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Platelets and the (110)a,/4 {001} stacking fault in diamond
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Electron microscopy reveals the presence of {001} platelets in annealed, nitrogen containing diamond. These
extended planar defects give rise to a large displacement of the surrounding material, are correlated with
luminescence and optical absorption, and are characterized by the B’ vibrational band above the one-phonon
maximum. A recent proposal for an atomic structure for these defects is made up from a (110)a,/4 shear in the
{001} plane, resulting in C-C double bonds aligned along (001). We show here that not only is this structure
inconsistent with experimental observations, but it is unstable and reconstructs to form a largely passive
stacking fault defect which also has properties inconsistent with the platelet.
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I. INTRODUCTION

Diamond is a material of extremes, with high thermal
conductivity, intrinsic carrier mobilities, and hardness. Natu-
ral diamond most commonly contains nitrogen as a signifi-
cant impurity, with material categorized by the dominant
form of N-containing defect. In most natural material nitro-
gen is aggregated, with the most stable form being made up
from four nitrogen atoms neighboring a lattice vacancy,
termed a B center. The formation of B centers is often ac-
companied by the formation of large, planar defects called
platelets, seen in electron microscopy.

These extended defects lie in {001} planes and give rise to
a number of properties. Since we extensively reviewed the
experiment previously,! we simply list some key points here:

1. The displacement of the surrounding lattice due to the
presence of the platelets is 0.33-0.40 a, perpendicular to the
plane of the defect, with the larger value corresponding to
so-called giant (1 um) platelets.”¢

2. The platelets are often seen to be rectangular in plan,
with inequivalent (110) and (110) projections.

3. An infrared absorption band labeled B’ with a peak
lying between 1358 and 1378 cm™! depending on the size of
the platelet’ (lower frequencies corresponding to larger plate-
let) is correlated with the platelet concentration.

4. A broad emission peak is seen centered at 1.25 eV,3?
with the intensity strongly polarized with the incident elec-
tric field within the plane of the defect.'® Other bands lying
at 4.4 and 4.6 eV are seen both in absorption and emission.'!
Experiment has not determined whether the optical activity
is intrinsic to the platelet or a consequence of defects within
or close to them.

5. There is only occasional weak periodicity within the
plane, with a period of y8a, being reported.’

6. There is a direct relationship between the formation of
platelets and the nitrogen containing B centers.'?
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PACS number(s): 61.72.Ji, 61.72.Bb, 71.20.Mq, 71.23.An

The atomic structure and chemical composition of the
platelets has been the subject of much debate, and we previ-
ously presented the results of calculations on a model based
upon self-interstitials' first proposed by Humble.'*> More re-
cently, Miranda et al.'* argued that this model could not be
correct based largely on the energetics. Instead they proposed
that a structure generated from a (110)ay/4 shear of the
{001} plane could more naturally explain the observations. In
this structure (shown schematically in Fig. 1) the core of the
stacking fault is made up from C-C double bonds similar to
those in ethylene.

The suggestion is that, in contrast to the self-interstitial
model, this ethylene-bonded stacking fault (EBSF) has gap
states which provide the mechanism for the optical emission
and absorption. Additionally, this model more obviously
gives rise to the nonequivalence of the (110) and (110) di-
rections than the arrangements of blocks of four
self-interstitials.! They were also able to explain the vibra-
tional properties, but misinterpreted the normal displace-
ment, which we view as a critical failure of their model.!>:16

However, we shall show in this paper that the properties
of the EBSF not only fail to give rise to the [001] lattice

FIG. 1. Diagram of (a) bulk diamond and (b) the {001} planar
defect created subsequent to a (110)ay/4 shear projected onto the

(110) plane with [001] vertical. The shaded region indicates the
sheared part of the material.
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displacement, but cannot easily explain the optical proper-
ties, lack of periodicity, or vibrational properties. More sig-
nificantly, this structure is at best metastable with respect to a
simple reconstruction, and would not be stable at the high
temperatures at which platelets form.

II. METHOD

Calculations were carried out using the local-spin-density-
functional technique implemented in AIMPRO (Ab Initio
Modelling Program).!” Core electrons are eliminated by us-
ing norm-conserving pseudo-potentials.'®

The wave function basis consists of atom-centered
Gaussians.!” We use independent s and p Gaussians with
four widths, plus one further set of d Gaussians. The charge
density is Fourier transformed using plane waves with a cut-
off of 300 Ry, yielding total energies converged to ~1 meV.
The lattice constant and bulk modulus are within ~1 and
5%, respectively, of experimental, while the direct and indi-
rect band gaps at 5.68 and 4.26 eV, respectively, are close to
previously published plane-wave values.?’

