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Abstract: For this study, 21 samples of colorless octahedral diamonds (weighing 5.4–55.0 mg) from
the Mir pipe (Yakutia) were investigated with photoluminescence (PL), infrared (IR), and electron
paramagnetic resonance (EPR) spectroscopies. Based on the IR data, three groups of diamonds
belonging to types IIa, IaAB, and IaB were selected and their spectroscopic features were analyzed
in detail. The three categories of stones exhibited different characteristic PL systems. The type IaB
diamonds demonstrated dominating nitrogen–nickel complexes S2, S3, and 523 nm, while they were
less intensive or even absent in the type IaAB crystals. The type IIa diamonds showed a double
peak at 417.4 + 418.7 nm (the 418 center in this study), which is assumed to be a nickel–boron defect.
In the crystals analyzed, no matter which type, 490.7, 563.5, 613, and 676.3 nm systems of various
intensity could be detected; moreover, N3, H3, and H4 centers were very common. The step-by-step
annealing experiments were performed in the temperature range of 600–1700 ◦C. The treatment at
600 ◦C resulted in the 563.5 nm system’s disappearance; the interstitial carbon vacancy annihilation
could be considered as a reason. The 676.5 nm and 613 nm defects annealed out at 1500 ◦C and
1700 ◦C, respectively. Furthermore, as a result of annealing at 1500 ◦C, the 558.5 and 576 nm centers
characteristic of superdeep diamonds from São Luis (Brazil) appeared. These transformations could
be explained by nitrogen diffusion or interaction with the dislocations and/or vacancies produced.

Keywords: natural diamonds; luminescence; electron paramagnetic resonance; infrared absorp-
tion; annealing

1. Introduction

The Mir pipe (Yakutia), discovered in 1955, was the second kimberlite pipe found in
Russia. It is characterized by a high diamond content and a high number of gem-quality
diamonds. Another interesting feature of this deposit is the abundance of low-nitrogen
diamonds of type IIa, which are relatively rare in nature. Diamonds from the Mir pipe have
been thoroughly studied throughout the years. Most crystals have octahedral or transient
octahedral-to-rhombododecahedral morphology with a small number of rounded-shaped
crystals [1–4]. The colorless crystals with pink and brown hues of different intensities
prevail [2–4]. Among the diamonds of the deposit, traces of heavy natural etching or
dissolution are uncommon [3,4]. The mineral inclusions in diamonds from the Mir pipe
correspond mostly to peridotite paragenesis of their host rocks [1–3,5].

As is known, nitrogen is a common impurity in natural diamonds. According to
nitrogen content, diamonds are classified into nitrogen-containing type I and nitrogen-
free type II. In practice, the nitrogen concentration for type II diamonds ranges from less
than 1 ppm to an order of 10 ppm in different works [6,7]. Type II diamonds are further
subdivided into type IIa and type IIb. The type IIb diamonds contain boron impurities and
exhibit semiconducting properties. Depending on the form of nitrogen aggregation, type I
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diamonds are subdivided into type Ib (C center, single substitutional nitrogen atom) and
type Ia. Additional labeling of type Ia diamonds with letters A (A center, two nitrogen
atoms in adjacent carbon positions) and/or B (B center, four nitrogen atoms in carbon
positions around a vacancy) is used to indicate the dominating form of nitrogen defects. It
is generally accepted that nitrogen is incorporated in a dispersed state during diamond
formation and forms various types of nitrogen aggregates at mantle conditions [7,8].

