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Abstract

Carbon vacancies in diamond are emerging as light emitting systems with outstanding properties
for photonics and quantum information. The feasibility of these applications is strictly related to
specific spectral and kinetic features of vacancy light emissions which, in turn, depend on the
environment of the light-emitting sites. Many vacancy variants are known, from the intrinsic one
to those perturbed by N and Si atoms. However, no data is available on light emissions of
vacancies interacting with interstitial carbon aggregates, despite the intrinsic nature of such
systems. Here we report the analysis of two emission doublets at 1.87 and 1.82 eV, and at 1.76
and 1.71 eV. The latter is systematically accompanied by the infrared signature of interstitial
carbon platelets at 1365 cm™ and low-energy sidebands with 8 and 16 meV splitting, tentatively
assigned to tunneling modes of the split-interstitial over four equivalent configurations. Energy
splitting and photon energies are consistent with vacancies at interstitial carbon structures from
previous first principle calculations which find here, for the first time, an experimental
confirmation in photoluminescence spectra. The data has potential to open up a new technology
by controlling vacancy generation and patterning in diamond via laser writing of oriented

interstitial layers.
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1. Introduction

The knowledge and control of carbon vacancy sites play a crucial role in providing diamond with a
technological perspective in several areas, both as a competitor of silicon in challenging
applications [1] and as a potential candidate for the development of new technologies, specifically
in the field of photonics[2],[3], biological imaging[4],[5], and qubit information
processing [6], [7]. Charge transport and light emission properties in diamond are in fact
influenced by, or even strictly dependent on charge state and electronic excitation of localized
sites that are directly or indirectly related to carbon vacancies in the network. Carbon vacancies
are in turn influenced by nearby Ilattice modifications caused by possible impurities
or dopant atoms substituting for carbon — mainly nitrogen — occurring in several variants or
aggregates [8]. As a result, vacancies in diamond show a number of different configurations —
neutral or negatively charged — related to perturbations by nearby atoms [9]. The phenomenology
arising from all vacancy-related lines and bands in the photoluminescence (PL) spectrum is quite
complex, with a variety of spectral features which show peak positions ranging from ultraviolet to
infrared (IR) [3], [8], and spectral linewidth from values close to the Fourier transform limit [10] to
bandwidths of tens of nm, broadened by phonon interactions. Main vacancy variants arise from
perturbation by nitrogen sites — studied since the ‘70s and actively investigated in the last decade
for its stable and charge-tuneable light emission in nanodiamonds [11], [12], [13], [14]. Si
substituted sites [14], [15], [16] were discovered in the ‘80s and found in recent years to be a
unique system for the generation of single photons and single highly coherent spins for quantum
information processing [3], [17], [18]. A number of other vacancy sites — included those induced by
Xe implantation [19] — received anyway attention to possibly enlarge the spectral range of use of
the peculiar features of vacancy light emission. No information, except for numerical
calculation [20], [21], is however available on perturbations or even variants of C-vacancies
nearby interstitial carbon defects or extended structural defects as platelets of interstitial carbon
layers.

In the present work, we report on a PL pattern whose spectral features point to a previously
unidentified variant of light-emitting sites. The new spectral pattern is accompanied by the
phonon mode of interstitial carbon platelets in the IR absorption spectrum, and matches the
energies calculated for electronic transitions of vacancies interacting with interstitial carbon
structures. Our work indeed constitutes the first report on the optical properties of vacancies

interacting with interstitial carbon sites, predicted by ab initio calculations [20], [21] which, up to
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now, were still lacking of an experimental PL evidence. The confirmation of light-emitting variants
at carbon-related nanostructures is a breakthrough in view of very recent results which prospect a
novel technique of Ilaser-induced controlled generation of layered extended defectsin
diamond [22], opening the way to the future creation of oriented patterns of light-emitting

vacancies.