The formation energy is calculated using?!

E'=E-Nuc, (1)

where E is the calculated total energy, N is the number of
atoms in the system, and uc is the chemical potential of
carbon, taken to be the energy per atom of diamond.

The {001} planar stacking fault made up from shearing by
(110)ay/4 may be modeled rather simply in a periodic ge-
ometry. One starts with a nonprimitive bulk diamond cell
with lattice vectors vy =[1 1 0]ag/2, »=[11 0]ay/2, and
v3=[0 Onyyyee]ag. This contains 4, atoms, each corre-
sponding to a different {001} plane. The addition of the shear

modifies v; which is then [1 1 4nj,y]ag/4. A pure shear
does not change the volume of the cell, which has a cross-
sectional area of ag/2.

Although a pure shear does not change the volume of the
cell, the presence in a periodic simulation of a planar defect
such as a stacking fault in general also results in a dilation or
contraction of the lattice perpendicular to the plane of the
defect. Changes in the in-plane lattice constants are inhibited
by the bulk material either side, and are usually neglected.
The total displacement vector due to the presence of the
stacking fault is then given by of

d=[110]ay/4 +[008]a,, 2)

where we have explicitly resolved in-plane and normal com-
ponents. The second term is to be compared with the experi-
mental value of §=0.33-0.40.2%% To obtain an equilibrium
value of 6 we have relaxed the sheared structure with a range
Of njyyer and 6.

The Brillouin zone is sampled using the Monkhorst-Pack
scheme.?? In the presentation of our results, we refer to the
Brillouin-zone sampling using the notation MP(n;,n,,n;),
reflecting a uniform Monkhorst-Pack mesh with #; points in

each reciprocal-lattice direction b;, which in turn may be
derived from the direct lattice vectors v,.

PHYSICAL REVIEW B 73, 115204 (2006)

FIG. 2. Detail of the relaxed geometry of the EBSF. Lengths in

angstroms. (a) and (b) show projections onto (110) and (110)
planes, respectively, with vertical being [001].

Optical absorption is estimated using the same formalism
as that for obtaining electron energy loss spectra,”® with the
absorption coefficient being 4(Im[ Ve, +ie,])/\, where &,
and &, are the real and imaginary parts of the dielectric func-
tion. This differs from an electronic density of states or ex-
amination of a band structure by the inclusion of transition
matrix elements. The absorption spectrum is obtained by in-
tegrating over the Brillouin zone using Monkhorst-Pack sam-
pling and polynomial broadening of width 0.5 eV. We have
not performed any scaling or other operation to correct for
the underestimate of the band gap, but instead provide an
absorption spectrum for bulk diamond as a comparative ref-
erence.

Finally, vibrational modes are calculated by obtaining
first-principles force constants, and constructing and diago-
nalizing the dynamical matrix in the normal way.

II1. RESULTS
A. Ethylene structure

We first present the properties calculated for the EBSF of
Miranda et al.'* We find a geometry, shown in Fig. 2, very
close to theirs. This diagram also shows the nonequivalence

of the (110) and (110) projections, as required for a platelet
model.

The dependence on the structure and formation energy as
a function of the thickness of bulk diamond between stacking
faults was obtained for rnj,y,=1 to 20. For each value of
Njayer the structures were relaxed with 6=0.0, 0.1, and 0.2
[see Eq. (2)]. A quadratic fit was used to establish the expan-
sion of the lattice required to minimize the total energy. For
Njayer=10 we calculated the energy as a function of & includ-
ing many more points, as shown in Fig. 3. This yields a
minimum in energy very close to that obtained from the qua-
dratic fit, justifying its use elsewhere. For all n;,y., examined,
a value of 6=0.10+0.01 was obtained for sampling schemes
MP(8,8,2), MP(8,8,4), and MP(12,12,2), and we conclude
that this is a converged result. This value of ¢ falls far short
of the experimental values of 0.33-0.40.

The formation energy as a function of nj,y, rapidly con-
verges to a constant value of 1.7 eV per C-C double bond,
provided that the Brillouin zone is sampled sufficiently ac-
curately. We found that MP(8,8,2), MP(8,8,4), and
MP(12,12,2) yield formation energies per unit area con-
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FIG. 3. Formation energy as a function of & [Eq. (2)] for the
defect shown in Fig. 2 with nj,y,=10. Solid and dashed lines rep-
resent a quadratic fit to all and filled points, respectively.

verged to within ~0.2 J m™2, but MP(4,4,2) was insufficient.
We find that the EBSF has an energy density of 4.4 J m™2,
whereas the self-interstitial model is much lower at
2.3 Jm™2. An intrinsic stacking fault is calculated to have an
energy density of 300 mJ m~2, which compares very favor-
ably with the experimental value®* of 285+40 mJ m~2, lend-
ing support to the other two values. We note that our forma-
tion energy for the EBSF exceeds that of 3.42 Jm™ from
Ref. 14 by about 30%, possibly a consequency of their mini-
mal sampling of the Brillouin zone.