An interesting feature of the Mir pipe is the high degree of low-nitrogen diamonds.
It was found that the nitrogen content mostly depended on the size of the crystal. For
example, for diamonds of 1–2 mm sieve size, the fraction of low-nitrogen diamonds
(Ntot < 300 ppm) reaches a value of 50%, whereas for diamonds of 2–4 mm sieve size, the
fraction of low-nitrogen diamonds is much lower [1]. For 30 selected diamond crystals of
1–2 mm sieve size, a thorough investigation was performed, with infrared (IR) spectroscopy
giving a total nitrogen content of Ntot = 413 ppm and aggregation of %B = 35% [1]. In
a previous study [2], 81 crystals were studied from a batch of diamonds from the Mir
pipe. Most crystals were characterized as having a moderate nitrogen concentration
(400 < Ntot < 1500 ppm) with a low degree of aggregation (10 < %B < 40) [2]. Such crystals
experienced annealing at 1050–1100 ◦C, according to the Taylor diagram. Overall, the
average values of Ntot = 562 ppm and %B = 31% [2] correlate with those from [1]. The
average intensity of the hydrogen-related peak at 3107 cm−1 was 0.9 cm−1 and the average
intensity of the platelet-related peak around 1365 cm−1 was 3 cm−1 [2].

Thus, diamond crystals from the Mir pipe demonstrate various morphologies, defect
distributions, internal structures, and compositions of inclusions. Some works have been
devoted to the investigation of interesting mixed-habit diamond crystals with octahedral
following cuboid growth [9–12]. It was found that the nitrogen content and aggregation
tended to decrease from the core regions toward the rim zones. While the first fact can be
explained by the change in medium composition or different growth kinetics for different
sectors, the latter can be explained by the octahedral growth following the formation of
the core region. For some crystals, the nickel–nitrogen centers NE1/S3, NE2/S2, and
NE3/523 nm were observed in the photoluminescence spectra, with a higher concentration
in the cuboid core with respect to the outer rim zone [9,12].

Interestingly, in low-nitrogen diamond crystals from the Mir pipe, the paramagnetic
center NIRIM5/NOL1 was detected, which was ascribed to the photoluminescence system
418 nm (double peak at 417.4 + 418.7 nm) [13]. The NIRIM5/NOL1 has electron spin equal
to 1 and, by assumption, consists of nickel and boron atoms in adjacent carbon positions.
This defect was also found in synthetic high pressure high temperature (HPHT) diamond
crystals grown in a nickel-containing solvent catalyst with Ti as a nitrogen getter [14].

The present work is devoted to the investigation of octahedral diamonds without
traces of severe resorption of 5.4–55.0 mg from the Mir kimberlite pipe (Yakutia). The
mechanisms of the formation of impurities and intrinsic defects in octahedral diamonds
during their growth history have not yet been fully described. Here, the data on 21 colorless
diamond crystals of distinct types IIa, IaAB, and IaB are given. For four samples that
differed by nitrogen concentration and aggregation, the results of step-by-step annealing at
temperatures of 600–1700 ◦C are discussed. The behavior of defects in natural diamonds
during annealing experiments provides information about diamond growth and post-
growth history.

2. Materials and Methods

The IR spectra were measured point by point (with a beam diameter of 30 µm) with
a Bruker VERTEX 80 (Bruker Optics Inc., Billerica, MA, USA) spectrometer in the range
of 700–4000 cm−1 at room temperature with a resolution of 0.5 cm−1. Photoluminescence
spectra were measured for bulk crystals at 80 K using a DFS-24 spectrometer (LOMO,
Saint Petersburg, USSR); for excitation, we used the 313 nm line (filtered by a UFS-2 glass,
bandpass region ~285–365 nm) of a mercury DRT-230 lamp (LOMO, Saint Petersburg,
USSR) and diode-pumped solid-state (DPSS) lasers emitting at 405 and 532 nm. Electron
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paramagnetic resonance (EPR) spectra were measured for bulk crystals with a Varian E-109
EPR spectrometer (Varian Associates, Palo Alto, CA, USA) (continuous-wave mode) in the
X and Q frequency bands at temperatures of 80 and 300 K. Experiments on annealing at
600 and 1000 ◦C were performed in a graphite crucible at ambient pressure for 2 hours [15].
Experiments on annealing at 1500 and 1700 ◦C were performed under a stabilizing pressure
of 6 GPa for 1.5 h via the split-sphere multi-anvil apparatus (BARS) [16].

