Optics and Spectroscopy, 2026, Vol. 134, No. 2

10

Spectral Features of the 1.72 eV Nickel-Based Emission Center in
Nitrogen-Enriched Diamond Microcrystals
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Luminescence spectra of diamond microcrystals, synthesized at high pressures (5GPa) and temperatures
(1650°C) using a nickel catalyst via spontaneous crystallization, were investigated. The nickel-related 1.72eV
emission center exhibits a complex spectral structure, including splitting of the 1.72eV zero-phonon line and
replicas arising from local phonon modes, with all spectral lines are broadened. This broadening arises from high
concentrations of nitrogen impurities and other defects both point and collective incorporated into the diamond
lattice. The temperature dependences of the optical center’s emission-line parameters were also determined.
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Introduction

Synthetic diamond crystals and microcrystals grown
under conditions of high pressures and high temperatures
are of particular interest for the construction of advanced
devices for modern photonics, devices for transmitting and
optical data processing, as well as various sensors [1,2]. This
is mainly due to the unprecedented variety of optical centers
with unique characteristics formed in diamond crystals [3].
The most well-known emission optical centers in diamond
include nitrogen-vacancy centers (NV— and NVN), silicon-
vacancy centers (SiV), germanium-vacancy centers (GeV),
substitutional nickel Nil (883 nm), a tungsten atom sub-
stituting for carbon, and many others [4-6]. The over-
whelming majority of optical (and paramagnetic) centers in
diamonds were well known even before the early 2000-s [7—-
12]. Moreover, it is the impurity nickel and its combinations
in the crystal lattice with other heteroatoms or defects, such
as nitrogen, vacancies and elemental hydrogen, that led
to the appearance of a large group of optical centers that
have been actively studied by researchers since the early
2000s [13-15]. The interest in the latter is due to optical
emission beyond the visible spectral range (700—900 nm)
and relative stability of such centers. In this paper, we
investigate diamond crystals produced using a nickel catalyst
by spontaneous crystallization (without the use of a nitrogen
getter and the introduction of crystallization centers) under
high pressure and high temperature conditions. The use
of a nickel catalyst and the absence of a nitrogen getter
result in the presence of nickel impurities in amounts of
up to 10 ppm in the diamond matrix, the prevalence of
nitrogen impurities (up to ~ 290 ppm) and the appearance
of complexes of the composition NiN, in the covalent lattice
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of diamond. In this case, nickel enters the growing diamond
lattice from the melt-catalyst material, and nitrogen from the
air atmosphere. The use of nickel as a metal catalyst, leading
to the formation of complex nickel-based optical centers in
a growing diamond matrix, has been known for quite some
time. Many of these centers with characteristic spectral
signatures have been previously successfully identified [3].

Optical emission centers of the NiN, composition were
recently considered by us in [16]. In this paper, we consider
an optical emission center with a complex spectral signature
in the form of a sextet in the range of 695—770 nm.

Samples and methods

Sample preparation

Microcrystalline diamonds were synthesized under high
pressure (5 GPa) and high temperature (1650 °C) in quasi-
equilibrium conditions according to the method described
in [17], using a nickel catalyst. The synthesis time of
diamond crystallites was 90s. A nickel-graphite mixture
was used as a charge for synthesis. To prepare the mixture,
a commercial nickel electrolytic powder of the grade PNE-1
(GOST 9722-97) and a graphite electrode powder of grade
EG15 (for the manufacture of electrodes) of commercial
quality with ash content of less than 0.05wt%, produced
according to the Russian standards, were used. The size of
graphite particles was 315—400 um, and the size of nickel
particles did not exceed 71um. The prepared mixture
of graphite (50wt%) and nickel (50wt%) powders was
loaded into the central part of the toroidal high-pressure
chamber. The volume fraction of nickel in the mixture
was about 10%. A metal getter for nitrogen binding was
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Figure 1. SEM images of microcrystals M D1, obtained at magnifications of 50x (a), 350x (b) and an electron beam accelerating voltage
of 8kV, together with optical images of the studied particles (¢,d). Scale: a — 500um, b — 50 um, ¢,d — 180 um. Some individual
microcrystals with characteristic facets and ribs are clearly visible in panels (b,¢,d).

