
Diamond & Related Materials 143 (2024) 110866

Available online 29 January 2024
0925-9635/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Hydrogen-related defects in diamond: A comparison between observed and 
calculated FTIR spectra 

Maxwell C. Day a,*, Michael C. Jollands b, Davide Novella a, Fabrizio Nestola a, Roberto Dovesi c, 
Martha G. Pamato a 
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A B S T R A C T   

A comprehensive and up-to-date compilation of observed and calculated hydrogen (H)-related peaks that occur 
in the near- and middle-infrared spectra of diamond is presented. The experimental database contains >300 
observed peaks attributed to H-related impurities in natural diamond. The database of calculated peaks includes 
data from first-principles simulations of the FTIR spectra of different VxNyHz defects in diamond and contains 
>300 peaks that correspond to different C-H, N-H, and B-H vibrational modes for each VxNyHz defect. Less than 
~10 % of observed H-related peaks have been assigned to specific defects. Consequently, the computational 
database was constructed to better understand the properties of different VxNyHz defects that may correspond to 
different observed peaks. In general, hydrogen-rich diamonds with a dominant Type Ib character and thus poorly 
aggregated N, show a larger number of low-intensity, H-related peaks compared to diamonds with a dominant 
Type Ia character. For example, ~51 % of observed H-related peaks are only observed in Type Ib diamonds, ~9 % 
of peaks are only observed in diamonds with a dominant Type Ia character and ~40 % of peaks are observed in 
both Type Ia and Type Ib diamonds. There is a major increase in the number of distinct H-related peaks in Type 
IaA + Ib diamonds compared to Type Ib diamonds suggesting N-aggregation processes responsible for the for
mation of A-centers may also produce many distinct VxNyHz defects capable of trapping H. There is a major 
decrease in the number of H-related peaks in Type IaA > Ib diamonds compared to Type IaA + Ib diamonds 
suggesting that many of the VxNyHz defects associated with the initial production of A-centers become unstable 
with increasing mantle residence time and the progressive loss of C-centers. These defects likely combine (or 
disaggregate and then re-combine) to form fewer, relatively more intense, H-related peaks observed in Type IaA 
> Ib diamonds. Many of these peaks persist through continued annealing in the mantle and are observed in Type 
IaA, IaAB, and IaB diamonds. Our data suggests that N and H incorporation are not correlated during diamond 
growth and that in the early stages of diamond residence, H is incorporated into many distinct VxNyHz defects 
that involve C- and A-centers. With continued residence and annealing, and the progressive formation A-centers 
and loss of C-centers, these defects aggregate to form relatively fewer, presumably more stable, VxNyHz defects 
such as VN3H.   

1. Introduction 

Apart from nitrogen (N), hydrogen (H) is the most ubiquitous 
chemical impurity in natural diamond and synthetic diamonds grown at 
high pressure and high temperature (HPHT) or by chemical vapor 
deposition (CVD). The concentration and local bonding environment of 
H may strongly affect the properties of its host diamond such as color, 

luminescence (e.g. [1]), growth (morphology and zonation, e.g. [2]) and 
the formation and evolution of many different point- and extended- 
defects related to extrinsic imperfections (impurities such as N and B 
(boron), see e.g., [3]). Hydrogen in diamond offers a unique and 
powerful proxy through which we can better understand (1) coupled N/ 
H-aggregation processes and their effect on estimations of mantle resi
dence times and temperatures; (2) mechanisms by which impurities 
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such as N and H are incorporated during diamond nucleation and 
growth; (3) controls on the morphology (e.g. cuboid vs. octahedral dia
mond) and the rate of diamond growth; and (4) sources of recycled and 
primordial diamond forming media (e.g., aqueous C-O-H fluids) by H 
isotopic analysis. However, to address such questions, one must first be 
able to reliably and efficiently quantify the concentration and spatial 
distribution of H in diamond. 

Nuclear reaction analysis (NRA) of natural diamond has revealed H 
contents of 500–3500 at.ppm [4] up to 7000 at.ppm [5,6], while ion- 
beam spectrochemical analyses (IBSCA) yield H concentrations up to 1 
at.% [7]. However, both NRA and IBSCA are surface techniques capable 
of measuring H contents down to depths of only ~200 nm or less [8,9] 
and thus are subject to problems related to surface adsorption of H [5]. 
Elastic recoil detection analysis (ERDA) [10] is also a surface technique 
capable of measuring H contents down to similar depths and may also be 
used to determine the 3D distribution of H in diamond (see e.g., 
[11–13]). The high spatial resolution of ERDA has allowed for more 
precise differentiation of H-contents representative of surface adsorbed 
H and bulk H contents (e.g. [14,15]) compared to the other surface 
techniques and is a more reliable method for the bulk determination of H 
in diamond. Nanoscale secondary ion mass spectrometry (NanoSIMS) 
has seen considerable use for the determination of H content in natural 
and synthetic diamond (e.g. [16,17]) due to its relatively high precision 
and low detection limits. However, the use of NanoSIMS requires that 
one overcomes several difficulties related to the calibration of diamond 
standards with known H content, and accounting for surface contami
nation by H and H gas in the vacuum environment [16,18]. Bulk tech
niques such as proton-proton scattering (PPS) (e.g. [9,19]) can also be 
used to determine H contents at extremely low concentrations (<1 at. 
ppm) at micron-scale depth resolution across relatively thick diamond 
sections (~ ≤ 100 μm) [20]. PPS is particularly useful as it can be used to 
reconstruct the three-dimensional distribution of H across a diamond 
section to evaluate controls on H incorporation related to morphology, 
structural deformation and N content. 

In general, the methods described above are reasonably accurate 
down to H contents of ~ < 50 at.ppm [6] and have shown that the 
distribution of H in individual diamonds may show considerable het
erogeneity (e.g. zones with a few ppm to 4000 at.ppm H [6]). This ap
pears to be largely controlled by growth morphology, where cuboid 
diamond, and/or cuboid sectors in mixed-morphology diamond, tend to 
show relatively higher H contents than octahedral sectors [2,15,21]. It is 
not clear if the apparent preferential incorporation of H into cuboid 
sectors is related to a cuboid growth mechanism or simply the medium 
from which cuboid growth occurs. However, it has been demonstrated 
for asteriated diamonds that lobe-shaped, H-rich cuboid sectors and the 
surrounding octahedral host diamond grew simultaneously [2,22] sug
gesting that a H-rich growth medium drives the formation of such 
cuboid sectors due to an increased ability to incorporate H compared to 
octahedral sectors. Fibrous diamonds (fully fibrous and/or coats, see e. 
g., [23]) also show relatively higher total H-content than octahedral 
diamond. However, meaningful comparisons between growth mecha
nisms are difficult as much of the H in fibrous diamonds is associated 
with micro- to nano-scale fluid and/or mineral inclusions that may be 
representative of the diamond forming fluids/melts. 

