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Nitrogen (N) and hydrogen (H) defects in diamond provide crucial information about diamond growth. The
electromagnetic properties that N/H-defects impart on synthetic diamond are exploited in novel technological
applications including quantum information storage and sensing. Access to the Gemological Institute of America
database of infrared spectra recorded from rare Type Ib + IaA natural diamonds has allowed identification of the
first-formed N/H-defects, NH and N,H®, assigned to IR peaks at 3394 and 3343 cm ™, respectively. Density
functional perturbation theory and ab initio molecular dynamic simulations of NH® and N,H, including the first
machine-learning molecular dynamics simulation performed for N/H-defects in diamond, show excellent
agreement between observed and calculated C—H stretching frequencies (18 to 66 cm ™' difference). New ag-
gregation sequences are proposed for VNsH, the commonly observed end-state of N/H-aggregation, that differ
from the currently accepted sequence. This suggests that NH® and NoH° form during, or shortly after, diamond
formation inhibiting diffusive loss of H during mantle residence and thus the H (isotopic) composition of dia-
mond may reflect parental fluids from primordial and/or recycled mantle HyO reservoirs. These findings also
have important technological implications for N/V-defects, such as NV~, with useful electromagnetic properties
that may be passivated by H.

1. Introduction

Nitrogen (N) and hydrogen (H) are the most abundant impurities in
natural diamonds forming point defects involving substitutional N,
carbon (C) vacancies (V) and H atoms (or ions) that passivate dangling
bonds on carbon (C) [1,2]. Several different V/N/H-related defects have
been proposed and assigned to signals (peaks) observed in spectroscopic
experiments [3,4] based on quantum chemical ab initio simulations
[5-7]. However, most observed peaks have not been assigned to specific
defects, especially those attributed to H observed in the C—H stretching
region (3100-3500 em™!) of the Fourier Transform Infrared (FTIR)
spectra of natural diamonds [8]. Nevertheless, V/N/H-defects have
received considerable attention due to their useful electromagnetic
properties exploited for semiconductor [9] and quantum computation
and sensing applications [10,11]. From a geologic perspective, V/N/H-
defects provide important information about the composition and
sources of fluids/melts associated with diamond formation and growth
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[12,13]. The mechanisms and rates of N-defect aggregation and
migration (e.g. vacancy-assisted migration [14]) are well understood. In
Type Ib diamond, N occurs predominately as single-substitutional N (C-
centers) and with continued annealing, C-centers aggregate to form N3
(A-centers) in Type IaA diamonds and eventually VN4 (B-centers) in Type
IaB diamonds [1]. Deconvoluting the composite signal of these defects in
the mid-infrared (MIR) allows calculation of the N-aggregation state (i.e.,
%IaA or %IaB) [15]. As the time/temperature dependence of the C — A
— B aggregation sequence is known, %IaA (or %IaB) and N contents can
be used to derive the time/temperature of diamond residence in the
mantle post-formation and pre-eruption [16-18]. The C > A — B ag-
gregation sequence in reality is more complex, and involves several
intermediate N-defects (e.g., Y-centers [19] and X-centers (NJ) [20D)
and interstitials [21,22] (e.g., N; and C)).

Unfortunately, the behaviour of H-related defects in natural diamond
is much less understood. The consensus is that N/V-defects act as sinks
for interstitial H (H;) where C — N(V) substitution produces dangling C-
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bonds that act to trap H; [2,5,23]. Only a few H-related IR peaks have
been assigned to specific defects [8] including the 3107 cm~ ! and 3236
cm ™! peaks assigned to the VNsH® and VN4HO defects, respectively
[5,24]. These defects represent an end-state of N/H aggregation [8] and
are thus ubiquitous in Type Ia diamonds which represent the latter- or
end-stages of mantle residence (annealing). As >95 % of natural di-
amonds are Type Ia [25], the first-formed V/N/H-defects are often not
preserved and information about the initial stages of V/N/H-defect
formation and aggregation is lost. Understanding the complete behav-
iour of H in diamond requires analysis of H-bearing Type Ib diamonds
that have experienced minimal annealing and N-aggregation. This is a
difficult task given the rarity of H-bearing Type Ib samples, which ac-
count for <0.1 % of natural diamonds [25].

In this study, 178 FTIR spectra of natural Type Ib + IaA diamonds
(covering almost the entire range of %laA) were selected from the
Gemological Institute of America (GIA) database. In addition, FTIR and
photoluminescence (PL) spectra were recorded from H-bearing and H-
free zones in one Type Ib diamond from the Zimmi alluvial locality (West
Africa) (Fig. 1a, b). Of particular interest are three peaks located at 3343,
3373, and 3394 cm™! that are the only C—H stretching peaks observed
in relatively pure Type Ib (low %IaA) diamond and thus are attributed to
the first H-defects that form in natural diamond. The identity of the H-
related defects associated with the 3343 and 3394 cm™! peaks is pro-
posed here based on density functional perturbation theory (DFPT) and
ab-initio and machine-learning molecular dynamics (AIMD and MLMD)
simulations, observed C—H bending, stretching, and combination
modes, and peak intensity correlations. Our findings show that H; in N-
bearing diamonds is trapped much earlier than previously thought
mitigating diffusive loss of H and thus H-isotopic re-equilibration in
diamond during mantle residence.

2. Materials and methods
2.1. Fourier transform infrared (FTIR) spectroscopy

A set of 178 FTIR spectra recorded from Type Ib + IaA diamonds were
selected from the GIA database. Only spectra recorded from natural
diamonds (as opposed to CVD or HPHT synthetic diamond) were
included to ensure geological relevance. FTIR spectra were recorded at
the GIA using a Thermo Fisher Nicolet iS50 unit equipped with a KBr
beam splitter and a LN-cooled MCT detector. The spectra were recorded
at an operating resolution of 1 cm™! with 32 scans, over the range
6000650 cm L. Ten IR spectra were recorded from sample Z-16 (six
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from the colorless zone and four from the yellow zone, Fig. 1a) from the
Zimmi alluvial locality (West Africa). These spectra were recorded at the
University of Padova (Italy) using a Thermo Fisher Nicolet iN10
InfraRed microscope equipped with a KBr beam splitter and a LN-cooled
MCT detector, spectra were recorded at an operating resolution of 2
cm ™! with 64 scans over the range 6000-750 cm L.

