), this is not the case from a simulation point of view. With a computational approach indeed one has full control over the kind of defect to be investigated and the desired concentration.

We have computed the Raman vibrational spectrum (peak positions and intensities) of pristine and defective diamond by use of the fully-analytical scheme introduced in Section 2. The Raman spectrum of the 100 split self-interstitial defect has been computed for the most stable singlet spin state and at three defect concentrations (with the S 33 , S 65 and S 129 super-cells). These three spectra are reported in the first three top panels of Figure 3, where the corresponding insets show the structure of the three models. The position of the first-order Raman peak of pristine diamond is marked by the vertical dashed blue line. The bottom panel of the figure reports a comparison between the experimental Raman spectrum of defective diamond measured up to 1800 cm -1 by Prawer et al. 19 and present computed spectra at different defect concentrations.

At variance with what has been shown in the case of the neutral vacancy defect in diamond (where no defect-specific peaks are found above the first-order Raman peak of pristine diamond), 40 the 100 split self-interstitial defect produces a couple of peaks above the pristine diamond peak: one at about 1500 cm -1 and one at about 1900 cm -1 . Some considerations on these two peaks: i) the peak position strongly depends on defect concentration, with a blue-shift as defect concentration decreases (the first peak passes from 1472 to 1504 to 1529 cm -1 and the second from 1838 to 1897 to 1921 cm -1 within the S 33 , S 65 and S 129 super-cells, respectively); ii) the peak position changes linearly with the inverse of the number of atoms in the cell, which allows to extrapolate to infinite defect dilution (1550 and 1927 cm -1 );

iii) the intensity of the two peaks is relatively low (in the figure it has been magnified by a factor of 15); iv) the computed peak at about 1500 cm -1 is located in a region of the spectrum where an experimental peak has also been measured (at 1490 cm -1 ), and is likely to contribute to the experimental feature, even though, given its low intensity, other defects could contribute too; v) the second peak at about 1900 cm -1 is more intense and is found in a region where the experimental spectrum was not reported.

In order to explore whether or not the particular spin state of the self-interstitial defect could significantly affect the Raman spectrum in terms of peak positions, we have computed the vibrational spectrum of the defect both in its singlet and triplet state: differences in peak positions are found to be always smaller than 8 cm -1 (see Supplementary Information).

As anticipated in the Introduction, an assignation of the measured peak at about 1630 cm -1 to the "dumb-bell" split selfinterstitial defect was experimentally proposed 3 and supported by molecular dynamics theoretical simulations using a Brenner semi-empirical potential. 13 In line with a more recent ab initio density-functional-theory (DFT) study, 14 our present investigation rules out such an assignation as no Raman active modes are found in that spectral region.

Infrared Spectrum

Pristine diamond does not show any IR spectral feature because of its symmetry. On the contrary, irradiation-damaged diamond is characterized by a very intense feature in the IR experimental spectrum, at about 1570 cm -1 , which has been tentatively assigned to the self-interstitial defect. 2 In our previous study on IR and Raman spectra of the neutral vacancy in diamond, such a defect was found not to produce any intense features in the IR spectrum. This is clearly not the case for the 100 split self-interstitial defect, which is indeed characterized by two intense IR peaks, at about 500 and 1550 cm -1 (the latter being also Raman active).

Figure 4 reports the computed IR spectrum of the 100 split self-interstitial defect in diamond at three different defect concentrations (with the S 33 , S 65 and S 129 super-cells), in the three top panels. The bottom panel reports a superposition of the three spectra, where the position of the experimentally measured IR peak is marked by a vertical dashed black line. As an eye-guide in the comparison with Figure 3, a vertical blue dashed line is also reported, which marks the position of the first-order Raman peak. Some considerations about the peak above 1500 cm -1 : i) while it has a very low Raman intensity (see again Figure 3), it constitutes a strong IR feature; ii) interestingly, its intensity increases as the defect concentration decreases; iii) as already discussed for the Raman spectrum, its position blue-shifts as the defect becomes more diluted, with a peak position at infinite dilution which is extrapolated to be at 1550 cm -1 (i.e. rather close to the experimentally measured feature at 1570 cm -1 ), thus confirming the tentative assignation of this peak to the self-interstitial defect. To further corroborate this assignment, we shall analyze below the corresponding vibrational normal mode.

Normal Mode Analysis

One of the great advantages of computational vibration spectroscopy is that, upon diagonalization of the mass-weighted Hessian matrix in Eq. ( 1), along with the eigenvalues (i.e. vibration frequencies related to peak positions) one gets also the corresponding eigenvectors, which can be analyzed to characterize the atomic motions involved in given spectral features. Normal modes of vibration can be analyzed either visually through graphical animations or via more quantitative schemes, such as the isotopic substitution of selected atoms. We have here followed both approaches to characterize the atomic motions proper of the most significant spectral features discussed in Sections 3.2 and 3.3. Graphical animations of the vibration modes of the 100 split self-interstitial defect in diamond are available on-line, as obtained for the S 33 super-cell. 61 The two normal modes corresponding to peaks above the first- order Raman one, at about 1900 cm -1 (Raman active) and 1500 cm -1 (both IR and Raman active), are extremely well-localized at the defect. The highest-frequency one is the C-C bond stretching of the two central carbon atoms of the defect (atoms C 1 and C 2 in panel a of Figure 1). The other normal mode corresponds to the asymmetric stretching of the C 4 -C 1 -C 3 and C 5 -C 2 -C 6 bonds and is also extremely well-localized on the defect (just the two central atoms and their first-neighbors are involved). In order to confirm more quantitatively the localization of these modes on the defect, we have explored the effect of a localized isotopic substitution ( 12 C → 13 C) on the six carbon atoms C 1 to C 6 . The effect of such a substitution is shown for both IR and Raman spectra in the Supplementary Information. The two peaks show a strong isotopic shift, which quantitatively corresponds to the ratio of the atomic masses M12 C /M13 C , as one would expect from Eq. ( 1), thus confirming the complete localization of the modes on the six central carbon atoms.