not added to the charge in order to obtain crystals with
an increased nitrogen content. It should be noted that
the type of synthesis used (spontancous crystallization)
did not include the introduction of micron-sized diamond
seeds, ie. crystallization centers, into the charge. During
spontaneous crystallization without the use of diamond
seeds, the average size of the grown crystallites turns out
to be larger than with the use of seeds, and is determined
mainly only by the size of the graphite particles in the
charge. At a temperature of 1650°C and a pressure of
5 GPa, nickel melts and dissolves carbon in itself During
the synthesis process, graphite gradually dissolves in molten
nickel and is released from it gradually in portions in
the form of diamond crystallites. Due to the continuous
mass transfer of carbon material through molten nickel,
the resulting microcrystals are enriched with nickel. After
completion of the synthesis, diamond microcrystals were
isolated from the sinter by primary grinding, etching of
metallic nickel and non-diamond phase in hot acids, and
rinsing in boiling water. The resulting microcrystalline
diamond powder was then fractionated using an 125um

sieve. The obtained microcrystals (fraction 1257 um) were
given the name MD1.

Elemental analysis, by X-ray fluorescence spectroscopy
showed that the synthesized microcrystals contain nickel
(1033 ppm), copper (283 ppm) and zirconium (1.8 ppm).
The high nickel content in the material is due to its
use as a metal catalyst in the synthesis of diamond, and
according to X-ray diffraction data, nickel is present in the
diamond lattice in the form of cubic nickel nanoparticles
up to 14 nm in size. According to static magnetometry
data carried out at room temperature, the concentration
of superparamagnetic nickel nanoparticles in the diamond
matrix is 1.45-10"®cm=3. Each nanoparticle, carrying
a magnetic moment of ~ 12500up, contains on average
about ~ 20800 nickel atoms, and the total content of
metallic nickel in the diamond lattice is equal to 1720
ppm (accuracy of +2.5%) [18]. This estimate is in good
agreement with the nickel content determined by elemental
analysis. In addition to aggregated forms, nickel is present
in the diamond lattice in the form of isolated impurities.
Thus, according to electron paramagnetic resonance (EPR)

Optics and Spectroscopy, 2026, Vol. 134, No. 2



Spectral Features of the 1.72 eV Nickel-Based Emission Center in Nitrogen-Enriched Diamond Microcrystals 123

data, nickel centers Ni; are present in the material in the
charge state —1 in the positions substituting carbon atoms.
The number of such centers, estimated from the intensity of
the low-temperature (T = 90K) EPR signal with a g-factor
of g = 2.0319, is about 9.8 ppm. The content of impurity
nitrogen in the carbon substitution positions in the crystal
lattice is ~ 230 ppm according to infrared spectroscopy data
(see section ,,Experimental results and discussion®).

Morphology. Microcrystals — synthesized under non-
equilibrium conditions are particles of arbitrary shape,
a small part of which have a faceted shape in the
form of a regular octahedron. Their morphology was
studied by scanning electron microscopy (SEM) using
a JSM-6390 microscope (JEOL, Japan). Microcrystals
selected for optical studies were additionally photographed
using an optical microscope. SEM images obtained at
different magnifications clearly illustrate the diversity of the
synthesized particles (Fig. 1, ab). Particles of arbitrary
shape, without faceting, are clearly visible in Fig. 1,a,b, and
examples of single crystalline particles of size ~ 180um
with characteristic facets and ribs are shown in the optical
images in Fig. 1,cd.

Experimental methods

Infrared absorption spectra were measured using an
Infralum FT-08 Fourier transform spectrometer (Lumex,
Russia), equipped with a Pike EASIDIFF™ insert, in
diffuse reflectance mode. The spectral resolution was
0.7cm~!. The weight of the microcrystalline sample loaded
into a 0.20cm? cell was about 0.2g with a bulk density of
1.0+ 0.1g- cm™3. The method of converting the recorded
reflection spectra into absorption spectra, the features of the
base curve and the background subtraction procedure used
in the analysis of diamond powders are described in [19].