2. Materials and methods

Samples were selected out of a large set of more than one hundred type la diamonds (few mm?3in
size, on average), after a detailed characterization by infrared (IR) absorption measurements so as
to assure an adequate sampling of diamond systems with different content of carbon platelets and
other coexisting defective structures. To date, type la natural diamonds are in fact the systems of
choice to investigate carbon platelets, which are someway related to the structural perturbation
induced in natural crystals by nitrogen aggregates [23], i.e. the fingerprint of type la diamonds [8].
Furthermore, all samples were selected out of diamonds subjected to treatments of irradiation
and heating (yellow diamonds with artificially modified colour [24], [25]) — able to create vacancy
sites and to activate vacancy diffusion [26], so as to potentially promote vacancy trapping
at extended defects. In our investigation, to get a detailed characterization of the defective state,
the whole set of diamonds were analyzed by IR absorption measurements. The obtained data
were then used as a basis to select samples suitable to assure adequate sampling of structures
with different content of carbon platelets (see Table 1 for sample details). IR measurements in the
‘one phonon’ spectral region, from 1000 to 1400 cm™?, were used to check and quantify the
occurrence of platelets and the presence of nitrogen aggregate A and B [8]. Near IR measurements
at around 5000 cm™ were instead carried out to monitor Hlb and Hilc centres through their
narrow electronic transitions [27]. Both kinds of measurements were carried out by means of a
Diffuse-Reflectance Infrared Fourier-Transform (DRIFT) spectrometer with a spectral resolution of
4 cm™. DRIFT data are reported as log(1/R), where R is the relative intensity (with respect to a
reference signal) of the collected diffuse signal (resulting from reflected, transmitted, and diffused
signals in a wide solid angle). The log(1/R) value, in the approximation of not too a high
absorption, is nearly proportional to the absorbance A, which in turn is linearly dependent on the

concentration of absorbing species, according with the Lambert-Beer relationship.
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Table 1. Main characteristics of the natural Type la diamond samples investigated in the

present work.

Sample | weight colour?® relative platelet | N-aggregate A/B
(mg) content® ratio®
Lpc 24.6 £0.1 |Fancy Intense | 0.09 + 0.05 21

Brownish Yellow

Ipc-1 12.6 Fancy Greenish Yellow | 0.32 0.7 £0.05

Ipc-2 12.8 Fancy Intense | 0.24 0.8

Greenish Yellow

Ipc-3 14.4 Fancy Greenish Yellow | 0.19 1.4

Hpc 69.2 Fancy Intense | 1.00 NA

Greenish Yellow

aGemological Institute of America (GIA) colour grading scale.

bCalculated from the integrated IR band in the spectral region 1350-1400 cm™ normalized to
the Hpc value.

cRatio between intensity sum at 1210 and 1282 cm™ and at 1170 and 1331 cm™in the IR

spectrum (NA = not available).

PL measurements were carried out exciting at two wavelengths by means of Ar laser at 488 nm or
HeNe laser at 633 nm with beam density power of the order of 107 W/mm?, shuttered at a
frequency of 1 Hz. The light signal was collected by a charge-coupled-device after dispersing the
signal by a polychromator with a final resolution of 4 x 10~ eV. Before analysis, all spectra were
normalized at the intensity of the diamond Raman mode at 1332 cm™. PL peak intensities were
determined after subtraction of the background, with an uncertainty of few % at most.
Measurements at different temperature, in the range between 77 and 300 K, were carried out by
means of a cryostat working with liquid nitrogen flux and a programmable heater, with a final

thermal stabilization within +2 K.
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3. Results and discussion

