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Abstract

The B-center in diamond, that consists of a vacancy whose 4 first nearest neighbors
are nitrogen atoms, has been investigated at the quantum mechanical level with an all
electron Gaussian type basis set, hybrid functionals and the periodic supercell approach.
In order to simulate various defect concentrations, four cubic supercells have been
considered, containing (before the creation of the vacancy) 64, 216, 512 and 1000 atoms,
respectively. Whereas the B-center does not affect the Raman spectrum of diamond,
several intense peaks appear in the IR spectrum, that should permit to identify this

defect. It turns out that, of the seven peaks proposed by Sutherland in 1954, located at



328, 780, 1003, 1171, 1332, 1372 and 1426 cm ™! and frequently mentioned as fingerprints
of the B center, the first one and the last three do not appear in the simulated spectrum
at any concentration. The graphical animation of the modes confirms the attribution of

the remaining three, and permits also to investigate the nature of the full set of modes.

Introduction

Despite the simplicity of the pristine lattice and the very strong interaction between carbon
atoms, both natural and synthetic diamonds are characterized by a large variety of point-
defects!'™® that have attracted large theoretical and experimental interest.®>' Among the
large variety of experimental techniques, Infrared (IR) and Raman spectroscopies represent
ideal methods in the attempt to characterize the atomic nature of the various point-defects
in diamond-like materials. 4510:14,15,17-23

In a series of previous works, some of the present authors have proposed the quantum me-

24729 yacancies, interstitials, combinations

chanical characterization of different point defects:
of the two and nitrogen inclusions. Very recently the A-center, the most common extrinsic
defect in diamond, consisting of two first neighbors substitutional nitrogen atoms, has been
investigated.? In particular the IR spectrum has been generated at various defect concen-
trations (using supercells up to 216 atoms), with a very satisfactory agreement with the data
reported by Sutherland et al.! and the spectrum published by Davies.?

In this paper we focus our attention on another very common extrinsic defects: the B-center.
According to Loubser and Van Wyk?3® this defect has tetrahedral symmetry and consists of
a vacancy whose four first neighbors are nitrogen atoms. These atoms are three-fold coordi-
nated and lead to a closed-shell system.

Sutherland,! in his seminal paper dating back to 1954, investigated 13 diamond samples
of different origin, and identified 7 fundamental peaks possibly associated to the B-center

at 328, 780, 1003, 1171, 1332, 1372 and 1426 cm~!. According to subsequent analyses,

performed 20 to 30 years later (see, among others, Ref. 31-37) the first and the last two



peaks were attributed to platelets; the peak at 1332 cm™! is the main pure diamond feature;
an additional peak was finally attributed to the B-defect, that seems then characterized by
peaks at 780, 1003, 1098 and 1171 cm™*.

With regard to simulation, defects in diamond have been investigated by using both finite
cluster and periodic supercell approaches,®1%3 41 and (in most of the cases) using the sim-
plest formulations of DFT (i.e. LDA or PBE). These approaches are, however, known to
poorly describe the exchange interaction and to largely underestimate the band gaps in which
the defect states are located.

Here we investigate the B-center by using the supercell scheme, as implemented in the
CRYSTAL code,?? a local gaussian-type basis set and hybrid functionals. Following the same
strategy adopted in a series of previous works,?* 2 the structural, electronic and vibrational
characterization of the defect is presented. As our previous study on the A-center? has
shown that the shape and the size of the supercell may play a key-role on the vibrational
modes that largely coincide with the ideal diamond ones (modes below 1332 ¢cm™!), much
larger supercells have been considered than for the A-defect, in order to approach as much as
possible the limit of the isolated defect. The four cells here considered are cubic (a=b=c, and

a=f=v=90°) and contain (before the creation of the vacancy) 64, 216, 512 and 1000 atoms.

Computational Details

43,44 as im-

Calculations have been performed by using the B3LYP global hybrid functional,
plemented in the CRYSTAL program.?? Additional calculations on total energies have been
repeated with the Hartree-Fock (HF) method and with other formulations of DFT, ranging
from pure (LDA* and PBE*®), to global (PBE0*7) and range-separated (HSE06%®) hybrids.
An all-electron basis set of Gaussian-type functions has been adopted (Pople’s 6-21G%9).