The luminescence spectra of microcrystals were prelim-
inarily measured at room temperature using an NTEGRA-
Spectra II setup (NT-MDT ,Spectrum Instruments®, Rus-
sia) with focusing of the exciting radiation (wavelength
633nm) using a 100 microlens. The exciting laser
radiation was focused directly onto the surface of the
diamond microcrystal selected for analysis or into its volume
at some distance from the surface. Optical images of a
typical MD1 microcrystal, obtained by focusing 633 nm
or 532nm laser radiation (for comparison) onto it, are
shown in Fig. 2,a,b. The study of luminescence of the
synthesized microcrystalline powder (MD1) was carried
out by recording spectra on 50—60 selected microcrystals
and their subsequent analysis with division into groups
with characteristic spectral signatures. The luminescence
spectra of certain selected microcrystals were measured
in the temperature range of 78—308K using an InVia
Raman microspectrometer (Renishaw, UK) with a liquid
nitrogen-cooled CCD matrix and a diffraction grating with
. The spectral resolution of

a line count of 1800mm™".
the spectrometer was 2cm~!. For work with cryogenic
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Figure 2. Optical images of a typical MD1 microcrystal glued
to a quartz substrate, obtained by focusing laser radiation with a

wavelength of 633 nm (a) and 532 nm (b) onto its surface (using
an 10* microlens). Scale: a,b — 180 um.

cooling, a Linkam THMS 600 low-temperature attachment
was used, and the focusing of the exciting laser radiation
with a wavelength of 633nm was carried out using an
50* microlens with a numerical aperture of NA = 0.50
and a sufficient working distance to form a light spot
with a diameter of ~ 3um on the surface of the studied
microcrystal in a low-temperature cell. To obtain the reliable
data, the spectra were registered at every fixed temperature
for at least 5 times. The obtained luminescence spectra were
corrected taking into account the spectral sensitivity function
of the spectrometer, previously determined using the radia-
tion of a standard ,,black body*“ (THORLABS, SLS201L/M,
USA). Comparison of spectra from different microcrystals
was carried out, if necessary, using normalization of the
luminescence intensity to the intensity of the simultaneously
recorded Raman line of diamond at 1332cm™! (691 nm at
excitation 633 nm) under the assumption that the intensity
of the latter is proportional to the illuminated volume in the
bulk of the microcrystal.

Experimental results and discussion

The infrared absorption spectrum of MD1 microcrystals
is shown in Fig. 3. It contains the diamond’s own
lattice absorption band (1600—2650cm~!) and separate
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Figure 3. Infrared absorption spectrum of microcrystalline

diamond powder MD1.

bands/lines caused by absorption at the vibrational modes
of defects or impurity centers in the diamond lattice.
The band at 1130cm~! is due to the isolated impurities
of nitrogen (C-centers, N?) in the neutral charge state
in the substituting position in the diamond lattice [20],
the band at 1290cm™! is due to nitrogen dimers (A-
centers) in the lattice [21], peak of 1331cm™! is due
to isolated impurities of nitrogen (N*) in the charge
state +1. The band at 1431cm™! is not identified, but
is present only in the absorption spectra of microcrystals
with a high nitrogen and nickel content, obtained using our
technology. Measuring the peak intensity at 1130 cm™!
makes it possible to determine the concentration of C-
centers in the material in units of ppm using the empirical
formula [20] NC [ppm] =25 H1995 -A1130/A1995, where A1130
and Ajg9s — intensities of absorption bands in the material
for radiation with wave numbers of 1130 and 1995cm™!,
U1995 — optical absorption coefficient of a diamond crystal,
equal to 12.3 cm™! for infrared radiation with a frequency of
1995 cm~!. According to this calculation, the concentration
of C-centers in M D1 microcrystals is ~ 230 ppm.

The luminescence spectra of some individual particles of
microcrystals M D1, measured with exciting radiation at a
wavelength of 633 nm, are shown in Fig. 4. These spectra
contain individual lines and characteristic groups of lines
from various emission centers. This makes it possible to
identify groups of particles with emission centers of different
types in the synthesized microcrystalline material, including
those based on complexes of the NiN, composition or
isolated nickel atoms. The first group of particles (group A)
demonstrates a characteristic unique pattern of six emission
lines 700.0, 710.3, 721.2, 7344, 749.3 and 763.1 nm from
complexes of the supposed composition NiN, and an
emission line 794.7 nm from NE8 centers (Fig. 4, a). The
second group of particles (group B) shows a high-intensity
doublet line at 883 nm from Nij or NiV~ centers (Fig. 4, b).
The proportions of A and B particles in the microcrystalline
powder are approximately ~ 10% and ~ 18%. Besides,
the powder contains diamond microcrystals with emission
at NV~ centers. Their share is about 8%. Descriptions
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Figure 4. The luminescence spectra of diamond microcrystals
selected from two groups of particles A and B (panels a and b) of
the microcrystalline powder MD1. Optical excitation — 633 nm
(oscillations in the spectral range of 830—950nm are caused by
parasitic interference at the input window of the photodetector
matrix).

of other types of particles with emission in other spectral
ranges can be found in the paper [22].

