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Synthesis of diamond microcrystals with a unique diversity
of NiN, color centers by spontaneous crystallization
using a nickel catalyst and europium oxide
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Synthetic diamonds grown at high pressure and high temperature
by spontaneous crystallization using a nickel catalyst and
europium oxide additive exhibit emission spectra caused by a
large morphological diversity of luminescence centers. It was
found that most emission lines are associated with complex
impurity centers of the NiN, composition (consisting of several
nickel and nitrogen atoms) in a covalent diamond lattice. It was
shown that the addition of europium oxide promotes an increase
in the concentration of nickel Ni; centers in the crystals.
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Synthesis of diamonds at high pressures and temperatures from
graphite in the presence of a metal catalyst is a well-known method
of growing diamonds for various applications in science and
technology.!=> Under these conditions, the diamond phase can
grow both with the use of specially introduced nucleation centers
in the form of crystalline diamond seeds (the standard method)
and without them (the method of the so-called spontaneous
crystallization in a homogenized metal—carbon charge).® It should
be noted that detonation nanodiamonds of 5 nm in size can also act
as diamond growth seeds.”® The catalysts are usually transition
carbide-forming 3d metals with intermediate reactivity.> The use
of nickel or nickel-containing alloys® as metal catalysts has been
known for quite a long time and, as a rule, leads to the formation
of nickel-based optical centers in the growing diamond matrix.!%-!!
Many of such centers have been successfully identified
previously.' =15 Nickel-based centers can be used as emission
centers in the spectral range above 800 nm and have various
applications in nanophotonics.'¢-18

The role of the metal catalyst in the diamond synthesis
process is quite complex, but it is generally accepted that during
synthesis at temperatures above 1300 °C and pressures of about
5 GPa, the following processes occur.!® Nickel melts and
carbon gradually dissolves in the nickel melt. Carbon dissolved
in a small portion of the nickel melt undergoes mass transfer in
it, and when this portion leaves the melt zone, micron-sized
diamond crystallites are formed.

Due to the presence of air in the high-pressure chamber, the
grown diamond crystals also contain nitrogen in the form of
isolated impurities, dimers or even aggregates of atoms. If a
nitrogen getter is not used in the synthesis process, the nitrogen
content in the grown crystals is a priori high (more than 350 ppm).
In general, diamond microcrystals synthesized using a nickel
catalyst without a nitrogen getter should contain polyatomic
complexes (centers) of the NiN, type, in which nickel atoms are
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surrounded by a different number of nitrogen atoms and carbon
vacancies.!?0 The appearance of polyatomic complexes based on
nickel and nitrogen is also facilitated by annealing the synthesized
crystals at temperatures above 1600 °C.2° Given the potential
diversity of atomic forms built from nitrogen, nickel and vacancies
in different quantities, one should also expect a diversity of
luminescent centers in such crystals. The main objective of this
work was to search for new luminescent centers of the NiN, type
with unique spectral signatures in diamonds synthesized with a
nickel catalyst. To implement this task, we chose the technique of
rapid (up to 90 s) diamond synthesis by spontaneous crystallization
from a mixture of microcrystalline graphite and powdered nickel.
To test the possibility of doping the grown crystals with europium
ions,?! the effect of adding europium(ill) oxide to the reaction
mixture was additionally studied by analogy with the published
work.??

The charge status of nickel impurities in the diamond lattice
and its identification by electron paramagnetic resonance (EPR)
have been discussed previously in the literature, including our
recent study.?*?* The spin of nickel impurity in the neutral
substitutional state (Ni?) is two, and upon capture of one electron
(Ni) it becomes 3/2 with the electronic configuration 3d7.232

In this work, we analyze the EPR spectra and fluorescence
spectra of microcrystalline diamond synthesized using a high-
pressure chamber (P = 5.0-5.5 GPa, pressing at a high temperature
close to 1650 °C) and nickel as a catalyst metal. Europium oxide
(Eu,0;) was additionally introduced into the carbon—nickel charge
subjected to pressing as a modifying/inhibiting additive in an
amount of 5 wt% (see Online Supplementary Materials) to obtain
microcrystalline diamond powder D1-bis.” The synthesis time
at the maximum temperature was about 90 s. Microcrystalline

* The europium content of D1-bis diamonds is about 7 ppm, based on
X-ray fluorescence analysis (see Online Supplementary Materials).
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diamond powder synthesized without europium oxide was also
obtained as a reference sample D1. In both cases, a nitrogen getter
such as aluminum was not added to the batch in order to obtain the
highest possible nitrogen content in the grown diamond crystals.
Some details of the synthesis of microdiamonds using a nickel
catalyst have been published previously.?¢2”

Scanning electron microscopy images of both types of
synthesized diamonds are shown in Figure S1 (see Online
Supplementary Materials). The average size of microcrystals in
both cases is about 80 um. The grown microcrystals D1 and D1-
bis have an arbitrary shape, far from regular faceting, although a
small number of almost perfect crystals of octahedral and other
shapes are found among them. This is due to the short synthesis
time, which does not allow for the formation of defect-free crystals
with an octahedral habit.