The IR spectra from the GIA were previously processed by Day et al.
[26] who showed that poor quality fits of the N-region of Type Ib + IaA
diamonds are due to a previously unaccounted for defect, the Y-center
[19]. Y-centers are common in natural Type Ib + IaA diamonds and Day
et al. [26] developed a new deconvolution routine (i.e., Caxbd In-
herit 2024-Ib Excel spreadsheet) in which the spectrum of Y-centers is
including during least-squares fitting of the N-region. This routine was
used here to determine the N-defect contents, Ni,; and %IlaA (%laA =
Na/(Na + N¢ + Nx + Ny) x 100) of all samples. The normalized linear
intensity (absorption coefficient, cm™') of peaks between 1353 and
1387 cm ™! and H-related peaks at 3107, 3343, 3373, and 3394 cm™*
was determined following the procedure for the 3107 cm ™ peak in the
DiaMap Excel spreadsheet [15]. Exact peak centers were determined by
fitting peaks with Voigt functions using the Fityk V0.9.8 spectra soft-
ware [27]. To verify processing consistency, normalized H-related peak
intensities were also determined manually for each spectrum using the
OMNIC and Fityk V0.9.8 spectra software [27].

The statistical significance of peak intensity correlations (see Section
3) is determined by calculating the Pearson correlation coefficient (r)
and conducting standard two-tailed t-tests at a = 0.05 (i.e., 97.5 %
confidence). The R? values for these correlations are also reported.

2.2. Photoluminescence (PL) spectroscopy

Photoluminescence spectra were recorded from sample Z-16 at the
GIA under liquid Nj, using a Renishaw inVia Raman microscope
equipped with 457 nm (Ar ion), 633 nm (Ne ion) and 830 nm (diode)
lasers, using a 5x objective. Spectra were recorded from both the yellow
and colorless zones of the polished plate (Fig. la). As spectra were
recorded from a single polished plate, peak intensities from spectra
collected using the same excitation wavelength were considered com-
parable and the spectra were not Raman normalized. The raw data for all
PL spectra are provided in Appendix E.

2.3. Static ab initio simulations of N/H-related point defects

The DFPT modeling was performed within the density functional
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Fig. 1. Diamond sample Z-16. (a) Transmitted light image of sample Z-16 showing the colorless zone and the circular, H-bearing yellow zone. (b) FTIR spectra in the
C—H stretching region recorded from the colorless zone and the yellow zone which shows H-related peaks at 3343 and 3394 cm™'. Red X mark the points in the

colorless and yellow zones where PL spectra were recorded.
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theory (DFT) framework using the generalized gradient approximation
(GGA) to the exchange-correlation functional as proposed by Perdew
et al. [28]. The modeling scheme used periodic boundary conditions,
and a plane-wave basis set as implemented in the PWscf code of the
Quantum Espresso package [29]. Ionic cores were described using
optimized norm-conserving Vanderbilt (ONCV) pseudopotentials
[30,31]. The wavefunction and electron density were expanded in plane
waves with cutoffs of 120 Ry and 720 Ry, respectively.

Structural properties of defects were determined using 2 x 2 x 2
diamond supercells. The Brillouin zone sampling for electronic inte-
gration was performed using a 2 x 2 x 2 Monkhorst-Pack mesh of k-
points and the relaxation of atomic internal coordinates was performed
until the residual forces were <10~* Ry per atomic unit. The unit-cell
parameter of pure diamond was optimized at zero pressure (a =
3.5675 10\) and used without further relaxation to produce the defect-
bearing supercells. Spin-polarized calculations have been used to ac-
count for the paramagnetic character (S = 1/2) of the NZHO, NH' and
NH™ defects. The vibrational properties at the Brillouin zone center (I
point) of the relaxed structures were calculated using the density-
functional perturbation theory [32], as implemented in the PHonon
code [29].

2.4. Molecular dynamics simulations of N/H-related point defects

Ab initio molecular dynamics (AIMD) simulations were performed
using the Vienna Ab initio Software Package (VASP) [33,34] with the
density functional theory (DFT) and projector-augmented wave (PAW)
method [35]. The exchange correlation energy was computed within the
Perdew-Burke-Ernzerhof formulation of the generalized gradient
approximation [36]. A cut-off energy of 550 eV was used for the plane-
wave-basis set and 880 eV for augmentation charges. A 2 x 2 x 2 high-
symmetry grid of k-points [37] was used to calculate the electronic
density. Simulations were conducted in the NVT ensembles with fixed
composition (N), volume (V), and temperature (T). The temperature was
controlled using the Nosé-Hoover thermostat [38,39]. A timestep of 1
femtosecond was used and the simulations lasted for 35 ps after ther-
malization. The simulations were performed in 2 x 2 x 2 (64C atom)
supercells, in which one to three C atoms were replaced to produce the
defect.

Further modeling of the NH? defect was performed with more real-
istic defect concentrations using MLMD simulations. Several AIMD
simulations were performed with different NH® defect concentrations,
an on-the-fly ML procedure built in VASP was used to construct the ML
interatomic potentials [40]. Potentials were first built and tested in the
2 x 2 x 2 supercell, then refined in 2 x 2 x 4 and thenin 2 x 4 x 4
supercells. The refinement was done iteratively until the MLMD simu-
lations reproduced the AIMD forces and energies. The MLMD simula-
tions were then performed using 8 x 8 x 8 (4096C atom) supercells. One
C atom was replaced with the NH® defect. The MLMD simulation lasted
for up to 200 ps. For AIMD and MLMD simulations, the vibrational
spectra were computed from the self-correlation of the atomic velocities
using the UDM package [41]. The resulting H vibrational spectra are
shown in Fig. D.1a-D.1c (Appendix D).