The surface and/or bulk techniques described above do not provide 
information about the local bonding environment of H in diamond. 
Therefore, spectroscopic techniques, such as Fourier-transform infrared 
(FTIR), Raman and ultraviolet-visible (UV–Vis) spectroscopy are used 
when attempting to understand aspects of H-bonding and H-related 
defect configurations in diamond. Bulk techniques typically yield total H 
contents that show poor correlation with H-related peak intensities, the 
most common of which is the 3107 cm− 1 peak observed in the FTIR 
spectra of many Type Ia natural diamonds (diamonds that contain N 
contents detectable by routine FTIR spectroscopy, see Appendix C) 
which has been attributed to a C-H stretching mode associated with the 
VN3H defect (see Section 3.1) [24,25]. Rigorous calculation of H-content 

by analysis of H-related peaks in the FTIR spectra of diamond is not yet 
possible as this requires knowledge of exactly which absorption bands 
involve H and the absorption coefficients of the corresponding H-de
fects, which may be significantly different for different H-related defects 
(e.g., [9]). In other words, there is not a 1:1 correspondence between the 
relative concentration of two different H-defects and the intensity of 
their signals in the infrared. Moreover, only a small proportion of H in 
diamond may be (FTIR-) optically-active [6]. Hydrogen may occupy 
positions associated with defects or lattice interstices where H-bonding 
has a null (or negligible) dipole moment and is thus optically-inactive. 
To complicate matters more, significant quantities of optically-active 
H may be present in micro- to nano-scale fluid and/or mineral in
clusions and may correspond to H-related peaks that are incorrectly 
attributed to discrete VxNyHz defects. Therefore, caution must be taken 
when evaluating H-related defect concentrations by comparison of FTIR 
peak intensities, or in general, when attempting to quantify any aspect of 
H in diamond based solely on peaks intensity (i.e., peak height or area) 
attributed to H. Nevertheless, several studies have proposed quantitative 
correlations between total H-content and the intensity of the H-related 
peak at 3107 cm− 1 or the calculated concentration of the corresponding 
VN3H defect (e.g. [6,9,16,26]). 

As discussed above, the concentration of H in diamond may vary 
considerably both within and between different diamonds. With respect 
to FTIR spectroscopic analysis, H is often detectable in Type Ia and oc
casionally reported in Type Ib diamonds (e.g., [27]). Although rare, H has 
also been detected in Type IIa diamonds [7,28] but at relatively low 
concentrations. To the author's knowledge, H has not been detected in 
pure Type IIb diamonds (Type IIa/b diamonds do not contain detectable 
amounts of N but Type IIb diamonds contain B, see Appendix C). It fol
lows that the formation of H-related defects must be largely dependent 
on N, or more specifically the presence of N- and VN-related defects. 
Although the kinetic processes associated with the formation of H- 
related defects are not completely understood, they almost certainly act 
to inhibit N-aggregation by (1) passivation of dangling C-bonds associ
ated with N- and VN-related defects by interstitial H atoms and/or (2) 
combination of VN-related defects and other H-related defects 
[2,9,24,29–33]. There are a large number of possible H-related (VxNyHz) 
defects (see e.g., [34]) and as the majority of diamonds show only a 
handful of H-related peaks, it is apparent that some defects are more 
energetically favorable than others. In recent years, first-principles 
(quantum-mechanical) simulations (e.g. [25,35,36]) of FTIR spectra 
for different H-related defects have aided in the assignment of particular 
H-related peaks to specific defects (e.g., the 3107 cm− 1 peak to VN3H, 
[24]). Moreover, the discovery and description of a sub-group of natural 
diamonds termed hydrogen-rich diamonds [37,38] have led to the dis
covery of a large number of H-related peaks that are absent (or have 
intensities below detection) in most Type Ia and Type Ib H-bearing di
amonds (e.g. [27,29,39–41]. Hydrogen-rich Type Ia diamonds are defined 
by a 3107 cm− 1 peak intensity greater than the 2158 cm− 1 peak in
tensity due to intrinsic lattice vibrations in the two-phonon region [2]. 
Hydrogen-rich Type Ib diamonds on the other hand, are characterized by 
a relatively larger number of H-related peaks, the strongest of which is 
typically located at 2972-2973 cm− 1 [41]. 

There has been a large amount of work over the last 40 years doc
umenting and interpreting H-related peaks in the FTIR spectra of natural 
diamond, notable examples include [2,29,30,37,42–44]. However, the 
most comprehensive of such studies was published over a decade ago 
(Dischler, [45]) and the growing relevance of diamond (and related 
materials) in different scientific fields has resulted in a wealth of spec
troscopic data dispersed amongst physics, chemistry, geology, miner
alogy and crystallography journals. Consequently, interpretation of the 
poorly understood (e.g. H-related) peaks in FTIR spectra of diamond is 
difficult and often inconsistent due to difficulties relating to interdisci
plinary access to related studies. In an attempt to remedy this issue, an 
updated database of observed and calculated H-related peaks in the FTIR 
spectra of natural diamonds, compiled from >60 studies from a range of 
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scientific disciplines, is presented in an attempt to (1) provide a 
comprehensive framework upon which the assignment and interpreta
tion of H-related peaks can be made, (2) compare calculated and 
observed peak positions to determine if/why particular VxNyHz defects 
do not occur in natural diamond and, (3) interpret trends in the occur
rence and intensity of H-related peaks as a function of N-aggregation 
state. 

2. An updated FTIR database for H-related peaks 

The database was constructed in two parts; (1) observed H-related 
peaks (Table A.1, Appendix A) and (2) calculated H-related peaks (Ta
bles B.1-B.3, Appendix B). The database focuses solely on the near- and 
middle-infrared spectra of natural diamond and peaks associated with X- 
H stretching and bending frequencies where X = N, C and B. The 
methods by which data were processed and organized in the database is 
described in the following sections. To make this work as accessible as 
possible to researchers in all disciplines, an introductory section has 
been included in Appendix C to familiarize the reader with the Type 
Classification of diamond, N-related defects and basic N-aggregation 
sequences. Following many of the studies included in this paper, a 
modified nomenclature is used for diamond Type Classification to group 
data, this is also described in Appendix C. 

2.1. Experimental data: Observed H-related peaks 

The new database (Table A.1) contains >300 observed peaks 
attributed to hydrogen impurities in natural diamond. Most H-related 
peak positions are compiled from numerous studies ([1]-[48], Table 
A.1), where most peaks are observed in hydrogen-rich Type Ia and Type Ib 
diamonds. An additional 60 FTIR spectra of H-bearing, Type IaB di
amonds were supplied by the Gemological Institute of America (GIA, New 
York) and analyzed by the authors. From these spectra, three hydrogen- 
rich diamonds (samples G1, G2, and G3) were identified and 12 new H- 
related peaks are reported that, prior to this study, have not been 
documented in the literature. The vast majority of peaks in Table A.1 are 
assumed to be due to X-H vibrational modes as they are not observed in 
other H-free diamonds and/or because correlations are observed be
tween the intensity of such peaks with other well-characterized H- 
related peaks (e.g. 3107 cm− 1) (see e.g., [9,39,45]). Although these as
sumptions are generally reasonable, one cannot rule out the possibility 
that some peaks in Table A.1 may be due to vibrational modes associated 
with other impurities observed in natural diamond such as Ni and Si 
[45]. However, these impurities are typically observed at low concen
trations in natural diamond [46,47] or correspond to absorption fre
quencies that do not overlap with those related to H (e.g. [48,49]). 
Moreover, no characteristic peaks associated with B-related defects are 
observed (e.g., 1290, 2460, 2802, 2936 cm− 1, [45]). Therefore, it is 
unlikely that peaks associated with such impurities are incorrectly 
assigned to H-related peaks in the spectral data included in Table A.1. 

In Table A.1, peak positions are listed in order of increasing ab
sorption frequency (wavenumber, cm− 1). Additional information (if 
known) regarding defect-type, stretching/bending modes, normalized 
peak intensity, diamond type and color and the corresponding refer
ences are included for each peak position. Where appropriate, additional 
comments about the relationship between different peaks (e.g., overtone 
and combination bands) and/or peak shape (e.g., broad bands, doublet- 
and shouldered-peaks) is provided. In order to relate different peaks to 
potential H-related defects, calculated peak positions (and associated 
defect types, see Section 2.2) within ±2 cm− 1 of the corresponding 
observed peak position are also listed. A detailed description of each 
data category (column) is given in the footnote of Table A.1. 

2.1.1. FTIR analyses of hydrogen-rich Type IaB diamonds 
FTIR spectra were recorded from samples G1, G2, and G3 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− 1 with 32 scans, over the range 6000–650 
cm–1. These spectra were recorded from cut and polished (round bril
liant) diamonds, so thickness corrections cannot be accurately made. 
Baseline (rubber band) corrections were done using the Fityk V0.9.8 
spectra software [50] and H-related peak centers were determined by 
fitting peaks using pseudo-Voigt functions. The high-frequency range 
from 6000 to 4600 cm− 1 of the spectra for samples G1 and G3 was cut 
and removed from each spectrum as no signal was observed in this 
range. 