The exponent of the most diffuse sp shell is 0.228 and 0.300 Bohr—2 for C and N, respec-



tively. The defect formation energy has been calculated also with larger basis sets: 6-21G*,
6-31G and 6-31G*.%° The truncation criteria of the Coulomb and exchange infinite series
are controlled by five thresholds, T;, which have been set to 8 (T;-T4) and 16 (T5). The
convergence threshold on energy for the self-consistent-field (SCF) procedure has been set
to 107® hartree for structural optimizations and to 107! hartree for vibration frequency
calculations.

The DFT exchange-correlation contribution and its gradient are evaluated by numerical
integration over the unit cell volume. The generation of the integration grid points in CRYS-
TAL is based on an atomic partition method, originally developed by Becke®! for molecules
and furtherly extended to periodic systems. In this study the default®® pruned grid with
75 radial and 974 angular points has been used, whose accuracy can be measured by com-
paring the integrated charge density in the largest supercell here considered (1000 atoms),
N; = 5998.0876, with the total number of 5998 electrons in the unit cell.

A periodic supercell approach is used in order to simulate different defect concentrations.
Supercells S,, have been considered, with n=64, 216, 512 or 1000. Reciprocal space has been
sampled using a I'-centered regular Pack-Monkhorst®® and Gilat* sub-lattices (controlled
by the SHRINK keyword, see the CRYSTAL User’s Manual®?) with a “shrinking factor” (IS5?)
equal to 4 for Sgs and 2 for Sai6, Ss12 and Siggg, corresponding to a sampling over 35 and 4
k-points in the symmetry irreducible part of the First Brillouin Zone (FBZ), respectively.
Harmonic phonon frequencies, w,, at the I' point (i.e. at the center of the first Brillouin

zone in reciprocal space) are obtained from the diagonalization of the mass-weighted Hessian

matrix of the second energy derivatives with respect to atomic displacements u:°° >
wkt = & with H% . — 62—E (1)
ai,bj MaMb ai,bj augzaugj )

where atoms a and b (with atomic masses M, and M,) in the reference cell, 0, are dis-

placed along the i-th and j-th Cartesian directions, respectively. Here these are computed



as numerical first derivative of the analytical energy gradients.®’ Integrated intensities for IR

absorption Z,, are computed for each mode p by means of the mass-weighted effective-mode

Born-charge vector Z,562 evaluated through an analytical CPHF /KS approach: 8364

L2
Z,

(2)

1, x

The relative Raman intensities of the peaks are also computed analytically through a similar

scheme. 6566

Results

This section is divided in two parts: in the first one the geometry of the defect, the mannerin
which the lone pairs on the 4 N atoms interact and the position of the defective levels in the
large band gap of the diamond are presented. In the second part a detailed analysis of the

simulated spectroscopic features of the B-center is reported.

Figure 1: On the left side, the structure of the B defect (four N atoms surrounding a C
vacancy) is shown. On the right side, the local cluster in its 7, point symmetry is reported
as well. Distances (in A, large), Mulliken charges (in |e|, bold) and bond populations (in
e, italic) refer to the So supercell. The distance between nitrogen atoms and the centroid
of the vacancy is 1.673 A (a similar value is observed for the isolated C vacancy in its S,=0
state).
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Figure 2: Band structures of the B-center at three defect concentrations. In the top left panel
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Geometry and electron structure

Together with the conventional cell of the defective structure (right), the local optimized
geometry (from the Sy cell) in the vicinity of the B-center, as well as its charge distribution
are reported in Figure 1. Since the mutual perturbation between defects hosted in neigh-
boring cells goes rapidly to zero, the same values are observed also for the larger S5 and
S1000 supercells. Each nitrogen atom forms three strong covalent bonds with the neighboring
carbon atoms. The repulsive interaction among the lone pairs on each nitrogen atom, all
oriented towards the vacant site, does not seem to affect the distance between the vacancy
and its first nearest neighbors, which remains about the same as in the isolated vacancy (=~
1.67 A in both cases). The bond lenght between each nitrogen and its three neighboring
carbon atoms is 1.498 A (the C-C distance in diamond is 1.560 A). The angle formed by the
C-N bond with the N-V direction is about 106°, slightly smaller than the one of the regu-
lar tetrahedron. The higher electronegativity of nitrogen with respect to carbon leads to a
strong polarization of the electron density, with Mulliken atomic net charges of -0.38 |e| for
nitrogen, and +0.14 |e| on each of its three first neighboring carbons. The perturbation to
the electron density introduced by the nitrogen atoms rapidly vanishes, being the Mulliken
atomic net charge of their second neighbors as small as 0.01 |e|.