The need for dense in-plane k-point sampling can be un-
derstood from a careful examination of the electronic struc-
ture. Figure 4 shows the in-plane band structure for the
EBSEF, revealing a semimetallic nature. The defect bands are
already converged for n,y.,=3, and upon examination of the
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FIG. 4. Band structure of the defect shown in Fig. 2 with
Njayer=10. Open and closed circles show empty and filled levels,
respectively, with the underlying solid lines showing the band struc-
ture of bulk diamond. The zero of energy is fixed at the valence
band top and the chemical potential of the electrons, as calculated
from the self-consistent field, is indicated by the horizontal dashed
line. The path taken through the Brillouin zone is given in terms of
the reciprocal lattice vectors.
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FIG. 5. Optical absorption for the defect shown in Fig. 2 with
Njayer= 12 and MP(30,30,6) sampling. Empty and filled circles show
the calculated optical absorption in the (110), (110) polarizations,
with the large peak shown in triangles for the polarization approxi-
mately along [001]. For clarity, only every 15th point calculated is
plotted, with the dashed curves showing the full data. The underly-
ing solid line shows the calculation for bulk diamond.

Kohn-Sham orbitals, they can be identified as 7 and 7"
states, as one might expect. The metallic nature would not be
resolved within a I'-point calculation.

Miranda using a single k point determined discrete gap
states around —1, 0, and 1 eV, and hence argued that the
optical spectrum was consistent with the transitions seen ex-
perimentally and attributed to the platelet.

However, we find using a converged net of k points that
the electronic structure is semimetallic with pockets of elec-
trons and holes (Fig. 4). The calculated absorption spectrum
shown in Fig. 5 for vertical transitions only shows a thresh-
old at 2 eV. However, the semimetallic nature of the elec-
tronic structure suggests that photoexcited electrons would
rapidly thermalize nonradiatively and the luminescence
could not then be explained.

Finally, we have calculated the vibrational modes of the
EBSF. We do not reproduce the bands at 1373, 1441, and
1854 cm™! reported by Miranda et al. Instead we find two
bands above the one-phonon maximum, which can be char-
acterized as a C-C [001]-stretch mode centered around
1600 cm™" and a torsional mode, as shown schematically in
Fig. 6, lying at around 1400 cm™!. These frequencies are
consistent with those of graphite. Neither of our modes lo-
calized within the stacking fault are infrared active as they
are even under inversional symmetry. We find that the vibra-
tional properties of the EBSF are therefore unable to explain
the B’ band. The difference in our results with those of
Miranda et al. may be due to the metallic nature in our cal-
culations which would tend to weaken the 7 bonds via the
population of the 7" states.

In summary, in contrast to the claims of Miranda et al.,'*
we find that the EBSF cannot easily explain the measured
displacement or optical properties of the platelets in dia-
mond. In addition, it i1s not obvious how one would obtain
the observed V8a, periodicity’ from the stacking fault which
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FIG. 6. Schematic of localized vibrational modes for the EBSF,
Fig. 2(b). (a) and (b) give rise to bands centered at 1600 and
1400 cm™!, respectively.

actually has a periodicity of \s’EaO/ 2, four times smaller than
the experimental observation. Neither is it obvious why the
periodicity would be weak.

B. (2X1) reconstructions

Notwithstanding the failure of the EBSF model to satis-
factorily explain any of the properties of the {001} platelets

other than the nonequivalence of the (110) and (110) projec-
tions, there is a more fundamental reason to reject this struc-
ture: It is energetically unstable.

The 7 orbitals on neighboring ethylene groups point to-
ward one another, and might be expected to reconstruct in
line with known systems in diamond such as the R1 para-
magnetic center made up from a pair of self-interstitials.?>26
Such a reconstruction involves a larger unit cell in the {001}
plane, which may be why Miranda et al. missed these sig-
nificantly more stable structures.