The full spectra of samples G1, G2, and G3 are shown in Figs. 1a, 2a 
and 3a, respectively. The spectrum of each sample in the one-phonon 
range from 1550 to 1300 cm− 1 is shown in Figs. 1b, 2b and 3b to 
highlight peaks associated with X-H bending modes. The spectrum of 
each sample in the range ~4600 to ~2700 cm− 1 is shown in Figs. 1c, 2c 
and 3c to highlight peaks associated with X-H stretching modes and 
overtone and combination bands. In Figs. 1c, 2c and 3c, insets of each 
spectrum are provided to show the position of several weak peaks near 
the 3107 cm− 1 peak and an additional inset in Fig. 2a is included to show 
the 4704 cm− 1 and 5888 cm− 1 combination bands which are only 
observed in sample G2. The intensity of the 3107 cm− 1 peak in all three 
samples is greater than the 2158 cm− 1 peak in the two-phonon region 
and thus all samples can be classified as hydrogen-rich as described in 
Section 1. Eleven peaks observed at 1398 cm− 1, 2723 cm− 1, 3035 cm− 1, 
3076 cm− 1, 4442 cm− 1, (samples G1, G2, and G3); 4482 cm− 1 (sample 
G2); 3031 cm− 1, 3127 cm− 1 (sample G3); 3090 cm− 1 (sample G1); and 
3091 cm− 1, 3119 cm− 1 (samples G2 and G3) have not been documented 
in the relevant literature until now. However, in many cases these peaks 
are within 1-3 cm− 1 from documented peak positions and may represent 
the same band. Small differences in absorption frequency for the same 
band may be due to 13C isotopic substitution (e.g. [42]), differences in 
instrumental calibration and/or may be the result of using different 
methods for the determination of peak position (e.g., peak fitting 
algorithms). 

2.2. Quantum chemical data: First-principles simulations of H-related 
defects 

The continued development of quantum chemical ab-initio software 
programs (e.g. Crystal23, [51,52]; AIMPRO; Quantum ESPRESSO 
[53,54]; and ABINIT, [55]) has prompted much recent work on 
computing the properties of defects in diamond using Hartree-Fock 
(HF), Density-Functional Theoretic (DFT) and Molecular Mechanical 
methods. In several of such studies ([1]-[15], Table B.1) the absorption 
frequency (cm− 1) and intensity of peaks corresponding to vibrational 
modes for different VxNyHz defects are calculated. This data is compiled 
in Tables B.1, B.2, and B.3 where peak positions are listed in order of 
increasing absorption frequency (wavenumber, cm− 1) (Table B.1), 
organized by defect type (Table B.2), and listed in order of increasing 
absorption frequency for the VN3H defect (Table B.3). In Tables B.1-B.3, 
details associated with each peak position are provided and include 
defect-type, stretching/bending modes, and normalized (to 3107 cm− 1) 
peak intensities. In addition, software and parameters used for each 
calculation are also provided for each peak position, including defect 
charge-state, quantum spin-state (S), functionals, cell size (e.g., number 
of C atoms), basis set, and sampling scheme. Perhaps most importantly, 
indication of whether or not computation was performed at the harmonic 
or anharmonic level is also reported. Tables B.1 and B.2 contain ~315 
different peaks that correspond to C-H stretching and bending modes of 
14 distinct defects. These include H1 (and D1) and H2 (and H1D1), VHy (y 
= 1-4), NHy (y = 1) and VNxHy (x = 1-4, y = 1-3) (Table B.2) with 
variable charge- and spin-states. However, many peaks have null or 
negligible calculated intensity (normalized to the intensity of the 3107 
cm− 1 peak) and thus are unlikely to be observed when analyzing natural 
samples. 

For any given defect, there is a large degree of scatter in peak 
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positions (cm− 1) as calculations are often performed for variable charge- 
states and quantum spin-states with different functionals, cell sizes, basis 
sets and sampling schemes. Calculations are also done using a variety of 
codes, some of which are not publicly available and thus reproducing 
simulated spectra is often not possible. Moreover, most of the calculated 
peak positions do not account for anharmonicity of C-H vibrational 
modes, which likely has a significant peak-shifting effect for most H- 
related defects. Duncan et al. [56] and Myrick et al. [57] show that the 
harmonic-anharmonic shift for the C-H stretching modes of several 
organic molecules ranges from 100 to 200 cm− 1. Salustro et al. [35] 
show differences in calculated harmonic and anharmonic C-H stretching 
frequencies for the VH1 defect (in its doublet and quadruplet spin-state) 
ranging from 207 cm− 1 to 335 cm− 1. However, these differences are 
strongly dependent on defect type (and charge-/spin-state) and the 
functionals used in the computation. For example, Salustro et al. [34] 
show differences in calculated harmonic and anharmonic C-H stretching 
frequencies for the VNH2 (in its doublet spin-state) of 15 cm− 1 and 35 
cm− 1, the VNH3 of 21 cm− 1 and 57 cm− 1, and the VN2H2 defect of 1 
cm− 1 and 23 cm− 1, respectively. The observed scatter in the calculated 
peak positions and related issues comparing calculated and observed 
peak positions are considered more in Section 4.1. 

3. VxNyHz defects and associated peaks in the infrared 

It is apparent from inspection of Table A.1 that the defect and/or 
vibrational mode associated with most peaks is unknown. However, 
several peaks that are relatively common and intense (e.g., 3236 cm− 1 

and 3107 cm− 1) have received considerable attention in recent years. In 
the following section, a brief review of the evidence proposed to support 

assignment of such peaks to specific H-related defects and/or X-H 
vibrational modes is provided. 

3.1. The VN3H defect and the 3107 cm− 1 family of peaks 

The 3107 cm− 1 peak was first observed by Charette [58] and is 
amongst some of the first evidence for H in diamond (e.g. [59]). The 
3107 cm− 1 peak is ubiquitous in natural Type Ia diamond, is rarely 
observed as a weak peak in Type IIa diamonds [7,28] and is not observed 
in pure Type IIb or Type Ib diamonds [41]. The 3107 cm− 1 band is 
attributed to a C-H stretching mode based on observation of a bending 
mode at 1405 cm− 1 with similar proportional intensity. Additional ev
idences include an isotopically-shifted 13C band with a position (3098 
cm− 1) and relative intensity (~1 % of the 3107 cm− 1 peak, [42]) in 
accord with the expected 12C-H ➔ 13C-H shifting effect (e.g. [60]) and 
the average 13C content of natural diamond (~1.1 %, [29]). 

In diamonds with sufficiently high H contents, additional peaks are 
observed at higher frequency, with the same proportional intensities 
relative to the intensity of the 3107 cm− 1 peak [43]. These peaks 
correspond to the following overtone and combination bands associated 
with fundamental C-H stretching (vS = 3107 cm− 1) and bending (vB =

1405 cm− 1) modes [37]; 
2786 cm− 1 = 2 × vB, overtone. 
4167 cm− 1 = 3 × vB, overtone. 
4496 cm− 1 = (1 × vB,) + (1 × vS,) combination. 
5555 cm− 1 = 4 × vB, overtone. 
5880 cm− 1 = (2 × vB,) + (1 × vS,) combination. 
6070 cm− 1 = 2 × vS, overtone. 
8992 cm− 1 = (2 × vB,) + (2 × vS,) combination. 