The selected diamonds from the Mir pipe (collection of Nikolaev Institute of Inorganic
Chemistry SB RAS, Novosibirsk, Russia) were colorless, octahedral crystals with step-plate
development of octahedral faces (Figure S1, Supplementary Materials). Some crystals
have a sufficiently distorted stepped form. The weight of the studied samples varied from
5.4 to 55.0 mg. Although the diamond crystals discussed did not show dodecahedral or
tetrahexahedral faces and consequently were not subjected to essential resorption, traces
of etching were visible. Negatively oriented, terraced and flat-bottomed trigons could
be readily found on the surfaces of the crystals, but positively oriented trigons were also
observed. Parallel rows of resorption trigons were visible, indicating the deformation
lines on the octahedral crystal faces. To investigate the transformation of centers during
annealing, the four diamond crystals (AO1666, AO1680, AO1858, and AO1894) with
different amounts of nitrogen content and aggregation were selected. For each crystal, two
opposite octahedral faces were polished, with a weight loss of 0.5 mg (Figure 1).
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Figure 1. Optical microscopic photographs, photoluminescence images, and birefringence images of
AO1666, AO1680, AO1858, and AO1894 samples after polishing. The photoluminescence (PL) images
were made with excitation at λ = 405 nm using a 450 nm filter. The AO1666 shows birefringence
known as a “tatami” type, typical of type IIa diamonds. The bright birefringence of the AO1666 and
AO1894 crystals demonstrates the vulnerability of low-nitrogen diamonds to plastic deformation.
The birefringence pattern of the AO1680 crystal reflects the zonal structure and correlates with the
photoluminescence image. The AO1858 crystal demonstrates birefringence typical of type I diamonds
with a number of dislocations.
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3. Results and Discussion
3.1. IR Investigation

Diamonds from the selection belonged to the types Ia and IIa. In crystals, either the A
or B form of nitrogen dominated; the C center (with a sharp peak at 1344 cm−1) was not
detected. For the diamond crystals under study, the aggregation (%B) fell within the wide
range of values ~10–90%. The total nitrogen concentration varied from several ppm to
approximately 1900 ppm. Hydrogen-related peaks at 1405, 2786, 3107, 3235, and 4498 cm−1

were observed. These are thought to be combinations and overtones of stretch and bend
vibration modes of VN3H and/or VN4H defects [17,18]. For several crystals, the 2850 and
2920 cm−1 peaks were visible. The nature of these peaks remains unclear; however, these
can be reasonably considered as the manifestation of CH vibrations [19–21]. The absorption
coefficient of the most prominent peak at 3107 cm−1 is given in Table S1. An unambiguous
linear correlation between the intensity of the peak at 3107 cm−1 and the total nitrogen
concentration was not found (see Figure S2). However, the points do not fit the linear trend
only for three crystals of the twenty-one, which can be explained by the complex growth
history of these crystals with zonal structures. As proposed, a linear correlation indicates
that nitrogen and hydrogen constitute some compounds present in the growth medium,
which are thought to be NH3, NH4 gases [19], or organic compounds [1].