3. Results and discussion
3.1. Spectroscopic analysis of N- and H-related defects

Selected data (N-defect contents, Ny, %IaA, normalized peak in-
tensities) for all IR spectra from the GIA database and from the Zimmi
diamond (sample Z-16) are provided in Tables A.1 and A.2 (Appendix
A), respectively. Sample Z-16 has a yellow zone surrounded by a
colorless zone (Fig. 1a) as described for other Type Ib diamonds from the
same locality [42]. IR spectra recorded from the yellow zone show a
higher average N content (35.4 at.ppm) and a lower average N-aggre-
gation state (22.9 %IaA) compared to the colorless zone (12.4 at.ppm N
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and 25.2 %laA) (Table 1). IR peaks at 3343 and 3394 cm’l, in addition
to a relatively weak 3107 cm™! peak, are only observed in the yellow
zone (Fig. 1b).

Analyses of all IR spectra revealed >20 peaks in the C—H stretching
region (Fig. 2) that have either not been observed or are simply noted in
previous studies [43-45]. In addition to signal due to the C-, X-, Y-, and
A-center absorption systems, weak peaks at 1353, 1358, 1363, 1374,
and 1387 cm ™, attributed to C/N;related (self-)interstitial complexes
[26], are observed. A large number of peaks in the C—H stretching re-
gion, most relatively weak, were observed and are listed in Table 2. In
addition to the peak at 3107 cm™}, relatively intense peaks at 3343,
3373, and 3394 cm™! were observed in most spectra, these peaks
(Fig. 2a) have not been described in detail until now. When relatively
intense, the 3343 and 3394 cm™* peaks show shoulders at 3335 and
3388 cm ! (Fig. 2b). They are accompanied by two broad peaks at 4764
and 4797 cm ™! (Fig. 2¢) and a relatively weak peak, at 3373 cm ™!, Apart
from peaks at 1350-1390 cm ™, the lower frequency C—H bending re-
gion contains peaks at 1405 (associated with 3107 cm’l), 1408, 1415,
1419, 1424, and1428 cm™! (Figs. 2d and B.1., Appendix B).

At ~<30 % IaA, the 3343, 3373, and 3394 cm ™! peaks are relatively
intense and often observed alone or alongside only a few other relatively
weak peaks (e.g., 3107 cm ) (Fig. 3a). With increasing %laA, more
peaks (e.g., 3144, 3182-85, 3236-37, and 3310-12 cm™ 1) are observed
in the C—H stretching region and the relative intensity of the 3107 cm ™!
peak increases (Fig. 3b). Continued N-aggregation is accompanied by a
significant decrease in the intensity of the 3343, 3373, and 3394 cm ™!
peaks and a further increase in the intensity of the 3107 cm™! peak
(Fig. 3c). The 3144 cm™! peak increases with 3107 cm™' and with
increasing %laA (see Fig. B.2, Appendix B). Some spectra contain an
extremely large number of peaks (>40) in the C—H stretching region (e.
g., Fig. 3d), such samples typically show intermediate N-aggregation
states (~20-40 % IaA) and likely represent transitional aggregation
states (see Section 3.3).

As shown in Fig. 4a, the normalized intensities of the 3343 and 3394
em ™! peaks are positively correlated. In Fig. 4b, intensities are re-
normalized to Ny and the positive correlation becomes stronger (r
(178) = 0.98 compared to 0.95) suggesting that the corresponding de-
fects contain N. This is further evidenced by the apparent effect of %laA
on the intensity of the 3343 and 3394 cm ™! peaks as described above.
The intensity of the 3343 and 3394 cm™! peaks is approximately
inversely proportional to the 3107 cm ™! peak intensity (Fig. 4c and d)
suggesting the 3343 and 3394 cm ™! defects are involved in aggregation

Table 1
Selected data from infrared spectra recorded from sample Z-16.

Colorless zone (6 points) Yellow zone (4 points)

N-aggregation state (%laA) 25.2 22.9

Nc¢ (at.ppm) 2.1 9.4

Nj (at.ppm) 3.2 8.1

Nx (at.ppm) 0.1 0.7

Ny (at.ppm) 7.0 17.3
Niot (at.ppm) 12.4 35.4
3107 (em™) 0 0.0013
3343 (cm™) 0 0.0022
3373 (cm™) 0 0.0004
3394 (cm™) 0 0.0013
1353 (cm™) 0.0197 0.0233
1358 (cm™ 1) 0.0359 0.0707
1363 (cm™ 1) 0 0

1374 (cm™) 0 0.0150
1387 (cm™ 1) 0 0.0195

FTIR data was calculated by averaging the deconvolution results of six spectra
recorded from the colorless zone and four spectra recorded from the yellow
zone. FTIR data processed from all 10 points is given in Table A.2 (Appendix A).
The C-, A-, X-, and Y-center content was calculated using the excel spreadsheet
Caxbd_Inherit 2024 Ib from [26]. The absorption coefficients (em™) for H-
related peaks were calculated using the automated baseline and normalization
routine from the DiaMap Excel spreadsheet [15].
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Fig. 2. FTIR spectrum of a Type Ib + IaA diamond (sample 763528). (a) FTIR spectrum in the 5000-650 em™! range showing intense H-related peaks at 3343, 3373,
and 3394 cm L. (b) FTIR spectrum collected in the 3425-3100 cm ! range showing peaks at 3343, 3373, and 3394 cm ™! in additional to several other relatively
weak H-related peaks. (c) FTIR spectrum in the 4825-4725 cm ™! range showing two weak peaks at 4764 and 4797 cm™". (d) FTIR spectrum in the 1450-1350 cm !
range. N-defect contents and the N-aggregation state (%IaA) of sample 763528 were calculated using the deconvolution routine of [26] and are indicated in (a).