A sextet of six emission spectral lines is observed at
room temperature with the same relative line intensities in
different diamond particles,! which allows us to conclude
that all the lines belong to the same optical center or to two
morphologically related optical centers with the same envi-
ronment in the crystal lattice. Besides, the quartet of lines
721.2, 7344, 749.3 and 763.1 nm is accordingly the highly
intensive zero-phonon line L (721.2nm) with a set of three
equidistant lines R1, R2, R3 (734.4, 749.3 and 763.1 nm) in
the Stokes® area, being caused by local vibrational modes
of a ,heavy“ element in the luminescent complex, and
emission lines 700.0 and 710.3 nm (R4 and R5)? in the anti-

! The studies were carried out on a set of 50—60 diamond particles.

2 Here and below, terminology associated with the Stokes and anti-
Stokes regions refers to the spectral zero-phonon line at 721.2nm (1.718
eV).

3 The zero-phonon line and its replicas in the Stokes region, associated
with local phonon modes, are designated L, R1, R2 and R3, while the two
emission lines lying in the short-wavelength region are designated R4 and
RS.
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Stokes area occur from the corresponding optical transitions
in the same emission center or in the impurity complex from
several heteroatoms morphologically related to the first one.
Both system of emission lines correlate with each other (by
relative line intensity) in all diamond particles of the A group
of MD1 microcrystals and are not observed separately or
together, but with other partial intensities. Here we assume
the manifestation of local vibrational modes associated with
the metal impurity atom in three spectral replicas (734.4,
749.3 and 763.1nm) of the 721.2nm zero-phonon line.
Considering the high nickel content in the crystal lattice
of MD1 microcrystals, these emission centers (Ni—Y) are
most likely associated with impurity nickel. Here we use
the notation Ni—Y, where Y is one or more agents from
the immediate environment of the nickel atom, including
nitrogen atoms, vacancies, or other atomic structures.

Fig. 5 shows the luminescence spectra of an individual
typical microcrystal MD1 from the A group, recorded at
several temperatures. The spectra were recalculated taking
into account the spectral sensitivity function of the optical
device and, after subtracting the linear background, were
normalized to the intensity of the Raman line of the
diamond microcrystal at 1.792eV. It can be seen that the
spectral pattern in the photon energy range 1.6—1.8eV
remains virtually unchanged with decreasing temperature.
The distance between the spectral lines R1, R2, R3 in the
Stokes region (< 1.718 eV), corresponding to the energy of
local vibrational modes of ,heavy” atom in the complex,
is ~31meV and does not depend on the temperature
in the range of 78—300K. The intensity ratios in the
spectral components (vibrational replicas) of the 1.718 eV
(721.6 nm) line system remain unchanged (with an accuracy
of up to 7%) with decreasing temperature. Only the
relative intensities and positions of two separate spectral
lines R4 and RS, located in the range of 1.732—1.8 eV,
change slightly. The intensity of the broad spectral line
with a centroid at 1.700 eV, shown in Fig. 5 by a dashed
contour, gradually decreases with decreasing temperature to
78 K. The Huang — Rhys parameter (S) for the 1.718 eV
(721.6 nm) zero-phonon line and the related Stokes system
of fluorescent lines is 0.82 at 7 = 288 K. This value, for
example, is slightly less than § (S = 1.25) for the tungsten
complex in the diamond lattice [23]. The value of S remains
almost unchanged (with an accuracy of up to 7—8%) in
the temperature range of 78—288 K. It means that for the
emission center under study, the strength of the electron-
vibrational (phonon) interaction is approximately constant in
this temperature range. This feature requires further study.