The absorption coefficient of the platelet-related peak at 1360–1370 cm−1 reached a
value of up to 7.2 cm−1 (Figure 2). Platelets were detected in diamonds with a rather high
content of nitrogen, proposing the important role of nitrogen in platelet formation. The
mechanism of the platelets’ formation is still unknown. It is generally accepted that while
the interstitial atoms form platelets, the released vacancies take part in the formation of
B centers [22–24]. The platelets’ behavior was investigated for four diamond crystals where
the platelets’ peaks were sufficiently intensive (Figure S3). The procedure of platelet peak
fitting is given in [24,25]. The AO1239, AO1680, and AO1992 diamonds can be assigned to
subregular types according to platelet behavior, while the AO1406 diamond can be assigned
to a regular one. The model temperature for subregular diamonds is 1090–1120 ◦C and
1120–1220 ◦C for regular ones. These data correlate with the Taylor diagram [26] drawn
for these crystals (see Figure S4). The subregular diamonds were characterized by smaller-
sized platelets as compared with regular ones; the growth features of cuboid sectors were
proposed to be the reason. It is interesting that in our work, platelets with subregular
behavior were found in the octahedral growth sectors.
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Figure 2. Infrared (IR) spectra corresponding to point positions given in Figure 1 for the AO1680 dia-
mond sample (plate) from the Mir deposit. The spectra were shifted for clarity. The 2340–2360 cm−1

feature is a CO2 artifact.

The Taylor diagram for all of the diamond crystals is shown in Figure 3. The scattering
of the points can be partially explained by the fact that some diamond samples have a
zonal structure. The samples fall into three distinct groups according to types IIa, IaAB,
and IaB, respectively. The distribution of Kt for the samples is shown in Figure S5 [8].
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Figure 3. Nitrogen aggregation state (% B) vs. total nitrogen content (Ntotal) for our collection of Mir
diamonds. Isotherms for 1050–1300 ◦C and diamond mantle residence time of 3 Ga are based on
Taylor et al. [26]. The triangles, squares, and circles reflect the division of diamonds into type IaAB,
type IaB, and type IIa, respectively. Each point corresponds to the measured IR spectrum.

3.2. EPR Investigation

For the diamond crystals under study, EPR demonstrated rather weak spectra. For
the three samples AO1239, AO1680, and AO1992, the nitrogen-related centers P1 (single
substitutional nitrogen) and P2 (N3V complex with three substitutional nitrogen atoms
around vacancy) were observed. These crystals are rich in nitrogen, according to Table S1.
For the sample with the highest nitrogen content (AO1992), the concentrations of nitrogen-
related paramagnetic centers were evaluated. The concentrations were ~0.02 ppm and
~0.2 ppm for P1 and P2, respectively; thus, the absence of C centers in the IR spectra was
unsurprising.

The common spectrum in the selected diamonds was a single line of slightly distorted
shape with a peak-to-peak width that varied in the range of 0.32–0.36 mT and a g-factor
equal to 2.0032 (Figure 4). This spectrum was reported to manifest itself mostly in plastically
deformed IaA diamonds. It was correlated with the 490.7 system in photoluminescence
(PL) and assigned to dangling bonds in the dislocation cores [27]. A correlation of the
EPR spectrum with the 490.7 system in PL was observed in our case except for one crystal,
AO1680.
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Figure 4. Electron paramagnetic resonance (EPR) spectrum of the AO1666 plate measured at room
temperature.
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3.3. Photoluminescence

The photoluminescence images of the samples obtained with excitation at 405 nm are
shown in Figure S1; they reflect the zonal structure of some of the crystals. According to
the obtained PL spectra, three groups of crystals demonstrated different systems. The type
IIa diamonds had a characteristic PL center at 417.4 + 418.7 nm; the type IaB diamonds
had characteristic nickel–nitrogen centers (S2, S3, and 523 nm); and the mixed IaAB-type
diamonds demonstrated no specific systems but common N3 (415 nm), H3 (503 nm), and
H4 (496 nm). The centers 490.7, H3, H4, N3, 563.5, 613, and 676.5 nm were present in
many crystals, regardless of the nitrogen content and aggregation. Note that the 490.7 nm
center was widely observed, although the diamonds studied were colorless by sight. The
H3 center was the most common optical feature observed for natural diamonds that were
radiation-damaged and thermally annealed. However, the presence of the H3 center in
unirradiated natural diamonds can be considered as an indication of plastic deformation.
An interesting feature that should be discussed is the low intensity or even absence of
nickel-related centers in the photoluminescence spectra of type IaAB diamonds. The lack
of nickel-related centers, as well as the data on nitrogen content and aggregation, suggest a
considerably lower temperature of diamond growth [9]. Thus, several episodes of diamond
formation can be considered, resulting in such a diverse set of diamonds [9–12].