3.1. Nitrogen aggregates and carbon platelets

In Fig. 1a we report IR spectra of samples representative of the variety of platelet-containing type
la diamonds. Within the entire spectral range from 400 to 6000 cm™ we register all the main
expected features of this class of materials, with differences from sample to sample as underlined
below. At energy comprised between about 1000 and 1400 cm™ (see Fig. 1b), we find strong
absorption structures from nitrogen aggregates and interstitial carbon platelets. Specifically, at
1210 and 1282 cm™ the spectra show the absorption bands caused by A aggregates — i.e. defect
complexes describable as N=N pairs substituting for pairs of C atoms — and at 1170 and
1331 cm™ the features of B aggregates, consisting of four nitrogen atoms substituting for carbon
around a C vacancy site. We do not detect the absorption bands at 1344 and 1110 cm™ related to
isolated substitutional N atoms - C defects. At higher energy, at around 1360-1370 cm™, we
register the phonon mode of interstitial carbon platelets, whose spectral position shows some
variation, slightly depending on the platelet size (see Fig. 1c) — the larger the platelet, the smaller
the phonon energy [21]. The 1000-1400 cm™ region is where the main differences among samples
occur, reflecting different content of A and B aggregates and interstitial carbon platelets. The five
selected samples comprise a high-platelet-content system (Hpc sample), three intermediate-
platelet-content systems (Ipc samples) with different ratio between A and B aggregates (Ipc-3, Ipc-
2 and lpc-1 samples, from largest to smallest A/B ratio), and a reference system with very low
content of platelets (Lpc sample). Referring to the type classification system of diamond, the

analyzed samples can be classified as type laA, IaAB (with A > B, A< B, and A = B) and |aB.
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Fig. 1. Infrared absorption analysis. (a) Full range normalized DRIFT spectra of the
investigated samples, labelled as in the text: Hpc (high platelet content), Ipc-1,2,3
(intermediate platelet content with increasing ratio - from 1 to 3 - between A and B
aggregates), and Lpc (low platelet content). (b) ‘One phonon’ region spectra with spectral
positions of modes caused by carbon platelets (P) and A and B nitrogen aggregates.

(c) Spectral region of carbon platelet mode. (d) near-IR electronic transitions of H1b and

H1c centres at 4932 and 5162 cm™.

The spectral position of the platelet mode ranges from 1370 to 1360 cm™, reflecting differences in
the mean platelet size [21]. In Fig. 1d, we report the details of the spectral region of the electronic
transitions H1b e Hlc at 4932 and 5162 cm™, respectively. Such narrow peaks are not definitely
ascribed to specific defects yet. However, Hlb and Hlc are someway related to the evolution of A
and B aggregates, respectively, after irradiation and heating treatments [8]. The spectra in Fig. 1d
in fact register low intensity of H1b peak in samples with weak contributions of A aggregates in the
IR spectrum in the region 1000-1400 cm™ (Fig. 1b). In summary, the set of selected samples turns
out to be representative of the main varieties of platelet-containing diamonds, comprising quite
different platelet contents and, at comparable platelet content, different amount of A and B

nitrogen aggregates and the related H1lb and Hlc centres.

3.2. Doublets in the photoluminescence spectra

We report in Fig. 2 PL spectra collected at 77 K exciting at 488 nm (Fig. 2a) and 633 nm (Fig. 2b).
The spectra in Fig. 2a show much of the known phenomenology of nitrogen-containing Type |
diamonds. Specifically, we register intense peaks at 496 and 503 nm (with structured phonon
sidebands) from H3 and H4 centres — attributed to vacancies trapped at A and B nitrogen
aggregates — and the well-known NV°and NV~ zero phonon lines and their related phonon
sideband signals at 575 nm and 637 nm, respectively. Additional minor peaks (undetectable at
room temperature) lie in the 650-750 nm red region, outside the set of main spectral structures
which already received an attribution. We obtain much better evidence of such undefined peaks in
the spectra excited at 633 nm (Fig. 2b), since a large part of the decay processes excited by 488 nm
radiation are removed. The lack of all the main emissions of Type | diamonds allows us to highlight
features not previously analyzed in detail. In fact, looking at Fig. 2b, main features above the