Figure 1 shows the EPR spectra* of samples D1 and D1-bis
recorded at 90 K. Both spectra contain triplet EPR signals from
paramagnetic nitrogen with spin S = 1/2 (the so-called P1 signal®®
with the centerline g-factor of 2.0024) and singlet EPR signals
from the nickel defect Ni; with spin S = 3/2 in the electronic
configuration 3d” (the so-called W8 signal?>>2? with the g-factor
of 2.0319), located in the recording range at ~319 mT. All
individual lines forming the EPR spectrum of each sample are
quite broad. Specific features associated with orientational
averaging of the paramagnetic nitrogen signal in the powder,
which are usually observed in microcrystalline diamonds with a
nitrogen content below 150 ppm, are not even visible. This is due
to the strong broadening of the EPR lines of all paramagnetic
agents in the system due to the presence of a prevalent broadening
paramagnetic agent, ie., substitutional nitrogen. To correctly
separate the EPR spectrum of each sample into individual
components, each spectrum was integrated [Figure S2(a),(b)] and
the resulting integrated spectra were decomposed into contours
from substitutional nitrogen (three lines at ~320.56, ~323.7 and
~326.9 mT), nickel Nig (at ~319.1 mT) and one broad contour (at
~323.7 mT) from an unknown paramagnetic agent. This broad
signal at ~323.7 mT, lying under the central signal of the nitrogen
triplet (g = 2.0024), can be associated with centers of non-nitrogen
origin, such as negatively charged vacancies with spin S = 3/2 or
compact paramagnetic clusters based on several neighboring
nitrogen atoms.’*3! For sample D1-bis, the signal intensity from
the substitution nickel, normalized to the integral intensity of the
triplet signal P1, is approximately 1.5 times greater than for
sample D1 (0.197 vs. 0.121).

The concentrations of substitutional nitrogen Ni{ and
substitutional nickel in the Ni; state in microcrystalline
powders, estimated using the method described earlier,?* are
404 and 9.8 ppm in sample D1 and 380 and 15 ppm in sample
D1-bis, respectively. It is evident that the concentration of Nig
centers in sample D1-bis is approximately 1.5 times greater than
in sample D1, while the concentration of substitutional nitrogen
is only 1.06 times lower. This makes the D1-bis microcrystals
more interesting from the point of view of the presence of nickel-
containing optical centers.$

Luminescence spectral of individual particles of D1-bis
microcrystals recorded at different excitation wavelengths are

# EPR spectra were recorded at a microwave frequency of 9.071 GHz
using an X-band EPR spectrometer. The parameters for recording the
EPR data and the methods for processing the integral EPR spectra were
described by us earlier.?*

§ The nickel content in both samples, according to X-ray fluorescence
analysis, is in the range of 520-1030 ppm, which indicates the
predominance of other forms of nickel in these crystals, for example,
nanosized Ni clusters.

1 Luminescence spectra were recorded using excitation wavelengths of
532 and 633 nm.
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Figure 1 EPR spectra of (/) sample D1 and (2) sample D1-bis recorded at
90 K. The peak intensities of the central components of both signals at
323.6 mT (g = 2.0024) are normalized to the same value. The triplet structure
of the P1 signal is due to the hyperfine splitting from the '“N nuclear spins.

shown in Figures 2 and S3 for different groups of identified
particles 1, 2, 3, 5 and 6 defined below. It is evident that the
luminescence spectra from different particles are quite diverse and
the spectra contain signatures from NV~ T NiN, emission centers,
nitrogen-free nickel-based centers and other lattice defects.

Thus, upon optical excitation at wavelengths of 532 and 633 nm,
the following particles can be detected: particles with emission
spectra only from NV~ centers (group 1); particles with emission
lines at 602 and 618 nm from NiN, centers and other characteristic
low-intensity lines in the spectral range of 640-750 nm (group 2);
particles with a characteristic unique pattern of six emission lines at
700.0, 710.3, 721.6, 735.2, 749.1 and 763.8 nm from NiN, centers
and a separate emission line at 794.7 nm from NE8+32 centers
(group 3); particles with a zero-phonon line (ZPL) at 746.9 nm,
vibrational replicas at 774.9 and 805.1 nm (1.66 eV line system) in
the spectral pattern and emission lines at 794.8 (ZPL), 812.5 and
830.9 nm (vibrational replicas in the 1.56 eV line system) from
NiN, centers (group 4); as well as particles with a single high-
intensity emission line at 883 nm from Nif and/or the so-called
NE4%3-32 centers (group 5). The luminescence spectra of group 4
particles have been studied recently3 and are not considered here.
A small fraction of particles (group 6) exhibit emission spectra from
NV~ centers together with characteristic emission lines of the Eu’*
ion (see Figure S3). In this case, for the precise identification of the
spectral lines of the Eu* ion (intracenter 4f Dy — 7Fy;,4
transitions) in the spectra of D1-bis particles, we used the emission
spectrum of europium oxide microparticles recorded at the same
excitation wavelength of 532 nm (see Figure S3). It can be assumed
that in the last group of particles, the luminescence of Eu** ions
occurs as a result of the incorporation of fragments of the crystal
lattice of the europium oxide used (no larger than 500-800 nm in
size) or even isolated Eu** ions into the growing diamond crystallites
during the synthesis.