Fig. 1. The FTIR spectrum of a hydrogen-rich Type IaB diamond (Sample G1) in the a) 4600–650 cm− 1 frequency range showing several intense H-related peaks, b) 
1540–1300 cm− 1 frequency range showing several peaks related to C-H bending modes, and c) 4600–2680 cm− 1 frequency range showing several peaks related to C- 
H stretching modes and related overtone and combination bands. An additional inset (x′) in the 3160–3025 cm− 1 frequency range is shown to highlight several weak 
H-related peaks in c). Peak positions with a subscripted c (e.g. 2920c) may be due to contamination by grease, glue, or other adhesive materials. 
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Many of these peaks are observed in Figs. 1-3 and small discrepancies 
from the exact overtone and combination products are likely due to 
anharmonicity associated with vS and vB [43] (see Section 4.1 for dis
cussion about anharmonicity). 

Other than the overtone and combination bands, no other peaks have 
intensities that correlate with the intensity of the 3107 cm− 1 and/or 
1405 cm− 1 peaks, thus one can assume the associated defect contains 
one H atom which is related to a single C-H stretching and bending 
frequency. As shown above, N does not bond to H (or H-bonded C) in this 
defect. However, the intensity of the 3107 cm− 1 peak often shows a 
positive correlation with N content [42,61] and thus one can also as
sume N is involved in this defect. Moreover, the absence of the 3107 
cm− 1 peak in pure Type Ib diamonds suggest involvement of highly 
aggregated N (e.g. N3-centers, VN3 defects) or B-centers (VN4 defects) as 
opposed to C-centers (single substitutional N defects), see Appendix C) 
and relatively high defect-formation temperatures or long mantle resi
dence times. This is evidenced by several HPHT experiments in which 
annealing of synthetic Type Ib diamond produces a 3107 cm− 1 peak at 
1900-2100 ◦C where peak intensity increases with increasing tempera
ture up to 2650 ◦C [61,62]. The 3107 cm− 1 peak is also observed in CVD 
diamond during annealing at 2200 ◦C [63]. Uniaxial stress experiments 
suggest the defect associated with the 3107 cm− 1 peak is trigonal and 
the C-H bond is oriented parallel to the [111] crystallographic axis [64]. 
Using the evidence described above, Goss et al. [24] assigned the VN3H 
defect to the 3107 cm− 1 peak family as this is the only trigonal defect 
that involves N and has a single H atom (a single fundamental C-H 
stretching mode). The VN3H defect consists of three substitutional N 
atoms surrounding a vacancy, in which H forms a C-H bond to passivate 

dangling bonds (uncoupled electrons) of the fourth C atom. 
Goss et al. [24] also show that the calculated and observed C-H 

stretching and bending modes are in good agreement (within 3 %) and 
suggest the VN3H defect may form by the trapping of H atoms by N3- 
centers. This is supported by several studies in which inverse correla
tions between the intensity of the N3 and 3107 cm− 1 peaks are observed 
[9,32]. This formation mechanism would presumably suppress N-ag
gregation, specifically the transformation of N3- to B-centers and two 
studies have shown that the concentration of B-centers is inversely 
correlated with the 3107 cm− 1 peak area [31,65]. In Fig. 4, different N- 
aggregation sequences that may produce B-centers and A-centers are 
shown with solid black lines and two distinct aggregation sequences that 
may produce N3-centers and thus VN3H defects are also shown. In Fig. 4, 
the traditional C → A → B aggregation sequence is shown with colored 
arrows and, where possible, the defects involved in each aggregation 
sequence (shown with yellow and white boxes) are plotted with respect 
to these colored arrows following the results of annealing and spectro
scopic studies (as described above). For example, N3-centers are often 
observed in diamonds with detectable amounts of C-, A- and B-centers 
and thus it is not required that all (or most) C-centers must aggregate to 
A-centers before N3-centers can form. Therefore, the VN3 defects (N3- 
centers) are shown with white boxes that overlap with the green (C- 
center), blue (A-center), and orange (B-center) arrows in Fig. 4. 

Evidence exists for numerous potential aggregation (or disaggrega
tion) sequences that lead to the production of N3-centers and thus VN3H 
defects. Most of these involve different combinations of C- and A-centers 
or the disaggregation of B-centers due to plastic deformation [66,67] or 
periods of high-temperature annealing [68] associated with thermal 

Fig. 2. The FTIR spectrum of a hydrogen-rich Type IaB diamond (Sample G2) in the a) 4800–650 cm− 1 frequency range showing several intense H-related peaks. An 
additional inset in the 6000–4600 cm− 1 range highlights the 5888 cm− 1 and 4704 cm− 1 combination bands. b) 1540–1300 cm− 1 frequency range showing several 
peaks related to C-H bending modes, and c) 4600–2680 cm− 1 frequency range showing several peaks related to C-H stretching modes and related overtone and 
combination bands. An additional inset (x′) in the 3270–3025 cm− 1 frequency range is shown to highlight several weak H-related peaks in c). Noise in the 
3900–3560 cm− 1 (in a) and c)) and 1750–1450 cm− 1 (in a) and b)) frequency ranges is due to contamination from atmospheric H2O vapor. Peak positions with a 
subscripted c (e.g. 2920c) may be due to contamination by grease, glue, or other adhesive materials. 
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pulses. An example of B-center disaggregation to produce N3- and C- 
centers is shown with solid red arrows in Fig. 4, where these N3-centers 
may eventually trap H to produce VN3H defects. However, more work is 
required to reliably link evidence of deformation or HT annealing with 
evidence for defect disaggregation. Nevertheless, it is possible that some 
proportion of poorly aggregated N-defects (e.g. C-centers) in some di
amonds are incorrectly interpreted as primary defects. Such diamonds 
will inevitably be incorrectly classified and assigned erroneously low 
mantle residence times and/or temperatures. Woods [69] suggests N3- 
centers form as a bi-product of the aggregation of A-centers to form B- 
centers and Kiflawi and Bruley [70] suggest that A-centers must first 
disaggregate to form isolated N (shown with red dashed arrow, Fig. 4) 
which later re-combines with A-centers to form N3-centers and inter
stitial C (Ci). However, annealing studies of natural Type Ib diamonds 
show production of the 3107 cm− 1 peak coincident with the formation 
of A-centers and continued increase in the intensity of the 3107 cm− 1 

peak as the concentration of A-centers increases and the concentration 
of C-centers decreases (e.g. [71]). This suggests N3-centers may not be a 
prerequisite for the formation of VN3H defects and that several distinct 
aggregation sequences that produce this defect may be operative in 
natural diamond. The most common H-related defect in CVD diamond, 
VNH, (see Section 3.3) has been proposed to form VN3H defects by 
combination with A-centers [24,72]. The observation of the VNH – C-H 
stretching mode at 3122-3124 cm− 1 in hydrogen-rich natural diamond 
[2,21,27] (Table A.1) suggests VN3H defects may also form by combi
nation of VNH and N2 defects before the formation of N3- or B-centers in 
any significant concentration [72]. An example of this aggregation 
sequence is shown with medium dashed black lines in Fig. 4, where a C- 
center combines with a vacancy to produce a VN defect that traps H to 

produce a VNH defect, which in turn combines with an A-center to 
produce a VN3H defect. H3- and H2-centers (VN2 in the neutral and 
negative charge state, respectively) are typically only observed in sig
nificant quantities after HPHT treatment of Type Ia natural diamonds 
resulting in the migration of V (in the neutral or negative charge state) 
and subsequent trapping by A-centers [72,73]. However, a relatively 
intense H3 peak (503 nm zero-phonon line) in the photoluminescence 
spectrum of natural Type IbXY diamond has been observed [40]. It is 
possible that, when at significant concentrations, H3-centers may 
combine with C-centers to produce N3-centers and thus VN3H defects, 
this aggregation sequence is shown with short dashed black lines in 
Fig. 4. The VN3H defect may also be produced by the combination of a V 
and a C-center to produce VN which then combines with an A-center to 
produce a VN3 defect capable of capturing H, this aggregation sequence 
is shown with long dashed black lines in Fig. 4. In fact, there are many 
other aggregation sequences that may form VN3H defects that are not 
shown in Fig. 4. However, determining the degree to which these se
quences are operative in the early stages of diamond residence requires 
more work on determining the activation energy of every step in each 
aggregation sequence (e.g. [74–76]). 