A vibronic system at 418 nm (417.4 + 418.7) was observed in the PL spectra of the
type IIa diamonds from the selection. Previously, this was detected in some synthetic [28]
and natural diamonds [13,29] with low nitrogen content. For this system, the temperature
dependence of the PL lifetime was investigated [29]; it was found that the long lifetime in
luminescence was due to electron tunneling between the triplet- and singlet-excited states,
i.e., nonradiative processes [29]. The structure of the defect in the form of a Ni-B pair in
adjacent carbon positions was proposed [13].

The center with a zero-phonon line (ZPL) at 490.7 nm widely observed in diamonds
from the Mir pipe is usually detected in natural plastically deformed type Ia diamond
crystals. The nature of this center has not been established, despite its abundance and
known properties [30–32]. It is assumed that the defects responsible are formed during
the plastic deformation of diamond crystals. The center correlates with the EPR signal,
presumably attributed to dangling bonds in the dislocation core [27]. It is also possible
that the 490.7 nm center is related to a complex involving several nitrogen atoms and
vacancies [33,34].

The spectrum with a zero-phonon line (ZPL) at 563.5 nm is characteristic of diamonds
from the Mir pipe. Previously, the 563.5 nm center was described for diamond crystals
from the Aikhal pipe (Yakutia), where it was highly intensive [25]. The structure of the
observed defect remains unknown; the spectrum disappeared as a result of annealing at
600 ◦C, indicating the interstitial vacancy annihilation mechanism [25].

The 613 nm center is observed in diamonds of different types and has been described
in many works [6,34–36]. The ZPL at 612.4 nm was accompanied by phonon replicas with
phonon energies of 17, 43 (longwave acoustic modes), and 77 meV (acoustic diamond lattice
vibration) [6]. The PL lifetime equal to 10−8 sec indicated an allowed transition [6]. The
613 nm center was noted to be more intensive in the cubic core than in the cubo-octahedral,
peripheral zone of diamond crystals from the Mir deposit [9].

The system with a ZPL at 676.5 nm accompanied by a phonon replica with phonon
energy of 61 meV was observed in most of our crystals. Information about the 676.5 nm
center is scarce; it is observed in the absorption and PL spectra of natural, untreated
diamonds [37,38].

A low-intensity GR1 center (V0) with a ZPL at 741 nm was noted in half of the crystals.
The small concentration of GR1 centers in the untreated samples is believed to be a result
of the plastic deformation of the diamonds or of radiation in the post-growth period [6].
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3.4. Annealing Experiments

To study the transformation of defects, four diamond crystals with different amounts
of nitrogen content and aggregation were selected and their step-by-step annealing was
performed (Figures 5 and 6). Interesting results were obtained, although the characteristic
systems of 563.5, 613, and 676.5 nm behaved regardless of the type of diamond.

Crystals 2021, 11, x FOR PEER REVIEW 7 of 11 
 

 

3.4. Annealing Experiments 

To study the transformation of defects, four diamond crystals with different amounts 

of nitrogen content and aggregation were selected and their step-by-step annealing was 

performed (Figures 5 and 6). Interesting results were obtained, although the characteristic 

systems of 563.5, 613, and 676.5 nm behaved regardless of the type of diamond. 

  

(a) (b) 

Figure 5. PL spectra (λex = 532 nm) of the (a) AO1666 and (b) AO1894 diamonds. Insets show the changes in the 575 and 

576 nm PL systems. The spectra were shifted for clarity. 