continuum is a pattern consisting of two doublets of spectral structures — each one split in two
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lines at low temperature — with sample-dependent ratio between the intensities of the two
doublets. From shorter wavelength, the first doublet (hereafter called D, doublet) shows main
peaks at 662 and 681 nm, whereas main peaks of the second one (hereafter called Dy doublet) fall
at 704 and 724 nm. Grouping the lines in two doublets comes from the comparison of patterns of
different samples. In fact, the peaks at 704 and 724 nm are always found together (as we verified
in the extended set of more than one hundred samples), as well as the peaks at 662 and 681 nm.
By contrast, the D, doublet can occur without Dy and vice versa, as exemplified in the spectra of
samples Lpc and Ipc-1 in Fig. 2b, respectively. Interestingly, by comparing PL spectra of Fig. 2b and
IR data of Fig. 1, we notice that Dy is not detected in the platelet-free sample. Indeed, considering
the whole set of analyzed samples, we find that Dy is always accompanied by the IR signal of
platelet mode at about 1360 cm™. As regards D,, its intensity is low or even undetectable in
samples where the signal of A aggregates is weak (samples Ipc-1 and Ipc-2). However, since
platelets and nitrogen aggregates are not per se light-emitting systems, but only when they
accommodate nearby active sites like vacancies, no direct quantitative relationship is registered
nor is it expected between the intensity of PL doublets and the IR absorption ascribed to platelets
or nitrogen aggregates. To have suggestions on the defect configuration responsible for D, and Dy,

we analyze here below the details of their transition energies, energy splitting and temperature

dependence.
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indicated, as well as the Raman mode of diamond. The spectra are vertically shifted for

clarity.

3.3. Temperature-dependent intensity changes in D, and Dy, doublets

In Fig. 3, we report PL spectra which exemplify the temperature dependence of the observed
doublets in three representative systems (Hpc, Ipc-1, and Lpc) with very different value of the ratio
between D, and Dy doublets. The spectra in Fig. 3 underline the strong difference between the
influence of temperature on the relative intensities of the two lines within each doublet in D, and
Dy signal. In fact, the Dy lines keep their intensity ratio almost constant with the temperature and
of the same order of magnitude in different samples (see Fig.3a—c). Single emissions at
approximately the same energy of the Dy lines were reported in the literature [8], [28], [29], but

detected at low temperature only and, importantly, never associated to each other in a doublet of

lines.
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are normalized with respect to the intensity of the Raman line of diamond (equal to the

scale unit of the y-axis) and vertically shifted for clarity.

The emissions in the D, doublet, differently from the Dy, doublet, show a strong change of intensity
ratio. The high-energy line at 1.87 eV (662 nm) decreases with increasing the temperature and
turns out undetectable at 298 K (Fig. 3a—c). As a result, the low energy line of the D, doublet at
1.82 eV (681 nm) appears as a single line at room temperature. Interestingly, its peak wavelength
falls just in the spectral position of a previously reported emission [30] which however, at the best
of our knowledge, has not been associated to a doublet of lines nor has it received an attribution
yet.

The different temperature dependence of D, and Dy intensity is quantified in Fig. 4 in the case of
two samples showing both doublets (Icp-2 and Icp-3 samples in Fig. 4a and b, respectively). We
notice differences in the relative intensity changes of the two D, lines. By contrast, Dy lines show
instead similar thermal behaviour in all samples, and the intensity ratio between 704 and 724 nm
peaks (1.76 and 1.71 eV, respectively) turns out quite independent of the temperature (see upper

side of Fig. 4a and b).
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Fig. 4. Temperature dependence of D, and Dy line intensity. (a) Intensity (lower part) and

intensity ratio (upper part) of Dq doublet lines at 662 and 681 nm (circles) and Dy doublet
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lines at 704 and 724 nm (triangles) at three temperatures in sample Ipc-2 with intermediate
platelet content and intermediate ratio between A and B aggregates. (b) the same as in (a)

in sample Ipc-3 with higher ratio between A and B aggregates.

3.4. Satellites and replicas in D, and Dy, doublets

Minor peaks — almost undetectable at room temperature but easily observed at low temperature
— accompany almost all the main emissions. Specifically, looking at Fig. 5, we notice that both the
D, lines (Fig. 5a), as well as the Dy, components (Fig. 5b), show a minor satellite about 10 meV
higher in energy. Similar high-energy satellites, with comparable splitting from the main line, were
found in other absorption and emission lines of vacancy centres in diamond, specifically in the
spectra of negatively charged vacancy and of the neutral vacancy [31], [32]. In those cases, the
splitting turns out to be ascribable to Jahn-Teller effect on the involved states. Furthermore, the
two Dy lines show low energy replicas spaced by about 8-10 meV (more evident in the low energy
724 nm line at 1.71 eV), which highlight a possible coupling to some low-energy excitation of
energy of about 65-80cm™, considerably lower than all typical diamond phonons. This is
discussed below. Comparing different diamond samples (see Fig. 3), we notice that the narrower
the Dy lines, the clearer are the replicas. Instead, replicas are not observed in the sample Lpc in
which the Dy, doublet is not detected at all. Changing the temperature, not only the spectral
position, but also the intensity of all minor signals — high-energy satellites and low-energy replicas