In the group of particles A of diamond powder MD],
microcrystals with slightly different spectral characteristics
and temperature dependence of the intensity of spectral
components were also found. The luminescence spectra
of one of these microcrystals (subgroup Al) are shown in
Fig. 6 for three temperature values: 303, 138, and 93 K.
It is seen that at a temperature of 7 =93 K the zero-
phonon line 1.718 ¢V (721.6nm) is split into two spectral
lines (L1 — 1.7191eV and L2 — 1.7146eV) with a gap
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Figure 5. Luminescence spectra of an individual microcrystal
selected from the group A of MD1 diamond powder particles,
measured at temperatures of 7 = 288K (a), 123K (b), 78K (c).
Red line — experimental spectrum, blue line — simulated
spectrum obtained using a set of Gaussian contours. Narrow line
at 1.792eV — Raman line of the diamond. Optical excitation —
633nm. HR — Huang-Rhys parameter.

~ 4.5 meV (at 93K), and near room temperature (7 = 303
K) the splitting is somewhat smaller (~ 4.2meV), but is
poorly distinguishable due to the broadening of the spectral
lines of the L1/L2 doublet. Moreover, as the temperature
decreases from room temperature to 7' ~ 90K, the lines
are actually ,,separated due to the decrease in the widths
of these spectral lines (Fig. 6, middle (») and bottom (c)
panels). Vibrational replicas of the 1.7146/1.7191 eV zero-
phonon line also consist of components, each of which is a
replica of the corresponding component of the zero-phonon
line (L1 or L2), distant from it by the integer number of
quanta of the local vibrational modes of the ,heavy” atom
in the complex. Thus, the first two replicas in the Stokes
region (R1 and R2) are well described by Lorentzian con-
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Figure 6. Luminescence spectra of an individual microcrystal
selected from the A1 subgroup of MD1 diamond powder particles,
measured at temperatures of 7 = 303 K (a), 138K (b), 93K (c).
Red line — experimental spectrum, blue line — simulated spec-
trum obtained using a set of Lorentzian and Gaussian contours.
R — Raman line of diamond. Optical excitation — 633 nm.
LVM — local vibrational modes.

tours with centroids spaced from the spectral components
L1 and L2 (1.7191 and 1.7146eV) by values multiples of
~ 31.5meV. This is illustrated in Fig. 6 (bottom panel) for
the luminescence spectrum obtained at a temperature of
93 K. Huang—Rhys parameter for the two-component zero-
phonon line 1.7146/1.7191 eV (723.11/721.22 nm) and the
corresponding Stokes system of the lines related to the
spectrum of the particle from the subgroup Al is approx-
imately ~ 0.86 at T = 93K and ~ 0.87 at T = 303 K. The
temperature dependence of the position of the maxima
of the spectral lines L1 and L2 is shown in Fig. 7,a.
In the temperature range of 78—300K the lines retain
their position on the spectra (with an accuracy of up to
+0.06 nm). As temperature drops from 300 down to 78 K
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Figure 7. Temperature dependences of the wavelength (a) of the
emission lines of the L1/L2 doublet (1.7146/1.7191 ¢V) and the
widths (b) of the spectral components of L1/L2. Experimental
points: dark circles — line L1, light circles — line L2.

the lines narrow approximately ~ 1.5 times (Fig. 7, 5), and
the intensity of both spectral components L1/L2 increases
approximately twofold. The specified property can be
useful for the tasks of non-contact local thermometry of
micro-objects located in high-pressure chambers in the
temperature range of 50—300 K.

A system of the zero-phonon line ~ 720 nm with replicas
at ~ 736 and ~ 750nm, due to ~ 36 meV local phonon
modes, was first described by Osvet et. al in [24] using
710 nm excitation. The authors observed such a system of
lines in Ni-containing synthetic diamonds (the concentration
of nickel atoms 10'® cm—3), irradiated with high-energy
electrons with a dose of 10'8 e/cm* and annealed at 900 °C.
At temperatures of 50—100K the zero-phonon line was
split into two with a gap of about 4.7meV, and at room
temperature the splitting was not pronounced.