Table 2
Positions (cm ™) of observed peaks in the G—H stretching region of Type Ib + IaA diamonds.
3050 3082 3093 3098 3107s
3151 3154-56 3163 3167 3170-73
3218 3224 3228-29b 3234 3236-37
3272 3276 3282-87s 3290s 3300
3343s 3359 3362 3371-76s/b 3394s

3117 3124 3137 3144s 3149
3181-85s 3190-91 3196 3200 3213
3240 3245 3250 3254-57 3262-63b
3305 3310-13s/b 3320-24 3328 3331
3401 3407 3410

Commonly observed peaks in Type Ib + IaA spectra are shown in bold, those that are observed in transitional spectra (10 spectra, 20-40 %IaA, see Section 3.3) are

shown in normal font.

Peak centers were determined by fitting peaks with Voigt functions, relatively broad (non-Voigt) peaks are indicated with b, peaks that contain one or more shoulders

are indicated with s, the position of shoulders is not indicated.

sequences that produce VN3H® and thus must also contain H in addition
to N. Similar trends are observed for the 3373 cm™! peak (see Table A.1,
Appendix A) and thus it may also correspond to an N/H-related defect.
However, this peak shows variable degrees of broadening and positions
ranging from 3371 to 3376 cm ™ *. Therefore, the origin of the 3373 cm ™
peak is likely more complicated and may be related to an extended
defect [1] or a combination (or overtone) of other N/H-related point-
defects. For these reasons, a defect identity is not proposed for the 3373
cm ™! peak.

3.2. Ab initio simulations and identification of H-related point defects:

NH? and N,H°

Based on the descriptions given above, it is reasonable to assume that
the 3343 and 3394 cm ! peaks correspond to defects that contain N and
H. Although no correlation is observed between Ny, and the 3343 and
3394 cm ™! peak intensities, this is expected in diamonds where H, as
opposed to N, is likely the limiting reagent in the formation of N/H-
defects. Deviation from the 1:1 line in Fig. 4a and b indicates that the

3343 and 3394 cm ™! peaks correspond to different defects. In Type Ib +
IaA diamonds, the highest concentration of substitutional N-defects
capable of trapping H; are C- (N°) and A-centers (Ng), and thus the NH°
and NoHC defects are logical candidates for the 3343 and 3394 cm™!
peaks.

To test this hypothesis, static DFPT and ab initio molecular dynamics
(AIMD) simulations of the vibrational properties of NH and NyH defects
were conducted and the results are given in Table 3. Several NH and NoH
configurations are possible for which different structures and charge-
states are assumed. The validity of each simulation method was veri-
fied by simulating the fundamental C—H stretching (vs in cm 1) and
bending (vp in em ™) frequency of the VN3H0 defect that corresponds to
known peaks at 3107 and 1405 cm ™, respectively [5]. Here, both DFPT
and AIMD vg and vg frequencies provide consistent results and are in
excellent agreement with observation (1.22 and 0.48 % difference for
the DFPT and AIMD stretching frequencies, respectively). A large-scale
molecular dynamics machine-learning (MLMD) simulation with
machine-learning interatomic potentials of the NH® defect in configu-
ration (1) in an 8 x 8 x 8 (4096C atom) supercell produce vs (3376
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Fig. 3. Trends in the occurrence and intensity of H-related peaks with %IaA. (a) FTIR spectrum of sample 665540 (%IaA = 14.5) showing intense 3343, 3373 and
3394 cm ™! peaks and a very weak 3107 cm™! peak. (b) FTIR spectrum of sample 168429 (%IaA = 26.9) showing relatively less intense 3343, 3373 and 3394 cm™!
peaks and a more intense 3107 cm ™! peak in addition to several other weak H-related peaks. (c) FTIR spectrum of sample 744446 (%laA = 69.8) showing very weak
3343 and 3394 cm™! peaks and a relatively intense 3107 cm ™! peak. (d) FTIR spectrum of sample 669995 (%laA = 31.0) showing an extremely large number of
different peaks including those at 3343, 3373, 3394 and 3107 cm*. N-defect contents and N-aggregation states (%IaA) of each sample were calculated using the

deconvolution routine of [26] and are indicated in the respective figures.

cm ) close to the AIMD vs (3349 cm’l), indicating that the DFPT and
AIMD simulations of smaller supercells still provide relevant results to
interpret the observed diamond spectrum with significantly lower defect
contents. The vs computed for VN3H0 and NHC in previous studies [7]
(Table C.1, Appendix C) are also consistent with the vg values reported
here. The vibrational properties of NoH® have not been previously re-
ported in the literature.

In Fig. 5, the calculated vs for NH, NoH and VN3HC are plotted against
the corresponding (observed) peak positions. Overall, vg calculated for
the neutral NH? defect in configuration (1) and for the neutral N2H°
defect in configuration (3) are in best agreement with the observed 3394
and 3343 cm ™! peaks, respectively (differences range from 0.5 to 2.3 %,
Table 3). The calculated vg for NH® and N,HC defects range from 1401 to
1463 cm ™), consistent with the observation of several peaks between
1405 and 1428 cm ™! (Figs. 2d and B.1, Appendix B). Although previous
simulations of VN,H3 (Table C.1, Appendix C) also produce vs close to
3394 and 3343 cm ™!, two C—H stretching peaks with proportional in-
tensity would be expected. The calculated vg for VH and VHj in previous
studies (Table C.1, Appendix C) are also close to 3394 and 3343 cm™*
but they do not contain N and thus are unlikely candidates for these two
peaks. The VH3, VNH3 and VH,4 defects were not considered as the
calculated vg for such defects is typically >3500 em ! [8]. Moreover, it
is unlikely that isolated vacancies (as opposed to N) serve as the domi-
nant means by which H; is trapped (and thus observed in experiment) as
isolated vacancies are annealed out of diamond at relatively low tem-
peratures (800 °C) [46].

Previous assignments of H-related defects to specific peaks are based
largely on their occurrence in the C—H stretching region [43,44] and,
with the exception of 3107 cm ! (VN3H0), no rigorous peak-defect as-
signments have been made for Type Ib + IaA diamonds until now. Woods

and Collins [44] were the first to observe peaks at 3343, 3373, and 3394
em™! in Type Ib + IaA diamonds although they were accompanied by
other relatively intense H-related peaks such as 3107 cm ™. Gentile et al.
[7] tentatively assigned the 3394 cm™! peak to the NH defect based on
agreement with data from ab initio simulations but no attempts to assign
a specific defect to the 3343 cm ™! peak has been made until now.