— follows the intensity of the main Dy and D; lines.
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Fig. 5. Satellites and replicas of Ds and Dy lines at different temperature. PL spectra in IPC-3
sample excited at 633 nm and collected at different temperature from 77 K (most intense
spectrum) to 298 K (less intense spectrum) at step of 20 K, in the spectral region of (a)
D, doublet and (b) Dy doublet. The average replica spacing is 7.5 meV for Dp-1 and 7.3 meV
for Dp-2.

We report in Fig. 6a the spectral position of all the detected peaks in the temperature range from
77 to 300K in the case of sample Ipc-3. It is worth noting, looking at Fig. 6a, that the energy
splitting of D, and Dy doublets are almost equal, about 48 meV. Furthermore, we register a small
shift — about 3 meV — of all spectral structures, major and minor lines, to lower energy at
increasing temperature. The order of magnitude of the energy shift 8E, reported in Fig. 6b for the
main four lines of D, and Dy doublets, is consistent with that observed both in NV and SiV vacancy
centres (which ranges from 2 to 3 meV) [33], [34], [35], [36]. The temperature dependence of the
spectral position follows the expression 8E = uT?-vT?, similarly to other data on vacancy light-
emitting sites [33], [34], [35], [36]. We find pn=9.0x107eV/K?andv=3.9x1013eV/K*for
Da lines, while in Dy lines we obtain p=-2.2 x 108 eV/K? and v =5.6 x 107* eV/K*. In SiV and NV
sites, for comparison, vturns out 1.2 x 1073 and 3.1 x 10713 eV/K?, respectively, with p values

equal to 2.5 x 1078 and 9.9 x 1072 eV/K?, respectively.
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Fig. 6. Temperature dependence of spectral positions. (a) Spectral position vs temperature
of major (big marks) and minor (small marks) lines of D, and Dy doublets. (b) Temperature-
induced spectral shift (referred to 77 K position) of low energy (large circles) and high
energy (small circles) lines of D, doublet (upper part) and Dy doublet (lower part). Curves

are fits with uT?-vT* dependence of D4 (green) and Dy (red) lines.

The p and v values we estimate in D, are quite similar to those calculated for NV sites. By contrast,
the thermal shift of the Dy lines indicate a /v ratio significantly greater, with a contribution of the
T? term larger than in all other vacancy centres. We notice that the T*term arises from the
combined effects of local stress by lattice expansion (varying as T# [35], [37]) and electron-phonon
quadratic coupling with hard phonon modes mainly (whose term varies as T*as
well [33], [35], [38]). By contrast, contributions with T2 dependence are the result of a strong
softening of phonon modes in the excited state [33]. Therefore, our data points to an important

role of soft modes in the electronic transitions responsible for the Dy, doublet.
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It is worth noting, as regards the electron-phonon coupling, that the D, component at 1.71 eV
displays a sideband, mainly detectable in the low energy side (Fig. 3, Fig. 5). Looking at the 1.71 eV
line of the Dy doublet and its sideband, we can highlight some relevant facts. First, the spacing of
the low-energy replicas (of a few meV) is sensibly narrower than that encountered in the majority
of light-emitting defects in diamond [38]. Second, the energy spacing is sample dependent in the
investigated samples (see spectra in Fig. 2, Fig. 3). Third, besides such a distribution of energy
spacing from sample to sample, we also observe a sample dependent broadening of the replicas as
well as of the main line at 1.71 eV. Starting from these facts, we notice that extended defects of
interstitial carbon layers can constitute a source of sample-dependent electron-phonon
interactions, since they are aggregations with size distribution largely varying from sample to
sample, provided that the size differences from sample to sample are enough to cause detectable
spectral changes. To verify this possibility, we reconsider the evidences of carbon platelets in the
IR spectra in Fig. 1c, looking at the differences of bandwidth among the samples.