Subsequently, such a system of a double zero-phonon
line of 720.7/722.7nm with replicas at 734.1/736.2
and 745.2/7479 nm was recorded in detail and described
in the paper by Eliseev et al. in [25] using excitation
from a helium-neon laser. The refined energy of local
phonon modes was 31 meV, and the splitting of the zero-
phonon line was 4.7 meV. Moreover, the same symmetrical
system of vibronic lines was observed in the studied
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synthetic diamonds in the anti-Stokes region (relative to the
720.7/722.7 nm line) in the luminescence excitation spectra.

The authors of both papers [21,25] associated the system
of lines they observed with Ni-containing emission centers.
In [25] the 1.718 eV system of lines marked with a label
NE4* was assigned to the center representing the nickel
atom located in the middle of divacancy (C3VNiVCs;)™.
However, relatively recently, the authors of the paper [26]
theoretically demonstrated that all the spectral features of
the 1.718eV line system of the center NE4 allow us
to attribute this center to another complex, namely, one
consisting of one nickel atom and three nitrogen atoms in
the neutral charge state Ni;(N,)J. Such assignment was
made taking into account all the experimentally recorded
parameters reproduced by the theory: the energy of the
main optical transition, the splitting of the optically excited
state, the energy of local phonon modes [26].

The 1.72¢eV line system described in the literature is in
good agreement with the 1.718 eV (721.6nm) line system
observed by us and the replicas from local vibrational modes
with energy ~ 31meV present in it. It is revealing that
in our case for the microcrystals of the subgroup Al the
~ 4.5meV splitting is also registered, both for the 1.718 eV
zero-phonon line and for its first two replicas related to
the local vibrational modes. In our case, however, for
the prevailing number of the microcrystals in the group A
all spectral lines of the system 1.718 eV (721.6nm) in the
Stokes region are substantially broadened, the zero-phonon
line of 1.718 eV do not demonstrate the splitting (up to the
temperature of 78 K), and Huang—Rhys parameter does not
depend on the temperature in the range of 78—300 K.

Thus, with the rapid (up to 90s) synthesis of diamond
microcrystals by the method of spontaneous crystallization
without the use of nucleation centers, microcrystals with
optical centers NE4 and broad emission lines are obtained.
The broad emission lines of the 1.718eV system are
possibly partly due to the high concentration of centers
in the diamond lattice and their diverse local environment,
consisting of impurity nitrogen atoms and vacancies in dif-
ferent quantities. A possible reason for the inhomogeneous
broadening of spectral lines in connection with the presence
of aggregated (or cluster) forms of impurity nitrogen in
diamond was previously mentioned in the paper by Osvet
and Sildos [27]. Inhomogeneous distribution of the main
donor and acceptor impurities (nitrogen and nickel) in the
lattice present in different charge states should also result in
the spatial fluctuations of the electrostatic potential inside
the lattice. All these factors lead to fluctuations in the
energy levels of the ground and excited states of the optical
1.718 eV center.

The features of the progressive splitting of the zero-
phonon line of the 1.718 eV center with temperature
decrease make this center attractive for use in local

4 The label NE4 was introduced into the nomenclature of diamond
paramagnetic centers to denote nickel-containing centers that have specific
signatures in electron paramagnetic resonance spectra and luminescence
spectra.
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thermometry problems (in the range of 70—300K and
below) in high-pressure cells in studies of the properties
of solids.

Conclusion

1. Using the high-pressure, high-temperature method
and a nickel catalyst, diamond microcrystals with nickel-
based emission centers were synthesized. The growth of
microcrystals occurs by the mechanism of spontaneous
crystallization in a time of ~ 90s.

2. In the synthesized crystals the emission centers are
found with the 1.718 eV system of spectral lines including
the zero-phonon line-doublet 1.7146/1.7191eV (splitting
~4.5meV at T =93K) and replicas of local phonon
modes with energy of 31.5meV distant from it.

3. Strong broadening of emission lines of 1.718 eV (NE4)
of the optical center is related to the high content of impurity
nitrogen and nickel in the microcrystals, and, including
impurities in the aggregated forms.

4. In addition to the 1.718eV (NE4) system of emis-
sion lines of the center, two emission lines of 1.7446
and 1.7712eV were detected in the anti-Stokes region (for
photon energies of > 1.72¢eV), located at 25.5 and 52 meV
relative to the zero-phonon line of 1.7191eV. Together
with the 1.7146/1.7191 eV line system, they form a unique
spectral signature (sextet), which is characteristic of the
grown microcrystals.
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