3.2. The 3236 cm− 1 peak 

The peak observed at 3236-3237 cm− 1 is commonly observed in Type 
Ia diamonds and is particularly intense in Type IaB diamonds. The in
tensity of the 3236 cm− 1 peak correlates well with the peaks at 1470 
cm− 1 and 4703-4704 cm− 1 [37,39] and comprise the system vS = 3236 
cm− 1, vB = 1470 cm− 1 and vS + vB (combination) = 4706 cm− 1. Unlike 
the 3107 cm− 1 peak, only weak correlation between the presence or 

Fig. 3. The FTIR spectrum of a hydrogen-rich Type IaB diamond (Sample G3) in the a) 4600–650 cm− 1 frequency range showing several intense H-related peaks, b) 
1540–1300 cm− 1 frequency range showing several peaks related to C-H bending modes, and c) 4600–2680 cm− 1 frequency range showing several peaks related to C- 
H stretching modes and related overtone and combination bands. Additional insets in the 3140–3025 cm− 1 (x′) and 4550–4400 cm− 1 (y′) frequency ranges are 
shown to highlight several weak H-related peaks due to X-H stretching modes and overtones and combinations, respectively. Peak positions with a subscripted c (e.g. 
2920c) may be due to contamination by grease, glue, or other adhesive materials. 
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intensity of the 3236 cm− 1 peak and growth morphology (cuboid vs. 
octahedral sectors) is observed. Moreover, no correlation between the 
intensity of the 3236 cm− 1 and 3107 cm− 1 peaks (or any other C-H 
stretching peaks) is observed [2]. This can be seen, for example, by 
comparing these two peaks in Figs. 1a, 2a and 3a. This suggests the 3236 
cm− 1 peak is related to a unique H-related defect that forms independent 
of the traditional N-aggregation sequence associated with formation of 
the VN3H defect (Fig. 4). The above observations and the strong corre
lation between total N content and 3236 cm− 1 peak intensity [9] suggest 
a fundamental N-H stretching mode may be responsible for the 3236 
cm− 1 peak [29,60]. 

Gu et al. [77] assigned the 3236 cm− 1 peak to a platelet-centered 
VN4H defect formed by trapping of H by VN4 defects. However, in VN4, 
each substitutional N forms three covalent C-H bonds with adjacent C 
atoms and a lone pair. Therefore, in VN4, there are no uncoupled elec
trons that may form C-H bonds. Gu et al. [77] reconcile this by proposing 
a formation mechanism where N substitutes for interstitial C in a platelet 
and sp2 hybridization of N and C allow for trapping of H by N and the 
formation of a VN4H defect in a pseudo-tetrahedral arrangement. In this 
defect, two of the N atoms have dangling bonds and Gu et al. [77] 
suggest a platelet-centered VN4H2 defect may also form. The platelet- 
centered VN4H defect is expected to have only one fundamental 
stretching and bending mode (one H atom) as is observed for the 3236 
cm− 1 peak. The general negative correlation between the intensities of 
the 3236 cm− 1 peak and platelet peak (e.g. the 1367 cm− 1 peak in 
Figs. 1-3) suggest formation of the VN4H defect may act to quench 
platelet growth. In addition, the computed peak positions for the VN4H 
defect are in good agreement with the 3236 cm− 1 peak (see [77]). 
However, poor correlation between the intensity of the 3236 cm− 1 peak 

and the concentration of A-centers and B-centers [9] is problematic. 
Either there is sufficient H to convert enough B-centers to VN4H defects 
such that any correlation is eliminated (or masked) or the aggregation 
processes responsible for the production of interstitial C and platelets, 
and thus platelet-centered VN4H defects, occur earlier on (during resi
dence) than traditional C➔A➔B-center sequences (e.g. combination of 
VN2 and N2 (A-center)). This may explain the appearance of the 3236 
cm− 1 peak in diamond with a low N-aggregation state. 

3.3. Other H-related peaks and associated defects 

Song et al. [71] describes a peak at 3143 cm− 1 in natural Type Ib 
diamond, the intensity of which is roughly correlated with the intensity 
of the 3107 cm− 1 peak. The 3143 cm− 1 peak is only observed in natural 
diamonds that contain C- and A-centers but not diamonds that contain 
only C-centers [41,42]. HPHT experiments on natural Type Ib diamonds 
show a coincident increase in the intensity of the 3107 cm− 1 peak and 
formation of the 3143 cm− 1 peak during annealing at 2200 ◦C [71]. In 
general, the intensity of the 3143 cm− 1 peak increases as the ratio of C- 
centers to A-centers decreases but is not observed when all C-centers are 
converted to more aggregated forms of N. It follows that formation of the 
3143 cm− 1 defect must be related to the C- to A-center aggregation 
processes, and the corresponding defect is likely more energetically 
favorable than C-centers but less favorable than A-centers. Song et al. 
[71] have assigned the 3143 cm− 1 peak to a C-H stretching mode 
associated the “VN3H…C-N” defect, a VN3H defect connected to a C- 
center via H bonding. 

In Table A.1, several peaks have been tentatively assigned to 
stretching or bending modes based on spectral similarities with 

Fig. 4. A flow chart showing different aggregation sequences that may produce the VN3H defect (shown in green boxes) and associated defects such as N3- and B- 
centers. Aggregation sequences involve the traditional N-related defects, C- (N1), A- (N2), and B-centers (VN4) (shown in yellow boxes) and other defects such as 
interstitial hydrogen (Hi), singular vacancies (V), VN, VN2, VNH, and VN3 (shown in white boxes). Simplified aggregation sequences that produce A- and B-centers 
are shown with solid black lines. Two aggregation sequences that produce VN3H via trapping of H by VN3 (N3-centers) are shown. In the first, a V and a C-center 
combine to produce VN which then combines with an A-center to produce VN3, this aggregation sequence is shown with long dashed black lines. In the second, a V 
and a A-center combine to produce VN2 which then combines with a C-center to produce a VN3 defect, this aggregation sequence is shown with short dashed black 
lines. Here, the A- and C-centers required to form N3- and B-centers are likely largely primary but may also be produced by the disaggregation of B-centers (solid red 
lines) or A-centers (dashed red lines). The aggregation sequence that involves trapping of H by VN to produce VNH which in turn, combine with A-centers to produce 
VN3H is shown with medium dashed black lines. Based on the results of several annealing/spectroscopic experiments (see Section 3.1), the position of the products 
(yellow and white boxes) of each step in every aggregation sequence is plotted with respect to the traditional N-aggregation sequences that produce C-centers (green 
arrow), A-centers (blue arrow), and B-centers (orange arrow). Note how there is a region in which all three of these arrows overlap (purple box) representative of 
diamonds that contain C-, A-, and B-centers (named “ABC” diamonds). 
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analogous synthetic samples. The VNH0 defect is well-characterized in 
CVD diamond and gives rise to a peak at 3123 cm− 1 [78–81] and this 
defect has been assigned to peaks observed at 3122-3124 cm− 1 in nat
ural diamond. The peaks observed at 3050 cm− 1 and 3056 cm− 1 form a 
doublet (see e.g. Figs. 1c and 2c) and are often accompanied by a peak at 
3150 cm− 1 and ~ 3154 cm− 1 [2], which may represent a corresponding 
doublet. The peaks at 3050 cm− 1 and 3150 cm− 1 are attributed to 
symmetric and asymmetric N-H stretching modes [82]. The peak at 
2982 cm− 1 has been associated with a peak at 3055 cm− 1 [83] and may 
also be assigned to a N-H stretching mode if one assumes this peak is the 
same as the 3056 cm− 1 peak. Several peaks in Table A.1 have been 
assigned to general defects (indicated in square brackets) based on 
similarities with calculated peak positions. However, due to the large 
degree of scatter for calculated peak positions (see Section 4.1), this was 
only done for observed peaks in relatively large frequency ranges that 
correspond to only one or two possible calculated peaks positions (e.g. 
VH and VNH defects, Table A.1). 