We report in Fig. 7a the relationship we have found between the 724 nm line broadening at 77 K
and the bandwidth of the platelet phonon mode at 1360-1370 cm™tin the IR spectrum. The
correlation suggests that interstitial structures play a role in the Dy doublet. Furthermore, since
the broadening of the IR platelet band turns out to be a measure of the platelet size distribution
(because the platelet size determines the phonon mode energy [21]), we expect that also the IR
platelet band position (dependent on the mean size of platelets [21]) must be related to some
features of the low-energy excitation sideband of the 1.71 eV line of the Dy, doublet. In Fig. 7b, we
notice that the data of energy spacing between replicas in the 1.71 eV sideband of different
samples (from the analysis of spectra in Fig. 5) show differences that follow the shift of spectral
position of the platelet phonon mode (from Fig. 1c). In summary, while the number of
experimental points in Fig. 7a and b, separately, is not so large to definitely confirm a correlation,
the two sets of data, together, give an important hint of an intimate interaction of Dy light-
emitting sites with interstitial carbon structures. For this reason we have looked for additional
evidences comparing our data with previous ab initio calculations on vacancies at interstitial
aggregates and with original theoretical estimation of sideband contributions from interactions
with interstitials. In fact, the excitation energies in the Dy, sideband are completely different from
the platelet phonon mode at 1360 cm™. They evidence the involvement of low energy excitations

in the hard covalent structure of diamond.
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Fig. 7. Relationship between Dpdoublet and platelet IR band. (a) Full width at half
maximum (FWHM) of the 724 nm (1.71 eV) peak of Dy doublet vs. FWHM of the platelet
phonon band at 1360-1370 cm™ in the investigated sample set. (b) Spacing of low-energy

excitation replicas in the 724 nm Dy sidebands vs. spectral position of the platelet band.

The low-energy Raman spectrum we collected in platelet-rich samples indeed indicates the
occurrence of soft modes with energy of about 75 and 150 cm™ (Fig. 8). Interestingly, spectral
position and energy distribution of the two Raman structures are approximately consistent with
energy spacing and linewidth of Dy sideband replicas, possibly ascribable to the superposition of

two series with energy spacing one the double of the other.
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Fig. 8. Low energy Raman spectrum of representative diamond samples. Dashed areas

indicate the soft energy modes.

3.5. Comparison with calculations and models

The articulated scheme of spectral energies and temperature-dependent intensities reported
in Fig. 4, Fig. 6 provides a first insight into the energy structure of the light emitting centres
responsible for the D, and Dy, doublets. Specifically, the change of intensity ratio in the D, doublet
as a function of the temperature indicates that the doublet splitting probably regards the excited
states. By contrast, the constant intensity ratio within the Dy, doublet is consistent with an energy
splitting ascribable to the final states of the responsible transitions. Energy splitting and satellites
of Daand Dy signals are schematically summarized in Fig. 9, taking into account for spectral

positions and temperature dependences of intensity ratio.
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Fig. 9. Energy level scheme of doublet-emitting centres Dq and Dy. Schematic energy level
structure of the levels responsible for D, (green lines) and Dy (red lines) PL doublets
(reproduced in a representative spectrum at the bottom of the figure), including ground or
excited state splitting accounting for the observed temperature dependence of intensity
ratio within each doublet, as well as for minor satellites. For comparison, black lines under
the labels Vic, schematically report occupied (full lines) and empty (dashed lines) localized
energy levels (restricted to the energy region of localized levels at the top of the valence
band and in the gap) from previous calculations of Kohn-Sham level schemes for a vacancy

in interstitial carbon platelet (Vicy) [21].