Based on the agreement with DFPT, AIMD and MLMD simulations
and peak intensity correlations, we assign the 3394 and 3343 cm™!
peaks to vg of the NH® and N2H0 defects in configurations (1) and (3),
respectively (Table 3). This peak-defect assignment is supported by
observation of shoulders at 3335 and 3388 c¢cm ! (Fig. 2b) which are
consistent with substitution of *2C by '3C which is known to have a C—H
peak-shifting effect of ~9 ecm ! [5] (e.g., 3343-3335 = 8 cm’l), as is
observed at ~3098 cm ! for the 3107 cm ™ * peak [44]. The NH? defect in
configuration (1) is shown in Fig. 6a, this defect has point symmetry Cs,
where the C—H bond points towards the N atom (Fig. 6b) (no symmetry
constraint was applied during modeling, leading to a very slight de-
parture of the model from Cz, symmetry). The N,HC defect in configu-
ration (3) is shown in Fig. 6c¢, this defect has point symmetry C; where
one N atom bonds directly to the H-bonded C atom and the C—H bond
points towards the other N atom (Fig. 6d). Vacancies are not involved in
either defect.

For NH? and N,H°, one (vg) and two C—H bending modes (vg; and
vp2) are expected, respectively (Table 3). A rigorous assignment of the vg
of the NH? and N,H° defects to observed peaks between 1405 and 1428
cm ! (Figs. 2d and B.1, Appendix B) is difficult due to (i) overlap at
1405 cm ! due to the vg of the VN3H0 defect [5], (ii) peak overlap due to
(self-)interstitial complexes [26] and (iii) noise due to atmospheric HyO.
However, two observed peaks at 4797 and 4764 em! (Fig. 2c) likely
correspond to vs + vg combination bands, akin to the observed 4496



M.C. Day et al.
16
a
14 4
R2 = 0.9276 o
12 ] n178)=0.95, p <a(.05)
o
AR |
o T
:ro’ 0.8 - 0o . o
o
® 06 | @  %e®
-
02="0 0 o
1 RS
04 09-6'0 o o
.0 O
0.2 ‘.9‘&:0 p
P °
0 . . . . . .
0 0.2 0.4 0.6 0.8 1 1.2
3343 (cm™!
25 - ey
o]
C
2 i
o
o]
o ®
6@""?('0‘-&) oY 2
0.6 0.8 1 1.2
3343 (cm™)

3394 (cm') normalized to N,

Diamond & Related Materials 158 (2025) 112654

0.035 -
° $
003 1 Rz2=0.9585
n(178) = 0.98, p < a(.05)
0.025 & s
o’
o
0.02 A 8 s
0.015 oo
,,,,, o)
0.01 } )
.-Q.. .
0.005 o,.-°';,o%°9 °
o O
ge ©
0 ﬁ . . . . :
0 0.005 0.01 0.015 0.02 0.025
3343 (cm™") normalized to N,
2.5 1
d
2 -
o
= b o
c 1540
§ {c°
= B
o ,¢°
k. D)
s :
05 °
..... o @®
.............. 00
0 SRasan 2 > G R 500 : o 2 ,
0 0.2 04 0.6 0.8 1 12 14
3394 (cm™)

Fig. 4. Intensity correlations between the 3343, 3394 and 3107 peaks. (a) The 3394 cm ™! peak intensity plotted as a function of the 3343 cm™! peak intensity
showing a positive linear correlation. (b) The 3394 cm ™! peak intensity plotted as a function of the 3343 cm ! peak intensity both normalized to the total N content
(Niop) showing a stronger linear correlation compared to (a). (c) The 3107 cm ™! peak intensity plotted as a function of the 3343 cm™! peak intensity showing a
negative exponential correlation. (d) The 3107 cm™! peak intensity plotted as a function of the 3394 cm ™! peak intensity showing a negative exponential correlation.
The statistical significance of the correlation in (a) and (b) is determined by calculating the Pearson correlation coefficient (r) and conducting standard two-tailed t-
tests at a = 0.05 (i.e., 97.5 % confidence). The R? values are also reported in (a) and (b).

cm! peak assigned to a (3107 + 1405 cm’l) combination band of the
VN3H° defect [8]. Assuming that each peak is related to different de-
fects, the best agreement with observed peaks in the C—H bending re-
gion leads to the assignment of the 4797 and 4764 cm ™! bands to NH°
and N,H?, respectively. Here, expected C—H bending modes at ~1403
em ™! (4797-3394 = 1403 em 1) for NH® and ~ 1421 em ™ (4764-3343
= 1421 ecm ™) for NoH® may correspond to observed peaks at 1408 (or
1415) and 1428 cm ™%, respectively (Fig. 2d). Two peaks at 2895 and
2904 cm ! (Fig. B3, Appendix B) are observed when the 3343 and 3394
em™! peaks are relatively intense. These peaks may correspond to
combination or overtone bands of the NH? and N,H° defects, akin to the
2786 cm ! peak assigned to a (2 x 1405 cm 1) overtone band of the
VN3H0 defect [8].