The intense IR spectral feature at about 500 cm -1 is due to a normal mode involving the "wagging" of the C 4 -C 1 -C 3 and C 5 -C 2 -C 6 sub-units, which then propagates to the other atoms of the covalently bonded carbon network, so as to result in a way less localized mode. The more collective character of such a mode is also reflected in a lower isotopic shift.

Conclusions

Electronic, energetic and vibrational spectroscopic features of the self-interstitial defect in diamond have been investigated via quantum-mechanical calculations performed by using an allelectron basis set and a hybrid functional of the DFT, which includes a fraction of exact non-local exchange, which is particularly well-suited to describe spin-polarized defective systems. Among other proposed configurations, the 100 split selfinterstitial one if confirmed to be the most stable, in its singlet spin state, with a formation energy of about 12 eV.

At variance with the neutral vacancy, the self-interstitial defect in diamond is found to produce two low-intensity peaks in the Raman spectrum above the first-order peak, at about 1550 and 1930 cm -1 (at infinite defect dilution), which are assigned to welllocalized stretching atomic motions on the defect. The former mode is also IR active, produces a very intense peak (whose intensity increases as the defect concentration decreases), and most likely corresponds to the intense experimental IR feature reported at 1570 cm -1 , thus corroborating the tentative assignation to the self-interstitial defect. A second very intense IR peak appears at about 500 cm -1 , which corresponds to a "wagging" motion of the self-interstitial defect and exhibits a more collective, less localized character.

Present results highlight the reliability and effectiveness of state-of-the-art quantum-mechanical techniques based on the use of hybrid functionals in describing a variety of properties of defective solids.
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Fig. 1

 1 Fig. 1 Schematic representation of a) the 100 split self-interstitial in the singlet state and b) the bond-centered interstitial in the triplet state in diamond. Selected values of bond lengths (in Å, large), Mulliken charges (in |e|, bold) and bond populations (in |e|, italic) are also reported as computed with the B3LYP hybrid functional for the largest super-cell (S 129 ). The tetragonal symmetry of the 100 defective diamond lattice is also highlighted in panel a) where a=1.89 Å and b=2.28 Å.

Fig. 2 (

 2 Fig. 2 (color online) Electronic band structure of pristine diamond and of the three spin states (closed-shell, triplet and singlet) of the 100 split self-interstitial defect in the S 129 super-cell. Selected symmetry labels are given as determined at the Γ point (in bold for spin-up and normal for spin-down electrons). The horizontal red line marks the Fermi energy. Continuous and dashed lines correspond to spin-up and spin-down bands, respectively.

Fig. 3 (

 3 Fig. 3 (color online) Raman spectrum of the 100 split self-interstitial defect in diamond, as computed at three defect concentrations (with the S 33 , S 65 and S 129 super-cells). Insets of the three top panels show the structure of the defective system (with the two central atoms of the split interstitial defect in red). The intensity of the peaks marked with an asterisk are enhanced by a factor of 15. The bottom panel reports a comparison between the experimental Raman spectrum of defective diamond 19 (black) and computed spectra at different concentrations (red). The vertical dashed blue line marks the position of the first-order Raman peak in pristine diamond.

Fig. 4 (

 4 Fig. 4 (color online) IR spectrum of the 100 split self-interstitial defect in diamond, as computed at three defect concentrations (with the S 33 , S 65 and S 129 super-cells). The bottom panel reports a comparison between the experimental IR peak position of defective diamond 2 (black dashed line) and computed spectra at different concentrations (red). The vertical dashed blue line marks the position of the first-order Raman peak in pristine diamond, as a guideline in the comparison with the Raman spectrum.

Table 1

 1 Energy differences (in mHartree) of the triplet S z = 1 spin state, ∆E 01 = |E 0 | -|E 1 |, and the closed-shell state, ∆E 0C = |E 0 | -|E C |, with respect to the singlet state as computed with the B3LYP hybrid functional are reported as a function of defect concentration. For the most stable singlet spin state, the d 12 distance between atoms C 1 and C 2 , and the d 13 distance between atoms C 1 and C 3 (in Å) are reported.

		∆E 01 ∆E 0C	d 12	d 13
	S 33	1.0	57.6 1.321 1.434
	S 65	1.0	57.4 1.308 1.427
	S 129	1.0	57.7 1.303 1.421

Table 2

 2 Formation energies (in eV) of the 100 split self-interstitial defect in diamond (singlet spin state) for different defect concentrations (i.e. for different super-cells: S 33 , S 65 and S 129
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