In Figure 2 the band structures of the B-center are reported for different sizes of the supercell.
In the top two panels of the Figure a comparison between the band structure of the B-center
and that of the isolated vacancy (V) in its most stable state (singlet) is reported for Sys5. The
energy levels of the four unpaired electrons surrounding the vacancy can easily be recognized
in the wide band gap of diamond. The defective energy levels of the B-center are associated
to 4 doubly occupied bands provided by the nitrogen lone pairs. One band, belonging to the
totally symmetric irreducible representation (A;), is a deep energy level, and is not visible
in Figure 2. The remaining three defective levels belong to the 5 irreducible representation,
at I', and are about 0.80 eV (Sg16) above the “pristine diamond” valence band. Concerning

the effect of defect concentration, the comparison between the Sgs and So16 cases, reported



Table 1: Formation energies (E} and E7, in V) obtained with two different procedures (see
Equation 3 and the text) for the B-center defect in diamond. Values obtained with different
methods and basis sets refer to the Sgy supercells, while those for different supercells have
been obtained at the B3LYP/6-21G level. The A-center formation energies?® have been
reported for comparison.

B-center A-center?®

Method Basis Set E} E?c E?
HF 6-21 4.07 24.51 11.93
PBEO 6-21 2.13 24.49 10.45

6-21 2.95 22.41 9.70
B3LYP 6-21* 3.15 21.06 8.99

6-31 4.17 22.23 9.51

6-31* 3.66 20.15 8.45
HSE06 6-21 2.11 24.46 10.43
PBE 6-21 2.26 23.47 9.79
LDA 6-21 0.50 24.80 9.77
Method Supercell E} E?

Sore 295  22.40 9.80
B3LYP Ss512 2.95 22.41 -

S1000 296  22.42 -

in the two bottom panels (left and right, respectively) of Figure 2, shows that the energy
dispersion of the defective levels, that in the former is about 1 eV, reduces to 0.35 eV in the
latter and even more, obviously, in Ss15 and Syggg.

One of the most characterizing and interesting physical quantities related to a specific defect
is, clearly, the corresponding formation energy. Starting from the pristine diamond structure
(P) and four nitrogen atoms, the formation of the B-center defective structure (D) can be
described as:

P+4.-N—=D+5-C.

This corresponds to a defect formation energy, Ef, that can be written as follows

Ef = (Ep— 5 Eg) — (Bp — 4+ Ey) (3)

where Ep and Ep are the total energies of the pristine and defective diamond supercells,

while Ef, and E{ are the energies of the isolated carbon and nitrogen atoms, respectively.



The superscript i=1,2 indicates two different ways to calculate the atomic energies. When
1 = 1, these energies are half of the total energy of the Ny molecule for nitrogen and the
energy of a single carbon atom in the pristine diamond structure, whereas for ¢+ = 2 they are
the energies of the isolated atoms. Concerning the way EZ and E% are evaluated, a problem
arises related to the tails of the atomic wavefunctions that have an exponential behavior,
while the Gaussian-type functions decay to zero much faster. In order to correct for this

7 in which the basis functions

wrong behavior, the Boys-Bernardi Counterpoise Correction,®
of the neighboring atoms of the actual bulk system are included in the atomic calculation,
is applied.

Since many calculated data about formation energies have been proposed in the literature,
many times obtained with different computational methods with respect to B3LYP/6-21, in
Table 1 formation energies computed with different Hamiltonians, spanning from Hartree-
Fock to LDA, are reported for the Sgq supercell. PBE, PBEO and HSE06 functionals provide
energies around 2.2 eV; B3LYP is about 0.7 eV higher. HF and LDA, as usual, are at the
extremes (4 and 0.5 eV, respectively). The effect of the defect concentration and of the basis
set choice are also reported in the BSLYP case. The Table documents that the formation
energy is already well converged at Sgq, whereas larger basis sets as 6-31G* can further
increase E; by about 0.7 eV.