Figure 7 shows two possible configurations after recon-
struction, both of which result in all atoms being fourfold
coordinated. Both structures have a lower formation energy
than the EBSF, with Fig. 7(b) being the lowest energy struc-
ture we have obtained, and can be viewed as resembling two
dimerized {001} surfaces joined together. The reconstructed
planar defect has a formation energy of 2.3 J m~2, which is
around the same as the self-interstitial model for the platelet!
and half that of the EBSF.

The reconstructed bonds are 1.74 and 1.61 A for struc-
tures (b) and (c), respectively, suggesting that the reconstruc-
tion is more effective in the latter case. However, generally
formation of five and seven member rings [Fig. 7(b)] is fa-
vored over the formation of four and eight member rings
[Fig. 7(c)].

In order to assess this new structure in the context of the
observed properties of the platelets, we have calculated the
displacement normal to the plane of the stacking fault &,
which minimizes the formation energy. We find that it is not
significantly different from that of the EBSF and therefore
much less than the experimental value.

The band structure is given in Fig. 8. There is only a
single empty band close to the conduction band in the oth-
erwise empty band gap. This band is made up from antibond-
ing combinations of sp? hybrids, presumably pushed into the
band gap by the residual strains. The empty band gap renders

FIG. 7. Schematic diagram showing projections onto the (110)
plane of energetically favorable reconstructions of the EBSF of
Miranda et al. (Ref. 14). The gray circles show the double layer of
atoms constituting the stacking-fault, with gray bonds indicating
reconstructions. Vertical is [001]. The formation energies of (a), (b),
and (c) are 4.4, 2.3 and 3.6 I m2.

this defect optically inactive in the low energy region asso-
ciated with the platelets. The optical absorption calculated
for the reconstructed stacking fault suggests a shoulder at
high energy.

The vibrational modes of the reconstructed stacking fault
include a mode around the top of the one-phonon density of
states localized in the plane of the defect. The displacements
of the atoms in the vibration are shown in Fig. 9. However,
the vibration is infrared inactive and therefore cannot be cor-
related with the B’ band of the platelets. Other modes with
large amplitudes on the stacking fault are resonant with the
one-phonon processes of bulk diamond, at variance with B’
IR band.
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FIG. 8. Band structure of the defect shown in Fig. 7(b) with
Niayer=5. Open and closed circles show empty and filled levels,
respectively, with the underlying solid lines showing the band struc-
ture of bulk diamond.

Finally, since it is possible that there is a considerable
barrier to obtain the reconstruction from the EBSF, we have
examined the barrier explicitly by use of a climbing nudged-
elastic-band method.?’-?® We find no significant barrier ex-
ists, suggesting that the C-C double bonds would not form
subsequent to the shear, and would certainly be unstable at
the very high temperatures associated with the formation of
platelets.

IV. SUMMARY

We have presented the structural, electronic, optical, and
vibrational properties of ethylene-bonded and reconstructed
stacking faults following a (110)a,/4 shear in the {001}
plane. At variance with previous reports,'* from a more de-
tailed analysis of the electronic properties of the EBSF we
have shown that the lattice displacement, optical absorption
and emission, vibrational properties, and periodicity are at
odds with experimental observations for platelets.

More significantly, we have also shown that the EBSF is
unstable. It would reconstruct to form a fully fourfold coor-
dinated defect with no gap-states or vibrational modes, and a
displacement normal to the plane of the stacking fault that is
far smaller than that of the {001} platelets. Since this recon-
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FIG. 9. Schematic of the displacements associated with highest
frequency mode confined to the stacking fault shown in Fig. 7(b).

structed form is significantly lower in energy, and since we
find no barrier to reconstruction, we conclude that an EBSF
cannot be responsible for the platelets in diamond. In addi-
tion, the reconstructed form also fails to explain the lattice
displacement and vibrational properties of platelets and can
also be rejected as a model.

In contrast, our previous calculations showed that an array
of self-interstitials in a {001} plane, which is much more
stable that the EBSF, explains the displacement and B’ vi-
brational band.! Although within the self-interstitial model
the optical properties can be understood only by including
additional disorder, this is entirely consistent with current
experimental data. Indeed, although, as pointed out by
Miranda et al., the energetics of formation are relatively high
for the self-interstitial model, the formation of platelets oc-
curs in nature over prolonged periods at high temperatures. It
is known from experiment that the onset of aggregation of
nitrogen into substitutional pairs has substantial barrier at
around 5 eV,? and the formation of B centers one higher
still. It is therefore a requirement for any model for the for-
mation of platelets to involve a substantial barrier. Finally,
the role of B centers in the formation'? is more direct for a
model involving self-interstitials and lattice vacancies than
for one involving a shear.
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