4. Discussion 

4.1. Defect-peak correlation: Insights from first-principles simulations 

The frequency ranges for observed H-related peaks and calculated 
peaks associated with different VxNyHz defects is shown in Fig. 5. 
Calculated peak positions for VxNyHz defects show a large degree of 
scatter, >500 cm− 1 for most defects. As described in Section 2.2, this is 
expected, at least to some degree, as for a given defect, peak positions 

are calculated for different vibrational modes using different levels of 
theory (e.g. local density approximation (LDA) or gradient corrected 
approximation (GGA) vs. “hybrid” functionals (B3LYP) up to the 
Hartree-Fock approach) at both the harmonic and anharmonic levels. In 
Fig. 5, functionals are indicated by color and all peak positions calcu
lated at the harmonic and anharmonic level are shown with circles and 
triangles, respectively. The majority of simulations were done using the 
PBE or B3LYP functionals (see Table B.1) and in general, the B3LYP 
functional predicts relatively higher frequencies. The B3LYP functional 
was used in the majority of anharmonic simulations which appears to 
shift frequencies to relatively higher wavenumbers compared to iden
tical simulations (using the same functional) completed at the harmonic 
level. 

In Fig. 5, defects are listed based on the number of H atoms they 
contain (1-4). As the number of N atoms involved in each defect in
creases, there is minimal (or no) shift in the corresponding peak posi
tions confirming that in these defects N does not participate in H- 
bonding or bonding to the H-bonded C atom. This is in accord with the 
absence of peak shifting observed in 15N-doped diamonds [61]. As the 
number of H atoms in each defect (vacancy) increases from 1 to 4, the 
average peak position is shifted to higher frequencies (Fig. 5). This trend 
reflects a progressive decrease in the average C-H bond distance due to 
mutual electrostatic repulsion between H in the vacancy. For VNxHy 
defects (where x = 1 to 3, and y = 1 to 3), Salustro et al [35] show that C- 
H bond distances decrease from y = 1 to 3 for a given value of x. For 
example, the C-H bond distances reported by [35] for the defects VNH, 
VNH2, and VNH3 are 1.082, 1.052, and 1.034 Å, respectively. However, 

Fig. 5. Observed peak positions corresponding to X-H bending and stretching modes shown at the top of the figure with red circles, note that these points form a 
continuum from 2700 to 3450 cm− 1. The calculated peak positions corresponding to X-H bending and stretching modes for different VxNyHz defects where x = 0-1, y 
= 0-4, and z = 0-4 are shown with colored circles and triangles. The observed and calculated peaks corresponding to fundamental X-H bending (1350-1550 cm− 1) 
and stretching (2700-3450 cm− 1) modes overlap largely for all defects except VH3, VNH3 and VH4 (red dashed vertical lines). The green dashed vertical line indicates 
the 3107 cm− 1 peak which overlaps with the calculated peak positions for the C-H stretching mode of the VN3H defect, specifically those calculated at the 
anharmonic level. All VxNyHz defects are plotted in order of increasing number of H atoms where defects contain one, two, three, and four H atoms. Here, as the 
number of H atoms involved in each defect increases, there is a systematic increase in the peak position (cm− 1) (shown with red arrows) but no increase in the 
average peak position as the number of N atoms involved in the defect increases. The type of functional used in each calculation are indicated by color and fre
quencies calculated at the harmonic and anharmonic levels are shown with circles and triangles respectively. 
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the degree of repulsion amongst H atoms in a vacancy (and thus the 
corresponding C-H bond-distances and stretching frequencies) are also 
controlled by the C-H bond polarity (which can be estimated from the 
difference in net atomic charge (|e|) of C and H, as evaluated from a 
Mulliken partition of the charge density function). Salustro et al. [35] 
shows that for a given VNxHy defect, the C-H bond polarity, for a given 
value of y, increases as x increases, which in general, acts to increase the 
mutual repulsion between H atoms and reduce the C-H bond distances. 
The quantum spin-state of the defect also influences the C-H bond- 
distance, for example the VNH defect in a singlet and triplet spin-state 
has C-H bond distances of 1.072 and 1.082 Å, respectively [35]. 

Inspection of Fig. 5 shows that there is almost complete overlap 
between observed and calculated peak positions associated with X-H 
bending modes for all defect types. The majority of observed peak po
sitions associated with fundamental X-H stretching modes plot in the 
range 2720-3420 cm− 1 (red dashed lines, Fig. 5) and overlap almost 
completely with calculated peak position for all defect types except VH3, 
VNH3 and VH4. Although it may appear that there is overlap between 
observed peaks and calculated peaks for the VH4 defect between 4167 
and ~4450 cm− 1, these observed peaks correspond to overtone and/or 
combination bands (e.g. see Section 3.1) not fundamental X-H stretching 
modes. The lack of overlap between observed peak positions and those 
computed for the VH3, VNH3 and VH4 defects is in accord with our 
current understanding of N/H-aggregation in natural diamond. In gen
eral, the intensity of H-related peaks increases with N content and the 
trapping of H to form VxNyHz defects is driven by production (and 
subsequent passivation) of dangling carbon bonds through substitution 
of C for N. As H content in most Type I diamonds is relatively low 
compared to N content, it is unlikely that isolated vacancies (instead of 
N) serve as the dominant mode of H trapping, especially as such va
cancies are a means by which N migrates and aggregates [74,84]. 
Moreover, the thermal equilibrium concentration of V has been shown 
to be several orders of magnitude less than the average N concentration 
in diamond at upper mantle temperatures (<1500 ◦C) [74]. However, it 
has also been shown that the concentration of vacancies in octahedral 
(111) growth sectors may be larger than in cuboid (100) sectors [74], 
which in turn, may explain why N-aggregation occurs at a faster rate in 
octahedral sectors compared to cuboid sectors (octahedral sectors have a 
lower C- > A-center activation energy (Ea)) [76,84]. Regardless of 
growth morphology, an extremely H-rich and N-poor growth medium 
would be required for the formation of defects such as VH3 and VH4, 
especially in concentrations sufficiently high to be observed in the 
infrared. 

The computed peak positions for the VN3H defect show relatively 
less scatter compared to the other defects and, as expected, overlap with 
the 3107 cm− 1 peak position (green dashed line, Fig. 5). Inspection of 
Table B.3 shows that computed peaks for the C-H bending mode range 
from 1296 to 1476 cm− 1 and the 1411 cm− 1 peak [36] is in closest 
agreement with the observed VN3H – C-H bending mode at 1405 cm− 1 

(calculated peaks are within 0.4 to 8 % of 1405 cm− 1 peak). Computed 
peaks for the C-H stretching mode range from 3018 to 3262 cm− 1 and 
the 3094 and 3120 cm− 1 peaks [25,85] are in closest agreement with the 
observed VN3H – C-H stretching mode at 3107 cm− 1 (calculated peaks 
are within 0.4 to 5 % of 3107 cm− 1 peak). The 3094 cm− 1 peak position 
was calculated at the anharmonic level and in general, anharmonic peak 
positions are in closer agreement with the 3107 cm− 1 peak (within 0.4 to 
1.7 %) (Table B.3). 