In all cases, however, the formation energy of the B center appears to be lower than the one
obtained, with the same set of computational parameters and methods, for the A center:?°
3.31 (2.79) eV at the B3LYP (PBEO) level with the 6-21G basis set, to be compared to
2.95 (2.13) from Table 1. This behavior is due to the strong correlation energy of the Ny
molecule, only partially taken into account by hybrid functionals; in the B-defect, containing
2 Ny units, the “correlation energy error” is twice the one of the A defect. If the formation
energy of the defect is directly evaluated from the isolated atom energies (Efc), the problem
is bypassed, and the obtained formation energies for the B defect are, roughly, twice the ones

obtained for the A center?® (9.70 vs 22.41 €V at the B3LYP 6-21G level).



A reasonably accurate understanding of the relative concentration of the various defects,
intrinsic and extrinsic, at various temperatures, would require a deeper analysis that should
include vibrational contributions and the investigation of the many possible channels for
diffusion from site to site, and then the accurate determination of the transition states along
the lines explored in the relatively simple case of the I to V (self interstitial to vacancy)
recombination.?” This analysis is deserved to a future study, as the main target of the

present study is the IR spectroscopic characterization of the B defect.

Spectroscopic characterization

From the experimental side, it is generally rather difficult to assign spectral features to spe-
cific structural defects. This is not the case when starting from the simulation side, because
in this case the kind of defect to be investigated and its concentration are defined a priori.
We simulated the spectra of the B-defect and compared the results to experimental ones.
We find some differences which could be due to many reasons, of which a considerable one
is the possible presence of other defects in the experimental samples. This may lead to a
superposition of signals.

The Raman spectrum of pristine diamond presents a single, sharp peak at 1332 cm™!; its
simulated B3LYP/6-21G counterpart is at 1317 ecm™!. The IR spectrum is even simpler:
no signal at all in the full range of frequencies. If peaks appear in the IR spectrum of the
defective system, they must then be attributed to the presence of some defects.

The computed Raman spectrum of the B center is characterized by the very intense “pris-

1 accompanied by a set of small peaks whose intensity is

tine diamond” peak at 1317 cm™
three to four orders of magnitude lower than the perfect diamond one. The B-center does
not present then any interesting Raman feature; for this reason it will not be reported nor
discussed furtherly.

In Figure 3 the IR spectrum of the defect at various concentrations is shown. In order to

mimic the experimental broadening of the peaks, a linear combination of Lorentzian curves

10
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Figure 3: Simulated IR spectra of the B-center in diamond for the Sgy, So16, Ss12 and Siggo
supercells. For each panel, two different values of full width at half maximum (FWHM) have
been used: 8 cm™! and 35 cm™! for black and red curves, respectively.
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provides the pseudo-Voigt functional form; in particular, two different values of full width
at half maximum of 8 em™' (black curve) and 35 cm™' (red curve) have been used. We
recall that all the selected supercells have the same cubic shape, so that the features of the
spectra (peak positions and intensities) are only affected by the defect concentration. All
the IR-active modes belong to the to irreducible representation., The reported frequencies
are not scaled.

The spectra can be divided in two regions, above and below 900 cm~t. The 900-1300

Simulated I

Experimental

600 800 1000 1200 1400

Wavenumbers (cm'l)

13135 and simulated IR spectra of the B-center

1

Figure 4. Comparison between experimenta
in diamond. The simulated spectrum, refers to the Siggo supercell. A FWHM of 35 cm™
has been used.

cm ™! region is characterized by very intense peaks that, as the defect concentration lowers,
progressively, merge into a central peak around 1160 cm™!. This peak, characterized by a
large intensity, dominates the spectrum. Several less intense peaks appear as shoulders of
the dominant peak up to 1330 cm~!. No peaks appear above 1330 cm ™.