We notice that the energy spacing of the D, doublet is consistent with the energy level scheme of
a vacancy site at interstitial carbon platelets as it was obtained from first principle
calculations [21], as we report for comparison in Fig. 9. In fact, vacancy sites at interstitial platelets
would account for the relationship between Dy PL and platelet IR features (Fig. 7). Furthermore,
the ladder-like interstitials structure in a platelet — following the proposal by Goss et al. [21] and
based on the Humble structure [39] — can be the source of local soft modes responsible for both
the spectral shift of Dy lines with the temperature (Fig. 6) and the low energy Raman spectrum
in Fig. 8, which is in turn consistent with the Dy structure sidebands (Fig. 3, Fig. 5). In fact, the
occurrence of vacancies - together with N atoms - locally preventing the full bond-reconstruction

can stabilize 2C=C-C=2C structures of pair of under-coordinated carbon sites (Fig. 10a).
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Fig. 10. Platelet structure and low energy excitations. (a) Portion of diamond structure (C-
sites in blue) modified by interstitial carbon (green balls) and nitrogen (brown balls) atoms
in a configuration analogous to Goss and Humble platelet models [21], [39], also depicting

a platelet-related vacancy site (empty circle). (b) Sketch of an almost stretching-free
vibration of three-fold coordinated atom pairs in a platelet: the two C atoms oscillate
via bending vibration among four equilibrium positions. The bond between atoms (in red)

oscillates with a vanishing stretching contribution. (c) Portion of a platelet in the diamond
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structure, showing the possible bonding saturation (in grey) of the interstitial atoms, with

indication of the displacements towards the equilibrium positions.

These structure can in turn give phonon modes at relatively low energy thanks to almost
pure bending vibrations of the pair of three-fold coordinated = C- sites (as sketched in Fig. 10b,c).

As regards the D, doublet, which does not show a systematic correlation with the occurrence of
platelets, we register a partial matching with energy spacing of other species of interstitial carbon
defects, as the [001]-oriented split interstitial /1<°°*> or some forms of the di-interstitial /> [20].
Actually, the reported spectral data alone are not enough to support such an attribution, and
both /19°'> and I, were associated to an optical activity [20] which we do not observe. However,
our results on the D, doublet suggest the possibility of some additional variants of vacancy at

interstitial carbon aggregates which might be checked by future computational studies.

3.6. A model for the low-energy excitations

Fig. 10b illustrates a rotational motion of the split-interstitial through four different equivalent
oblique positions. It is however readily seen that the rotation is hindered by a potential barrier
between any adjacent equilibrium positions whose height AV is much larger that the observed
replica spacing. Thus the low-energy excitations of D, and Dy sidebands and low-energy Raman
spectrum are more likely to be tunneling modes, as proposed by Goss et al. [20], Davies
et al. [40] and Smith et al. [41]. For the four-well potential of Dyg symmetry and tunneling only
between adjacent minima there are four tunneling states: one for a totally symmetric state A; of
energy -2Ag, two degenerate states E of energy O (taken as a reference) and one state B1 of energy
2Ag, where Ae is the energy splitting for the corresponding double well potential.

The potential of one of the two split-interstitial atoms as a function of the displacement u from his
equilibrium position towards its vertical position (the barrier maximum) can be written
as(1)AV(u)=(Kbr02+18Ksu2)(1d2+2r2)u2where Ks = 24.28 eV/A2and the K» = 2.236 eV/A2are the
two-body nearest-neighbor stretching and three-body angle bending force constants of the
valence-force-field model for diamond [42], respectively, ro = 1.545 A is the interatomic distance in
diamond, d=1.26 A the split-interstitial interatomic distance as obtained from ab-
initio calculations [43] and r = 1.29 A the corresponding distance of a split-interstitial atom from its
lattice nearest neighbor. The use of the diamond force constants for the split-interstitial system