3.3. Formation and aggregation of the first-formed H-related defects

The 3343 and 3394 cm ™! peaks are often the only C—H stretching
peaks observed in poorly aggregated diamonds (<30 %laA). Therefore,
NHC and N,H? are likely the first H-bearing point defects that form in
Type I (N-bearing) natural diamond. Inspection of Fig. 7 shows that
annealing to ~15 %IaA is required to generate significant NH® and NoH®
contents which decrease at ~35-40 %laA. During the initial mantle
residence (annealing) period (up to ~40 %laA), NH® and N2H0 may
form as follows;

[1] N? + H; = NH°

[2] NH® + N2 = N,H°
[3] N§ + H; = N,H°

If one assumes [2] is the dominant sequence by which N2HO forms,
one should expect an inverse correlation between the 3343 and 3394
em™! peak intensities which is not observed (Fig. 7). Thus, N2H0 likely
forms according to sequence [3], which acts to decrease A-center (Ng)
content and thus %IaA. This is evidenced in sample Z-16, where the
yellow zone that contains NH? and NoH?, has a slightly lower %IaA than
the colorless zone (Table 1). At ~30 %]laA, the average VN3H0 content
increases coincident with a decrease in NH® and N,H° content sug-
gesting they are consumed with continued aggregation to produce
VN3H®. This observation is in contrast with the commonly proposed
formation mechanism for VN3H0 where an N3-center (VNg) traps H; [5].
The IR spectrum of the yellow zone of sample Z-16 shows a weak peak at
3107 ecm™! but no peaks in the PL spectrum (Table A.3, Appendix A)
attributed to VN3 [3] suggesting VN3H® formed via alternative
sequences.

Our results suggest the majority of H; is trapped by N§ and NI (se-
quences [1,3] above) much earlier during C — A aggregation that pre-
viously thought. Assuming vacancy-assisted aggregation, the following
sequences for VN3H involving NH® and NoH? are possible;

[4] NH° + NV° = VN,H°
VN,H + N2 = VN3HO
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Table 3
Calculated C—H vibrational frequencies (em™) and C—H bond lengths from DFPT, AIMD and MLMD simulations of different V/N/H-related defects in diamond.
Defect Configuration Sim. type vs (em™1) vg (em™1) ovt. bands (cm™1) comb. bands (cm ™) Vs(obs)/Vs(eale) (%) <dC-H> (A)
NH° (1) N <« H-C DFPT 3326 1411~ - 4737 (vs + vp) 2.02 1.040
NH° (2) N - H-C DFPT 3511 1871* - 5382 (vs + vp) 3.36 1.030
NH° (1) N <« HC AIMD 3349 1401 2795 (2xvp) 4693 (vs + vp) 1.34
4166 (3xvp) 1948
6674 (2xvg) 2535
2715
NH° (1) N <« H-C MLMD 3376 1451 2895 (2xvp) 4833 (vs + vp) 0.53
4667
NH" (1) N < H-C DFPT 2601 1337 - 3938 (vs + vB) 26.45 1.178
NH (1) N < H-C DFPT 2995 1472 - 4467 (vs + vB) 12.49 1.061
NZH0 (3) trig. N bonded to CH DFPT 3277 1408 (vg1) - 4685 (vs + vp1) 1.99 1.044
1463 (v2) 4740 (vs + vp2)
N,H° (3) trig. N bonded to CH AIMD. 3268 1394 (vg1) 2792 (2xvp1) 4667 (vs + Vvp1) 2.27
1451 (vg2) 2902 (2xv32) 4720 (vs + Vp2)
4113 (3xvp1) 3786
4446 (3xvpy) 4013
6541 (2xvs) 6174
NoH* (4) tetra. N bonded to CH DFPT 3149 1429 (vg1) . 4578 (vs + vp1) 5.98 1.053
1483 (vg2) 4642 (vs + vp2)
NoH* (5) CH pointing to one N DFPT 3484 1385 (V1) - 4869 (vs + vp1) 4.13 1.031
1397 (v2) 4881 (vs + Vi)
NoH* (6) H between both N DFPT 2339 1611* - 3950 (vs + vB) 35.37
VN3HC (7) trigonal DFPT 3145 1376* - 4521 (vs + vp) 1.22 1.076
VN3H® (7) trigonal AIMD 3092 1371 2739 (2xvp) 4466 (vs + vp) 0.48
4113 (3xvp) 3572
6201 (2xvg) 3919
VN,H3 (8) DFPT 3350 1287 - - 1.30 (vs.3394) 1.053
3524 1294 0.21 (vs.3343)
1339 3.76 (vs.3394)
1640 5.27 (vs.3343)

Density functional perturbation theory (DFPT) simulations performed at 0 K using a GGA functional and 64-atom cell.

Ab initio molecular dynamics (AIMD) simulations performed at 300 K (room temperature) using a GGA functional and 64-atom cell and machine-learning molecular
dynamics (MLDM) simulations performed at 300 K using a GGA functional and 4096-atom cell. * twicely degenerated modes.

Harmonic and anharmonic vibrational frequencies (cm™) are reported for DFPT and dynamical simulations, respectively.

Configurations (1) (N « HC) (Fig. 6a/b) and (2) (N — HC) indicate an NHC defect where the C—H bond points towards and away from N, respectively. For N2H0 in
configuration (3) (Fig. 6¢/d), vg1 and vz have calculated IR-activities of 0.0396 and 3.5194 (D/A)Z/amu, respectively.

The origin of calculated overtone and combination bands in dynamical simulations that are not assigned a vibrational mode (e.g., (vs + vg)) are unknown.

The difference between calculated (Vs(calc)) and observed (Vs(obs)) C—H stretching frequencies (Vs(obs)/Vs(calc), €xpressed as % difference) is determined by assuming
NHC and N,H? correspond to the observed 3394 and 3343 cm ™! peaks, respectively. For VN3H’, Vs(calc) is compared to the known G—H stretching mode observed at
3107 ecm ™! and for VN,H, Vs(cale) iS compared to both the 3394 and 3343 em! peaks (e.8., Vs-3394 and Vs-3343)-

[5]1 NH° + v° = vNH®
VNH® + N3 = VN5H°
[6] NH® + VNI = VN;H°
[71 NoH® + V0 = VN, H°
VN,H? + N9 = VN3HO
[8] NoH° + NV° = VN3H®

Alternatively, such sequences may involve charged defects, for
example;