  

(a) (b) 

Figure 6. PL spectra (λex = 405 nm) of the (a) AO1666 and (b) AO1894 diamonds. Inset in (b) shows the weak 490.7 nm and 

H3 (503.2 nm) systems in the PL spectrum of the AO1894 diamond annealed at 1700 °C. Treatment at 600 °C produces no 

changes in the PL spectra when excited at λex = 405 nm. The spectra were shifted for clarity. 

After treatment at 600 °C for 2 hours (in a graphite crucible at ambient pressure), the 

563.5 nm defect was completely annealed, as expected from previous work [25]. An in-

crease in annealing temperature up to 1000 °C (annealing for 2 hours by the same proce-

dure) led to an increase in H3 (A center + vacancy) and H4 (B center + vacancy) centers 

and the appearance of the NV−, NV0, and 649.5 nm centers. The GR1 center annealed out, 

reflecting the mobility of vacancies. As expected, the formation of H3 and H4 centers in-

volved the migration of vacancies and trapping by A and B centers [39]. The formed 649.5 

nm defect was accompanied by a phonon replica with an energy of 30 meV. This defect 

was most intensive in the AO1894 crystal of type IaB. The formation temperature of this 

center allowed us to propose the vacancy in its structure. Moreover, the AO1894 crystal 

Figure 5. PL spectra (λex = 532 nm) of the (a) AO1666 and (b) AO1894 diamonds. Insets show the changes in the 575 and
576 nm PL systems. The spectra were shifted for clarity.

Crystals 2021, 11, x FOR PEER REVIEW 7 of 11 
 

 

3.4. Annealing Experiments 

To study the transformation of defects, four diamond crystals with different amounts 

of nitrogen content and aggregation were selected and their step-by-step annealing was 

performed (Figures 5 and 6). Interesting results were obtained, although the characteristic 

systems of 563.5, 613, and 676.5 nm behaved regardless of the type of diamond. 

  

(a) (b) 

Figure 5. PL spectra (λex = 532 nm) of the (a) AO1666 and (b) AO1894 diamonds. Insets show the changes in the 575 and 

576 nm PL systems. The spectra were shifted for clarity. 

  

(a) (b) 

Figure 6. PL spectra (λex = 405 nm) of the (a) AO1666 and (b) AO1894 diamonds. Inset in (b) shows the weak 490.7 nm and 

H3 (503.2 nm) systems in the PL spectrum of the AO1894 diamond annealed at 1700 °C. Treatment at 600 °C produces no 

changes in the PL spectra when excited at λex = 405 nm. The spectra were shifted for clarity. 

After treatment at 600 °C for 2 hours (in a graphite crucible at ambient pressure), the 

563.5 nm defect was completely annealed, as expected from previous work [25]. An in-

crease in annealing temperature up to 1000 °C (annealing for 2 hours by the same proce-

dure) led to an increase in H3 (A center + vacancy) and H4 (B center + vacancy) centers 

and the appearance of the NV−, NV0, and 649.5 nm centers. The GR1 center annealed out, 

reflecting the mobility of vacancies. As expected, the formation of H3 and H4 centers in-

volved the migration of vacancies and trapping by A and B centers [39]. The formed 649.5 

nm defect was accompanied by a phonon replica with an energy of 30 meV. This defect 

was most intensive in the AO1894 crystal of type IaB. The formation temperature of this 

center allowed us to propose the vacancy in its structure. Moreover, the AO1894 crystal 

Figure 6. PL spectra (λex = 405 nm) of the (a) AO1666 and (b) AO1894 diamonds. Inset in (b) shows the weak 490.7 nm and
H3 (503.2 nm) systems in the PL spectrum of the AO1894 diamond annealed at 1700 ◦C. Treatment at 600 ◦C produces no
changes in the PL spectra when excited at λex = 405 nm. The spectra were shifted for clarity.