with severely distorted bond lengths and angles corresponds to assuming a harmonic
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approximation. Thus the presence of a u*term in Eq. (1) would be inconsistent with the model.
However for u =0.08 A [40], [41] the u® stretching term is completely negligible and
AV(u)=(9.794 eV/A?)u? = 62.68 meV. The ground-state tunnel level splitting for intersecting
parabolic potentials can be approximated by Ref. [44].(2)2Ae=2hwne-2AV(u)/Awwhere hw is the
rocking oscillation energy of the split-interstitial in the parabolic well. This can be estimated by
observing that the two eigenvectors for in-phase and anti-phase motion of the two atoms have
the same energy, and so is for their sum or difference, i.e., for the oscillation of any of the split-
interstitial atoms with the other at rest. The energy of this mode is
approximately hw=h(6 ko/M)Y2 = 67.94 meV, where Mis the carbon atom mass, This phonon
energy is of the order of, but smaller than the energy of the zone-boundary transverse acoustic
phonon of diamond in the (100) direction (98 meV [42]). With the above values one obtains
2A¢e = 6.84 meV. The value of 2Ae has however an exponential dependence on u?: e.g., a slightly
smaller displacement of u = 0.075 A yields 2Ae = 8.54 meV. The latter value is in good agreement
with the observed Raman mode of 75 cm™ (9.3 meV), while the former agrees well with the PL
replica spacings of 7.5 and 7.3 meV for the Dy-1 and Dy-2 lines, respectively. The PL replica spacing
is that for the tunneling when the electron system is in the initial excited state and is therefore
expected to be smaller than the ground-state spacing observed with Raman. Thus a value of the
order of 0.07 A appears to be more consistent with the ground-state tunneling dynamics of the
split-interstitial. On the other hand the double-well model discussed by Davies et al. [40] gives a
ground-state splitting of 6 meV for u=0.08 A. Thus the present analysis based on a four-well
potential is consistent with observation as well as with the previous studies.

We also notice that the PL sideband shows a prominence of the even-order replicas. Assuming
that all tunneling transitions have the same coupling to the PL process, this may simply reflect the
fact that the 2nd, 4th ... order replicas receive, in addition to the contributions of 2,4, ...tunneling
transitions A1 - E or E = B1 of energy 2Ag, also those of 1,2...transitions A1 = B of energy 4Ae.
Since tunnel excitations in a single split-interstitial cannot exceed the total energy of 4Ag, the
apparent truncation of the sideband beyond the 4t"-order replica suggests that no more than two
split-interstitials are involved in a single PL transition. As regards Raman scattering, all three
possible tunnel transitions are Raman active, with the peak at 150 cm™ receiving both the one-

excitation A1=B1 and the two-excitation contributions from the combinations of A;>E and E->B..
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4. Conclusions

Our work highlights two new PL doublets in the red spectral region of type la diamonds. These
doublets are observed for the first time, among several known spectral structures arising from
radiation-induced vacancies which thermally migrate towards different kinds of defects and
aggregates. The small concentration of the responsible optically active point defects interacting
with macroscopic platelets, as well as the unusual excitation conditions for making these red
emissions detectable over very efficient radiative decay channels at higher energy, have prevented
until now their identification and analysis. The new phenomenology includes the Dy doublet of
lines at 1.71 and 1.76 eV which shows to be correlated with the spectral features of the IR band
of interstitial carbon platelet phonon mode at 1360-1370 cm™. The structure of phonon replicas in
the transition sideband gives evidence of low energy excitation modes, about 75 and 150 cm™ in
energy, which unveil unknown details of the platelet energy structure which are potentially useful
to refine the description of such aggregations. Specifically, we have found that the experimental
data matches the excitations energy expected for a tunneling process between equivalent
configuration of interstitial sites. Our results constitutes an unprecedented evidence of possible
occurrence of light emission from vacancies at interstitial extended defects.

The present results open also the way to a number of possible applications which are related to
the role of extended defects as trapping sites for light emitting vacancies. On the one hand, in
natural Type la diamonds, the light emission of the new variant of vacancies, which are generated
and mobilized towards interstitial platelets by irradiation and heating processes, might constitute
a new probe of artificial treatments in gemmological diagnostics. On the other hand, in synthetic
CVD diamonds, the controlled formation of extended defects by laser writing (as recently
reported [22]) might be used to create selectively shaped collectors of light emitting platelet-
interacting vacancies (according to the present finding), generated and mobilized by suitable
technological processes. The possibility, in principle, of creating interstitial-interacting vacancies in
synthetic material would indeed permit to build up oriented patterns of light-emitting vacancies as
block units of complex diamond-based light emitting integrated optical systems, with a potential

for photonics, bioimaging, and sensors.
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