[9]1 NH® + NV~ = VN,H™
VNoH™ + N¢ = VNgH

Evidence for the reagents (i.e., NV -, Ng, VNg, V% in each sequence
are observed in the PL spectra of sample Z-16 where several peaks have
been assigned, although tentatively, to various N/V-related defects and
different nickel (Ni-) and (self-)interstitial (C;/N;)-related defects
(Table A.3, Appendix A). Moreover, intermediate defects such as VNZH0
may correspond to additional H-related peaks (e.g., 3144 and 3182-85
em ™}, Fig. 3) that appear at ~30 %IaA and become relatively more
intense with increasing %IaA (e.g., Fig. B.2b, Appendix B). In fact,
previous studies have shown an intensity correlation between the VN,H°
electron paramagnetic resonance (EPR) signal and IR peaks at 1375 and
1378 cm ™}, both of which are observed here [4,47,48] (Figs. 2d and B.1,
Appendix B). The other intermediate H-related defect, VNH’, corre-
sponds to a known peak at 3123-3124 cm ™! thatis rarely observed (or is
relatively weak) in the spectra studied here, in accord with observations

of this peak in almost exclusively in CVD diamonds [49,50]. Therefore,
sequence [5] may be less operative especially in diamonds with high N
contents which may drive aggregation of NH? according to sequences
[4] and/or [6]. A relatively weak peak at 3236-37 cm ™ is observed in
spectra with high %IaA suggesting formation of VN4H® [24] requires
higher degrees of annealing.

Ten spectra show an unusually large number of peaks between 3100
and 3400 cm ™! (e.g., Fig. 3d). As eight of these spectra have N-aggre-
gation states of ~20-40 %laA, it is tempting to attribute these peaks to a
transitional behaviour of H-defects where NH® and N,H® combine with
other V/N-related defects producing many H-related defects and thus
many distinct C—H modes (peaks). Similarly complex signal in the C—H
stretching region has been observed Type IbXY orange-brown diamonds
[45] and Type Ib + IaA orange-yellow 480 nm diamonds [51] which have
been shown to contain different Ni- and oxygen(O)-related defects
[51,52]. Therefore, it is possible that some of the C—H peaks are asso-
ciated with H-defects containing atoms other than N, such as Ni and/or
0.

3.4. Incorporation of N and H during diamond growth

During growth, N is incorporated as a structural (covalently bonded)
atom, rather than in an interstitial form (e.g., N; or Ny;). Diamond syn-
thesis experiments show that N is readily incorporated as N during
growth with preference for octahedral (111) sectors compared to cuboid
(100) sectors [53,54]. However, this does not preclude formation of N;
or Ny; as substitution for Ng by C; (N(s) +Ci=N;+C)or Ng by C; (Ng +G;
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Fig. 5. Comparison of the observed and calculated C—H stretching frequencies
for the NH®, N,H® and VN3HC defects. The C—H stretching frequencies (IR peak
positions) for the NH®, N,H° and VN3H® defects are shown in blue, yellow and
green, respectively. Small circles indicate C—H stretching frequencies
computed in previous studies (see Table C.1, Appendix C). For NH° in config-
uration (1), large circles indicate C—H stretching frequencies from DFPT sim-
ulations (at 0 K using a GGA functional and 64-atom cell). For NH® in
configuration (2), the diamond indicates the C—H stretching frequency from
DFPT simulations (at 0 K using a GGA functional and 64-atom cell). For NZH0 in
configuration (3), the large circle indicates the C—H stretching frequency from
DFPT simulations (at O K using a GGA functional and 64-atom cell). For NH in
configuration (4) and (5), diamonds indicate the C—H stretching frequencies
from DFPT simulations (at O K using a GGA functional and 64-atom cells). For
VN3HC in configuration (7), large circles indicate C—H stretching frequencies
from DFPT simulations (at 0 K using a GGA functional and 64-atom cell).
Squares indicate C—H stretching frequencies from AIMD simulations (at 300 K
using a GGA functional and 64-atom cell) and triangles from MLMD simulations
(at 300 K using a GGA functional and 4096-atom cell). Data from all simula-
tions conducted in this study are given in Table 3.

= Ny; + C) have relatively low activation energies (eV = 1.6) [55]. Here,
C; may form via structural deformation and/or irradiation or by C — Ni
substitution [56,57]. PL spectra of sample Z-16 shows several peaks
attributed to N;/C;related defects (Table A.3, Appendix A). Moreover,
some of the IR spectra show amber centers (broad bands at ~4064 and
~4109 cm™)) indicating plastic deformation [58,59] which may
generate vacancies and in turn, C; and N;.

Theoretical work and synthesis experiments show that H may be
incorporated as hydrogenated sp? carbon and/or in a molecular (Hy) or
atomic/ionic form occupying dislocations or interstitial sites [2,60]. The
rate at which H; is trapped by N is a function of the concentration and
spatial distribution of N and H; and the H; diffusion rate. For sample Z-
16, the yellow zone shows a higher average Ny than the colorless zone
(Table 1) and in-turn serves as a larger sink for H;. The lower N-aggre-
gation state of the yellow zone reflects how trapping of H; by Ng and N3
may supress C — A aggregation. Interestingly, samples with %IaA < ~10
show only relatively weak peaks at 3343 and 3394 cm™'. This is ex-
pected for 3343 cm ™! as some degree of annealing is required to drive
sequence [3] and in-turn, produce Ng (via Ng + Ng) such that it can trap
H; to form N,HC. However, for 3394 cm™ !, this observation implies that
initial trapping of H; by Ng occurs gradually from ~0-10 %IaA. During
this initial annealing period, incorporated H; diffuses extremely quickly
[61,62] increasing the probability that it encounters N or N and is
trapped.

These results also have important implications for the controlled
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production of point-defects in synthetic diamond with useful techno-
logical applications, for example the NV~ defect which has an electron
spin state conducive to quantum sensing and information storage ap-
plications [10,11]. The properties of NV are altered when passivated by
H* (forming VNH? defects) representing a major problem in the syn-
thesis of NV -bearing diamond via chemical vapor deposition from gas
mixtures containing Hy [62]. PL peaks at 575.0 and 637.1 nm attributed
to NV~ and NV°, respectively (Table A.3, Appendix A) are significantly
more intense in the yellow zone of sample Z-16 indicating that the
majority of H; is trapped by N§ and N3 (forming NH® and N,H®) and not
NV° thus mitigating production of VNH/° [62]. However, although
relatively weak, the 3124 em ™! peak (due to VNH?) is observed in some
spectra suggesting that during primary growth (or post-growth heat/
irradiation treatment), VNH® may form by NH® + V° also reducing the
yield of NV . These early N/H-aggregation sequences should also be
considered during the production of semiconducting diamond where H
may complex with substitutional N-defects (and B-defects) modifying
their function as electron donors or acceptors [63].