In several studies, agreement between calculated and observed peak 
positions is used to confirm peak-defect assignments. For example, Goss 
et al. [24] produce calculated peak positions for the VN3H – C-H bending 
and stretching modes within 3 % of the observed 1405 and 3107 cm− 1 

peaks. Gu et al. [77] produce calculated peak positions of 3095 and 
3221 cm− 1 for the VN4H – C-H stretching modes within 0.5 to 4 % of the 
observed 3236 cm− 1 peak to which they consequently assign to the 
VN4H defect. As discussed in Sections 3.1 and 3.2, Goss et al. [24] and 
Gu et al. [77] use other lines of evidence to support these peak-defect 

assignments as the degree of scatter for calculated peak positions is 
large. For example, 3 % of the 3107 cm− 1 peak is 93 cm− 1 and inspection 
of Table A.1 shows many calculated peak positions that plot in this range 
and that are associated with defects different than VN3H including VH, 
VH2, VH3, VNH, VN2H, VN4H, VNH2 and VN2H2. Moreover, there are six 
calculated peak positions in closer agreement with the 3107 cm− 1 peak 
than the 3094 and 3120 cm− 1 peaks, these include 3118 cm− 1 (VH2

− ), 
3114 cm− 1 (VH0), 3100 cm− 1 (VH2

+ and VNH2
− ), 3096 cm− 1 (VNH) and 

3095 cm− 1 (VN4H). The case is similar for the 3236 cm− 1 peak, where 
there are five calculated peak positions in closer agreement with the 
3236 cm− 1 peak than the calculated 3221 cm− 1 peak which is used as 
evidence for assignment of this peak to VN4H [77]. These peaks include 
3250 and 3249 cm− 1 (VN3H), 3231 cm− 1 (VH), 3230 cm− 1 (VNH2

0) and 
3224 cm-1 (VNH). 

In general, variability in the computed peak positions for a given 
vibrational mode of a specific defect is too large to make meaningful 
assignments of such defects to observed peaks. Moreover, as anharmo
nicity is not accounted for in the computation of most peak positions 
(see Tables B.1 and B.2), it is unreasonable to expect them plot in good 
agreement with the corresponding observed peaks unless one assumes 
X-H vibrational modes in diamond are largely harmonic which is not the 
case. For vibrational modes that involve heavier atoms (compared to H) 
the anharmonic contribution to the stretching frequency is typically 
small and can be ignored or accurately approximated using perturbation 
theory. However, the anharmonic contribution to X-H stretching modes 
is much larger due to the low atomic mass of H and more rigorous 
methods are required to correct for anharmonicity. Such corrections 
have become extremely effective and have seen considerable use in 
programs like Crystal23 (e.g. the ANHARM correction, [51]). However, 
as there is a large number of observed H-related peaks within 1-5 cm− 1 

of one another (see Table A.1), quantum mechanical calculations (and 
associated corrections) must be capable of simulating peaks positions 
with a similar resolution, and this is not currently the case. It follows that 
one cannot make definitive peak-defect assignments using only calcu
lated peak positions and it is therefore imperative to use additional 
evidence (e.g. defect symmetry, peak intensity correlations, etc.) to 
support peak-defect assignments as was done in the studies by Goss et al. 
[24] and Gu et al. [77]. 

4.2. Observed peak positions and N/H-aggregation processes 

The spectroscopic study of H-related peaks has drastically improved 
our understanding of the relative stability and configurations of several 
VxNyHz defects. However, the mechanisms by which N/H-related defects 
form and aggregate with increasing residence time and temperature 
remains poorly understood. Describing any N/H-aggregation process 
requires that one defines the initial and final environment (i.e., position 
and bonding environment) of H and N atoms. In most Type Ia diamonds 
the final (optically-active) environment of H appears to be largely 
associated with the 3107 cm− 1 family of peaks (VN3H), and to a much 
lesser extent, weaker peaks such as 3236 cm− 1. Defining the initial 
environment of H is much more difficult as the mechanisms by which H 
is incorporated during natural diamond formation are unknown. 
Moreover, the degree of post-growth equilibration via H diffusion is also 
largely unknown. However, several studies suggest the diffusion of H is 
strongly impeded in diamonds that contain various point- (e.g. VxNyHz 
defects) and extended-defects (e.g. platelets) [14,17,86]. Most 
hydrogen-rich Type Ia and Ib diamonds show elevated N contents 
compared to low-H Type Ia and Ib diamonds and in general, the intensity 
of H-related peaks increases with N content (e.g. the 3107 cm− 1 peak is 
only observed in diamonds with aggregated N) (see e.g., [31,65,87]). 
However, no statistically meaningful correlation between measured H 
and N content has been observed and thus it appears that H and N 
incorporation during diamond growth is not correlated [15]. It follows 
that vacancies, N and H are unlikely to be incorporated as aggregate 
defects during diamond formation and growth and instead, form from 
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annealing starting in the early stages of residence in the mantle and/or 
possibly within diamond cores in the later stages of diamond formation. 
The majority of H may be initially incorporated as atoms/ions intersti
tial to the diamond lattice but may also be associated with intragrain 
boundaries, inclusions, and/or dislocations. 

In Fig. 6, all observed peak positions are plotted as a function of 
diamond type (N-aggregation state) from Type Ib + IbXY to Type IaB and 
thus define a trend of increasing aggregation state and mantle residence 
time/temperature. Peaks observed in Type Ib diamonds in which X- and 
Y-centers were not recognized are grouped with peaks observed in Type 
Ib + IbXY diamonds. Most Type Ib diamonds (that are not hydrogen-rich) 
are characterized by only a handful of H-related peaks (e.g. 3394, 3372, 
3310, 3181, 3145 and 3137 cm− 1, see [42,88]). Such peaks likely 
represent the most abundant (energetically favorable) VxNyHz defects in 
Type Ib diamond or have a relatively large absorption coefficient as 
hydrogen-rich Type Ib + IbXY diamonds show a significantly larger 
number of H-related peaks (e.g., [27,29,37,40,83,89,90]). As there is no 
evidence to support coupled incorporation of H and N (as described 
above), it is likely that these defects form through trapping of interstitial 
H shortly after diamond formation has occurred. 

In Type IaA + Ib diamonds, the formation of A-centers (dashed blue 
line, Fig. 6) coincides with a significant increase in the number of unique 
peak positions (compared to Type Ib + IbXY) which plot over much of the 
frequency range from 2800 to 3400 cm− 1 (Fig. 6). In Type Ib + IbXY and 
Type IaA + Ib diamonds, peaks associated with the 3107 cm− 1 family 
and the 3236 cm− 1 peak are not observed as these defects are associated 
with a higher degree of N aggregation. Instead, most peaks in Type Ib +
IbXY and Type IaA + Ib diamonds are likely associated with poorly 

aggregated VxNyHz defects (i.e., defects involving singular N like NH) 
and related extended defects that involve numerous H atoms giving rise 
to multiple C-H and N-H vibrational modes. It is evident that the ma
jority of such defects have a relatively lower stability with increasing 
mantle residence time/temperature than those in diamonds dominated 
by A- and B-centers as the majority of peaks in Type Ib + IbXY and IaA +
Ib diamonds are absent in Type IaA > Ib diamonds. At this point, where 
the majority of C-centers in Type IaA + Ib diamonds, aggregate to form 
A-centers in Type IaA > Ib diamonds, (red dashed line, Fig. 6) there is a 
major decrease in the number of distinct H-related peaks. Approxi
mately 51 % of observed H-related peaks are only observed in Type Ib +
IbXY and IaA + Ib diamonds, ~9 % of peaks are only observed in di
amonds with a dominant Type Ia character and ~40 % of peaks are 
observed in diamonds with a dominant Type Ia character and diamonds 
with a dominant Type Ib character. 