After treatment at 600 ◦C for 2 hours (in a graphite crucible at ambient pressure), the
563.5 nm defect was completely annealed, as expected from previous work [25]. An increase
in annealing temperature up to 1000 ◦C (annealing for 2 hours by the same procedure)
led to an increase in H3 (A center + vacancy) and H4 (B center + vacancy) centers and
the appearance of the NV−, NV0, and 649.5 nm centers. The GR1 center annealed out,
reflecting the mobility of vacancies. As expected, the formation of H3 and H4 centers
involved the migration of vacancies and trapping by A and B centers [39]. The formed
649.5 nm defect was accompanied by a phonon replica with an energy of 30 meV. This
defect was most intensive in the AO1894 crystal of type IaB. The formation temperature
of this center allowed us to propose the vacancy in its structure. Moreover, the AO1894
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crystal had the GR1 system with the highest intensity among all four crystals, in addition
to the 490.7 system.

The following treatment performed at 1500 ◦C and a pressure of 6.0 GPa for 1.5 h (with
the BARS apparatus) led to an increase in the N3 system simultaneously with the decrease
in the H3 and H4 systems. As is known, the N3 is very stable and anneals out at only
2500 ◦C [7]. This treatment led to the disappearance of the 676.5 nm and 649.5 nm centers
but the appearance of a 576 nm center, which is characteristic of plastically deformed, brown
diamond crystals [6,40–42]. The 576 nm center dominated the PL spectra of plastically
deformed superdeep diamonds from São Luis (Brazil) [6]. Previously, the formation of this
defect was also detected in type IaB natural diamonds as a result of annealing at 2200 ◦C
for 30 min; a model of the NV(NVN)VN defect in the (110) plane has been proposed [43].
The 558.5 nm center was formed in the AO1666 type IIa crystal after annealing at 1500 ◦C.
This center was described in [6] as a characteristic feature of diamond crystals from the São
Luis deposit. The broken carbon bonds in the dislocation core were presumably involved
in the structure of this defect. The vibronic sideband of the 558.5 nm center was determined
by the interaction between the electronic transition and quasi-local vibration of 40 meV,
which, in general, indicates the presence of a vacancy in the center [6]. The appearance of
558.5 and 576 nm centers in Yakutian samples indicates that diamonds from the São Luis
(Brazil) deposit have been exposed to higher effective temperatures [44].

Annealing at 1700 ◦C and a pressure of 6.0 GPa for 1.5 hours (performed with the
BARS apparatus) resulted in a further increase in the intensity of the 576 nm system.
At the same time, the H3 system decreased and the H4 system, along with the 613 nm
system, disappeared. The annealing temperature of the 613 nm system accorded with the
published works [41,45,46]. The 490.7 nm center fell drastically as a result of annealing
at 1500 ◦C and annealed out completely as a result of annealing at 1700 ◦C; this reflects
the thermally activated diffusion of dislocations (Figure 6). The decrease in the intensity
of the 490.7 nm system was accompanied by the growth of the N3 system (manifestation
of N3V defect), which is consistent with the data presented by previous authors [27,47].
The plastic deformations decomposed the B defects, producing the N3V and C defects.
The disappearance of the 613 and 676.5 nm centers characteristic of diamonds from the
Mir pipe took place in all four diamond crystals, regardless of the nitrogen concentration
and aggregation. Thus, their interaction with dislocations can be proposed, although an
interaction with mobile nitrogen cannot be excluded. The PL data are in accordance with
the IR spectra. While the heat treatments at 600–1000 ◦C did not change the IR spectra,
the HPHT treatments produced a visible decrease in the peak at 3107 cm−1 (Figure S6). It
was established in [48] that, as a result of HPHT treatments, the 3107 cm−1 interacted with
dislocations and/or vacancies to produce defects inactive in IR absorption. As expected,
after the HPHT treatments in EPR, the 490.7 signal fell and a slight increase in P1 and P2
centers was observed. However, the 490.7 EPR signal did not disappear completely as a
result of annealing at 1700 ◦C. This fact contradicts the PL measurements and will be the
subject of further investigation.