3.5. Implications for diffusion and re-equilibration of H during mantle
residence

The appearance of NH and N,H? at low N-aggregation states (Fig. 7)
indicates H; is trapped by N during, or shortly after, diamond formation.
As the N content is typically much greater than the H-content of most
Type I diamonds, most H; is likely trapped by N-defects. This H is
retained during mantle residence as disaggregation of most N/H-related
defects in experiments occurs at temperatures (>1600 °C) [23,64,65]
that exceed temperatures of normal mantle residence (1160 + 100 °C)
[66] and kimberlite magmatism (~1300-1400 °C) [67,68]. It follows
that post-growth re-equilibration of H with the ambient mantle via
diffusive-loss of H; is unlikely. However, re-equilibration via diffusive-
gain of H may be possible but the degree of H-diffusion into the inte-
rior of the diamond would be impeded by N, especially in diamonds with
high N contents. Moreover, secondary episodic growth may result in
zones (or coats) with highly variable N and H contents [69,70] but as
NH? and NoH° form shortly after diamond crystallization it is likely
there is minimal diffusion of H between growth zones.

Consequently, the content and isotopic composition of H in Type I
diamond may reflect that of the diamond forming media (fluid or melt)
and thus the parental reservoir from which such media is sourced. Type I
diamonds may be the only means by which otherwise inaccessible pri-
mordial (or recycled) H (H20) reservoirs in the mantle can be studied.
However, care must be taken when selecting such samples, high N
content is favourable as it increases the probability that all initial H; is
preserved (trapped). On the other hand, samples with evidence of sec-
ondary growth or resorption may reflect different sources (composi-
tions) of H and therefore may not reflect the original H-bearing fluid
source and instead a potentially mixed recycled and primordial fluid.

4. Conclusions

By filtering the GIA database, a suite of 178 FTIR spectra recorded
from extremely rare H-bearing Type Ib + IaA diamonds (<0.1 % of
natural diamonds) [25] were selected, affording us a unique opportunity
to examine the initial stages of H-defect formation and aggregation in
diamond. Although numerous peaks are observed in the C—H stretching
region, three peaks at 3343, 3373, and 3394 cm ™! are relatively intense
and are often the only peaks in the C—H stretching region of poorly
aggregated diamonds (<30 %IlaA). It follows that these peaks may
represent the first-formed H-related defect in diamond. Based on
different peak-intensity correlations and excellent agreement with
DFPT, AIMD and MLMD simulations, the 3343 and 3394 cm ™! peaks are
assigned to the C—H stretching modes of the NoH® and NH® defects,
respectively. This assignment is further supported by the observed peaks
at 1408, 1415 and 1428 cm™* which are in agreement with calculated
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Fig. 6. The structure of the NH° and N,HC defects. (a, b) The structure of the NH® defect in configuration (1) (see Table 3). (c, d) The structure of the N,H? defect in
configuration (3). Carbon, nitrogen and hydrogen atoms are shown as grey, blue and red spheres, respectively. All bond distances and interatomic spacings are given
in angstroms (A). Structures were generated using the VESTA V3.4.8 software.
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peak intensity) occurs coincident with a decrease in the NH® and N,H° content (3394 and 3343 cm ! peak intensities, respectively) at ~35-40 %IaA.
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C—H bending modes. Moreover, combination bands at 4764 and 4797
cm™! and overtone bands at 2895 and 2904 cm ™! are in agreement with
calculated (vs + vg) and (2 x vg) modes for N2H° and NHO, respectively
and shoulders at 3335 and 3388 cm™! (on the 3343 and 3394 cm!
peaks, respectively) are in agreement with calculated C—H shifting ef-
fect due to 12C — 13C (~9 cm’l) [5].

Our data shows that the NH® and N,H° defects form when C- and A-
centers trap H; respectively suggesting that H; is trapped during, or
shortly after, the formation of Type I diamonds. This implies that ubiq-
uitous H-defects like VNgHO (3107 ecm™ Y [5] and VN4H0 (3236 em™ D)
[24] may not form by trapping H; (e.g., VNg + H; = VN3H°), as is
commonly proposed [5], but instead by progressive aggregation of
earlier formed defects like NH® and NoHC. This is evidenced by a clear
inverse correlation between the 3343/3394 cm ™! and 3107 cm™? peak
intensities where a decrease in the NH? and NZH0 contents (at ~35-40 %
IaA) is coincident with an increase in VN3H0 contents. Although the
3343 and 3394 cm ! peaks have not been observed in synthetic (CVD)
diamond, the new N/H-related aggregation sequences proposed here
may be particularly important when attempting to increase the yield of
technologically useful defects (e.g., NV~ used for quantum computing
and information storage) whose electromagnetic properties are passiv-
ated by H;. In fact, the prevalence of the VNHY~ defect (3124 cm™!
peak) in CVD diamond suggests that H; may act to impede the produc-
tion of NV~ by NV~ + H; = VYNHY” ~ where H is sourced from the H,
gas. However, the prevalence of NV~ in sample Z-16 suggest that N
and N, preferentially trap H; and thus may offer a solution for enhancing
production of NV¥~ defects in synthetic diamond.

In natural diamonds with sufficiently high N-contents, the majority
of the H; incorporated during diamond formation is trapped, thereby
minimizing re-equilibration of H with the surrounding ambient mantle
regardless of the high diffusivities of H in diamond [61]. It follows that
the H isotopic signature of Type I diamonds may reflect that of the
diamond-forming fluid (or melt) and the primordial and/or recycled
mantle reservoirs from which parental fluids are sourced.
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