The 900-400 cm ™! region is characterized by peaks with lower intensity with respect to those

observed in the higher wavenumber region, and the overall shape of the spectra becomes

smoother as the defect concentation reduces. As the Figure shows, the simulated spectra of

12



So16, S512 and Syggp show a similar structure, when large values of full width half maximum
(35 cm™!) are used. Despite Sz1o and Sygg are rather large supercells, the two low energy
regions of the spectra still show some differences. Vibrational normal modes involving the
motions of all the atoms of the cell usually belong to this spectral region; therefore, the
distance between defects belonging to neighboring cells (which passes from 14.41 to 18.01
A) might alter the profile of the spectrum. However, in the higher energy region, many of
the spectroscopic features remain mostly unaltered when passing from Ss5 to S1ggo. It is im-
portant to underline that, despite several peaks appear in the 4 simulated IR spectra of the
B-center reported in Figure 3, none of them is observed remarkably above the one-phonon
absorption of the pristine diamond (being 1331/1332 cm™! the experimental value), which
means that vibrational normal modes involving a small amount of atoms are not present.
As a further confirm, the animation of the vibrational modes show the lacking of localized
vibrational normal modes.

The computed spectrum of Sipgo has been compared with the experimental one in Figure
4. The latter (taken from Ref. 31,34) is not actually the whole spectrum of a synthetic or
natural IaA /B diamond but only the B component decomposed according to different but
similar schemes proposed by Davies,?' Clark and Davey® and by Woods.3?

The distinctive features of the experimental IR spectrum due to B-center aggregates are a
spike of intensity around 1331 cm™! (the Raman feature observed in the pristine diamond),
a plateau between 1310 and 1230 cm™!, a maximum at 1170 cm~! with a shoulder at 1098
cm!, a less intense peak at 1003 cm ™! and a broad weak band around 780 cm~!. Out of the
7 wavenumbers proposed by Sutherland,! the peaks at 328, 1372 (visible in the experimental
spectrum reported) and 1426 cm ™! were discarded as attributed to platelets.333 The peak
observed at 1098 cm ™! was overlooked by Sutherland since masked by the band of A aggre-
gates at the same frequency.

The shape of the experimental spectrum is globally reproduced by the simulated one, the

main difference being the absence of the plateau between 1310 and 1230 cm™*.
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For the experimental peak at at 1170, we find a corresponding peak at 1163 cm~!. The peak
at 1098 cm™!, that appears as a shoulder in the experimental spectrum, can be observed at
1116 cm ™! in the simulated one. The experimental peak around the Raman frequency, 1331
cm ™!, does not appear in the simulated spectrum as a clear spike as in the experimental
case; concerning this aspect, the intensity of this peak seems to be correlated to the amount
of vacancies in the structure.36:37

Moving to the peaks below 1100 cm™?, the spectroscopic feature reported by Sutherland at

1003 cm™! is observed in our simulation at 1005 cm™'), while there is no mention in the

1,31 1

experimental works of the simulated spectroscopic features around 950 and 857 cm™".

! reported by Sutherland is invisible in

It is worthy to note that the peak around 780 cm™
the simulated spectrum when large supercells are considered (Ssi2 and Siggg), while shows
a remarkable intensity when higher defect concentrations are used (Sgs and Sa16, see Figure
3): this might be explained by a non homogeneous concentration of nitrogen defects in the
experimental samples.

As a final remark, our simulation did not show any spectroscopic features around 400, 1370

and 1430 cm ™!, confirming?®?3? that these values observed by Sutherland! are not B-center

peaks.

Conclusions

The geometrical, electronic and spectroscopic features of the B-center in diamond have been
investigated through a supercell scheme, as implemented in the CRYSTAL code. Four dif-
ferent supercells have been considered with 64, 216, 512 and 1000 atoms in the cell. The
local structure of the defect is discussed in terms of the geometrical parameters and charge
density distribution. The analysis of the band-structure of the B-center shows that the defect
introduced an occupied level in the gap close to the valence band edge. The computed IR

spectrum (wavenumbers and intensities) shows a large superposition with the experimental

14



one, the main peaks at 780, 1003, 1098, 1171 and 1332 cm~! being accurately reproduced.

The high numerical accuracy and speed of the adopted code, that permit to afford the
calculation of the vibrational frequencies and IR intensities of supercells containing up to
1000 atoms with hybrid functionals, is the key ingredient for an accurate simulation of the

vibrational spectra of non simple defects like the B-center here investigated.
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