Most of the defects associated with the relatively large number of H- 
related peaks observed in Type IaA + Ib diamonds (Fig. 6) aggregate (or 
disaggregate) to form drastically fewer peaks (and presumably fewer 
distinct VxNyHz defects) in Type IaA > Ib diamonds. Many of these peaks 
(and the corresponding defects) appear to persist through continued 
annealing and N-aggregation as they are observed in Type IaA > B > Ib, 
IaB > A > Ib, IaA, IaAB, and IaB diamonds (e.g., 3236 cm− 1) (Fig. 6). It 
follows that there may be a major increase in the stability of defects 
produced through aggregation sequences associated with the formation 
of A-centers and loss of C-centers. As described in Section 1, hydrogen- 
rich Type Ib diamonds show a large number of H-related peaks that are 
significantly less intense than most peaks observed in Type IaA, IaAB and 
IaB diamonds. If one assumes the majority of H is trapped in the early 

Fig. 6. Hydrogen-related peak positions (shown as blue circles) observed in the frequency range 3600–2600 cm− 1 plotted as a function of diamond type. Peak 
positions are plotted in order of increasing N-aggregation state from Type Ib/Ib + IbXY to Type IaB which reflects a general increase in mantle residence time and/or 
temperature. An increase in the number of distinct H-related peaks occurs coincident with the formation of A-centers (dashed blue line) from Type Ib/Ib + IbXY to 
Type IaA + Ib diamonds. A drastic decrease in the number of distinct peaks occurs coincident with an increase in the proportion of A-centers and a decrease in the 
proportion of C-centers in Type IaA > Ib diamonds (red dashed line). The formation of B-centers in Type IaA > B > Ib diamonds marks the appearance of several 
distinct peaks (orange dashed line) that are not observed in Type IaA > Ib diamonds. The complete loss of C-centers in Type IaA diamonds (green dashed line) marks 
the disappearance of peaks that are observed in Type IaA > Ib, Type IaA > B > Ib, Type IaB > A > Ib, and Type IaA diamonds but not in Type IaAB and IaB diamonds. 
The formation of the VN3H defect appears to be associated with aggregation sequences that produce B-centers as the 2786 cm− 1 and 3107 cm− 1 peaks are only 
observed in diamonds with a Type IaB component (thick red dashed line). The formation of the defect corresponding to the 3236 cm− 1 peak appears to be associated 
with the formation of A-centers as this peak is observed in all diamond types except Type Ib + IbXY. Peak positions that are observed in one or more diamonds types 
are colored green to highlight defects that persist through progressive annealing over varying ranges of N-aggregation from Type IaA > Ib to Type IaB diamonds. 
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stages of diamond residence, diffusive loss or gain of H is likely minimal 
during residence in the mantle. This observation is in accord with the 
trends observed in Fig. 6. During N-aggregation, H-related defects in 
Type Ib + IbXY and IaA + Ib diamonds and other forms of optically- 
inactive H combine to form fewer defects at relatively higher concen
trations that give rise to relatively more intense H-related peaks. Of 
course, one cannot rule out that the large number of peaks in Type Ib +
IbXY and IaA + Ib diamonds may also be due to the presence of defects 
with a relatively large number of distinct fundamental X-H vibrational 
modes but this is likely not the case as higher degrees of N/H- 
aggregation would be required to form defects that contain three and 
four H atoms and thus more vibrational modes. 

There are also several peaks that are only observed in Type IaB di
amonds such as 2722-2723 cm− 1, 3015 cm− 1, 3031 cm− 1, 3035 cm− 1, 
3076 cm− 1, and 3133 cm− 1 that must correspond to defects associated 
with highly aggregated N and that form in the later stages of N-aggre
gation. The formation of B-centers and Type IaA > B > Ib diamonds 
(dashed orange line, Fig. 6) marks the appearance of several peaks (e.g. 
2786, 3098, 3107 cm− 1) that are likely associated with the formation of 
B- or N3-centers. With continued N-aggregation and the eventual com
plete loss of C-centers and formation of Type IaA diamonds (dashed 
green line, Fig. 6), several peaks disappear (e.g. 3137, 3139, 3209, 3215 
and 3474 cm− 1). Inspection of Fig. 6 also shows several peaks that are 
observed in only specific diamond types such as 3372 cm− 1 in Type IaA 
> B > Ib diamonds; 2688 cm− 1, 2944 cm− 1 and 3354 cm− 1 in Type IaB >
A > Ib diamonds; and 3418 cm− 1 in Type IaAB diamonds. It follows that 
the corresponding defects must be only temporarily stable and may form 
as by-products of different N/H-aggregation processes. 

5. Conclusions 

An updated and comprehensive database of observed H-related 
peaks along with details regarding associated defects, vibrational 
modes, diamond types and relative (normalized) peak intensities are 
provided to facilitate the recognition and comparison of H-related peaks 
in future work. In addition, a database of computed peak positions for a 
variety of VxNyHz defects is provided to allow for comparison with 
observed peaks and to assess the viability of first-principles simulations 
as a method by which one can make peak-defect assignments. For any 
given defect, the scatter in calculated peak positions is large. Until more 
accurate methods for approximating the frequency shifting effect of 
anharmonicity of C(N)-H bonds are developed, peak-defect assignments 
based solely on agreement between observed and calculated peak po
sitions should be avoided unless additional evidence (e.g. defect sym
metry, peak intensity correlations, etc.) is provided to support the peak- 
defect assignment. Moreover, the lack of overlap between observed 
peaks positions and those calculated for defects such as VH3, VNH3 and 
VH4 and the general correlation between elevated H and N defect con
centrations in natural diamonds, suggests aggregated N is required to 
effectively trap H. Thus N (in any aggregation state) is likely a pre- 
requisite for the formation of aggregated H-related defects. 

Compilation of a large number of observed H-related peaks for a 
variety of diamond types (N-aggregation states) allows for several 
fundamental observations to be made about N/H aggregation processes 
in natural diamond. With increasing N-aggregation (annealing time/ 
temperature), coupled N/H-aggregation processes act to reduce the 
number of observed H-related peaks in Type Ib + IbXY and Type IaA + Ib 
diamonds through formation of fewer, presumably more stable VxNyHz 
defects. These defects in Type IaAB and IaB diamonds correspond to 
peaks that, on average, are more intense than in Type Ib + IbXY and Type 
IaA + Ib diamonds. This suggests that defects associated with higher 
degrees of N-aggregation form by not only trapping optically-inactive H, 
but through combination of a large number of different defects (in Type 
IaA + Ib and Type Ib diamonds) that become unstable (energetically less 
favorable) with increasing residence time/temperature in the mantle. 
This transition point (Fig. 6, red dashed line) appears to be associated 

with the progressive aggregation of C-centers to A-centers as signifi
cantly less (relatively more intense) peaks are observed in diamonds 
with a dominant Type IaA and IaB character compared to hydrogen-rich 
diamonds with a dominant Type IaA + Ib and Type Ib + IbXY character. It 
is important to note that the majority of peaks observed in hydrogen-rich 
Type Ib + IbXY diamonds are not observed in Type Ib diamonds that are 
not hydrogen-rich. Thus, it is tempting to assume that the H content of a 
Type Ib diamond may influence the occurrence of different VxNyHz de
fects. However, this is unlikely as the N (and vacancy) content is much 
greater than that of H in most natural diamond and the intensity of H- 
related peaks in typical Type Ib diamond (that is not hydrogen-rich, see 
Section 4.2) does not increase significantly in hydrogen-rich Type Ib +
IbXY diamonds. Instead, it is likely that the majority of H-related peaks 
in hydrogen-rich Type Ib + IbXY diamonds are below detection in Type Ib 
diamonds that are not hydrogen-rich. However, it remains unclear what 
proportion of H-related peaks are associated with X- and Y-centers 
(compared to C-centers) in Type Ib + IbXY diamonds. 

To conclude, it is clear that future work on assigning H-related peaks 
to specific defects in diamonds with a dominant Type Ib, IaA and IaB 
character is needed. This will allow us to better understand the kinetic 
processes associated with the migration of N and H in diamond, how and 
in what form N and H are incorporated during growth, and in what 
sequence VxNyHz defects form during progressive diamond growth and/ 
or during the early stages of residence in the mantle. 
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