4. Conclusions

A series of 21 octahedral diamonds weighing 5.4–55.0 mg from the Mir pipe (Yakutia)
were investigated with a combination of spectroscopic methods, namely IR, PL, and EPR.
These crystals are colorless octahedra with step-plate development of octahedral faces and
slight traces of resorption and etching. The diamond crystals were selected to represent
three distinct sets of temperature and mantle storage duration conditions. The type IIa
diamonds were characterized by a 417.4 + 418.7 nm PL center, while type IaB diamonds
demonstrated nickel-related centers (S2, S3, and 523 nm). The type IaAB crystals were
usually free of nickel-related centers and displayed the common centers N3, H3 (503 nm),
and H4 (496 nm). It should be noted that the lack of nickel-related defects in type IaAB
diamonds (and their absence after HPHT treatment) distinguishes this group of diamonds.
This fact, in association with the IR data, proposes several stages of diamond growth.
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The 490.7 nm system correlating with the corresponding EPR spectrum was detected, as
well as the N3 (415 nm), H3 (503 nm), H4 (496 nm), 563.5, 613, and 676.5 nm systems. To
investigate the properties of defects characteristic of diamonds from the Mir pipe, step-by-
step annealing experiments were performed in the temperature range of 600–1700 ◦C. After
treatment at 600 ◦C, the 563.5 nm defect was completely annealed, assuming that interstitial
carbon vacancy annihilation was involved. The 676.5 and 613 nm defects annealed out
at 1500 ◦C and 1700 ◦C, respectively; thus, thermally activated mobility of dislocation or
nitrogen can be considered a reason. It should be noted that the 558.5 and 576 nm centers
eventually appeared in Yakutian samples as a result of annealing at 1500 ◦C. These defects
are characteristic of superdeep diamonds from São Luis, Brazil, with higher effective
storage temperatures.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst11040366/s1, Table S1: Characteristics of the Mir diamond crystals selected. The IR spectra
were measured rim-center-rim (for diamond plates, the point positions are given in Figure 1), Figure
S1: Optical microscopic photographs and photoluminescence images of diamonds under study. The
latter ones were made with a 450 nm filter and excitation at λ = 405 nm, Figure S2: The 3107 cm−1

peak area vs. the total nitrogen concentration Ntotal for the diamonds under study. In the fitting
procedure, the Lorentzian line shape function with a linear baseline was applied. The triangles, circles,
and diamonds correspond to the AO1747, AO1680, and AO1992 crystals, respectively, Figure S3:
(a) Platelet peak area (I(B’)) vs. the content of B defects, (b) Platelet peak area (I(B’)) vs. the position
of the peak maximum (x), (c) Platelet peak width (full-width at half maximum, FWHM) vs. the
position of the peak maximum (x) in diamond crystals AO1239, AO1406, AO1680, and AO1992.
The red dashed lines are “regular” trends taken from [24], Figure S4: Nitrogen aggregation state
(% B) vs. total nitrogen content (Ntotal) for diamond crystals AO1239, AO1406, AO1680, and AO1992.
Isotherms for 1050–1300 ◦C and diamond mantle residence time of 3 Ga are based on Taylor et al. [26].
Each point corresponds to the measured IR spectrum, Figure S5: The distribution of Kt obtained
from IR spectra measured on Mir diamond crystals. Aggregation of A centers to B centers obeys
second-order kinetics with formulas Kt = 1

C − 1
C0

and K = Ae−E/kT , where K is a rate constant, A is
a pre-exponential factor, E is an activation energy for the reaction, k is a Boltzmann constant, C and
C0 are A center concentrations before and after heating at temperature T for time t [8], Figure S6: IR
spectra of the AO1680 diamond sample (plate) from the Mir deposit. The spectra were shifted for
clarity. The 2340–2360 cm−1 band is a CO2 artifact.
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