The above-mentioned sextet of spectral lines contains a zero-
phonon emission line at 721.6 nm and three intense lines at 735.2,
749.1 and 763.8 nm, associated with different energies of localized
vibrational modes™3* of the nickel atom in the complex, differing
by 32 meV [Figure 2(a)]. The other two lines of the sextet at 700.0
and 710.3 nm are apparently due to other zero-phonon radiative
transitions in the observed fluorescent complex, occurring only in

T Here the symbol V means a vacancy in the diamond lattice.

* NES8 denotes a polyatomic complex consisting of one nickel atom, two
semi-vacancies and four nitrogen atoms (N,VNiVN,) in the diamond
lattice according to the nomenclature of nickel centers in diamond.
$YNE4 is the label assigned to a lattice defect representing a single nickel
atom in an octahedral double semi-vacancy position (VNiV)~.

A similar situation occurs for the emission lines of the tungsten
complex in diamond.?*
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Figure 2 Luminescence spectra of individual D1-bis microcrystals assigned
to particles of (a) group 3 (emission from NiN, complexes and NES8 centers),
(b) group 5 (emission from Ni{ centers), (¢) group 2 (emission from 602.4 and
618.3 nm fluorescence centers) and (d) group 1 (emission from NV~ centers).
The spectra were recorded at 293 K using excitation wavelengths of (a),(b)
633 and (¢),(d) 532 nm.

the group 3 particles. The broad spectral lines of this group of lines
(ZPL at 721.6 nm) indicate that the heteroatoms forming this
previously unstudied optical center are in carbon-substituting
positions in the crystal with strong electron—phonon (lattice)
interaction. The observation of a unique spectral pattern in the
range of 695-770 nm with a characteristic distribution of the
intensities of the spectral components has not been previously
reported in the literature. In our study, such a spectral pattern is
observed on a variety of synthesized diamond particles, and the
characteristic intensity ratio of all six spectral components is
preserved for all particles of group 3. It can be concluded that the
fluorescent complex with such a spectral pattern consists of several
major impurity atoms of nitrogen and nickel, including lattice
vacancies, and, possibly, minor impurity atoms. Copper may also
be among them (Table S1, see Online Supplementary Materials).
This element uncontrollably enters the synthesized product during
the synthesis from materials contained in the high-pressure cell.
All the main fluorescent spectral bands and lines noted in this
study, except for the sextet lines in the 695770 nm range, are well
known and identified in the literature.!'-'>3 Among them are the
fluorescence spectrum of NV~ centers [Figure 2(d)] and the
intense lines at 794.7 and 883 nm from NE8 and Nif centers,
respectively [Figure 2(a),(b)].3%3¢ In addition, for example, the
emission lines at 602 and 618 nm, which constitute the unique
spectral pattern of group 2 particles in the 590-640 nm range
[Figure 2(c)], have been previously observed in nickel-enriched
synthetic diamonds.” The emission lines of ’D, — ’F, transitions
in Eu* at 615.5 and 621.2 nm observed in Figure S3, together with
other low-intensity bands at ~594 nm (°D, — ’F,) and ~707 nm
Dy — 'F,), are in good agreement with the luminescence
spectrum of Eu,O5 particles.® However, the intensity of Eu**
luminescence is at least ~30 times lower than the emission
intensity of NV~ centers in the same group 6 of D1-bis particles.
It should be noted that the luminescence spectra of Dl
microcrystals synthesized without the addition of europium(III)
oxide also contained characteristic sextets of emission lines in the
range of 695-770 nm, as well as emission bands from NV~ centers,
respectively and bands at 794.7 and 883 nm. However, the study of
luminescence in sample D1 did not reveal such a wide variety of
accompanying luminescence centers in D1 microcrystals as was
the case with sample D1-bis, including emission lines at 615.5 and
621.2 nm from Eu** ions. This indicates that the addition of
europium oxide to the graphite—nickel charge is the cornerstone
of the technique for producing diamond particles with different

compositions of impurity polyatomic complexes and with a wide
variety of characteristic spectral patterns for individual particles.

The method of synthesizing diamond particles with a nickel
catalyst using the spontaneous crystallization mechanism and the
addition of europium oxide makes it possible to obtain so-called
‘low-grade’ microcrystals with morphologically diverse (on an
atomic scale) luminescent centers based on heteroatomic
complexes NiN,, NV~ and others.

Addition of europium oxide in an amount of up to 5 wt% to the
metal-graphite charge made it possible to synthesize diamond
microcrystals containing impurity nitrogen and nickel atoms in
carbon-substituting positions in an amount of 380 and 15 ppm,
respectively. At the same time, the introduction of europium oxide
additive contributed to an almost one and a half-fold increase in
the concentration of isolated negatively charged nickel atoms
(Niy) in the crystals compared to the case without its use. At least
six types of different diamond particles with specific spectral
signatures of luminescence centers were found in the synthesized
material. Among them are NiN,, NV~, Ni{, nickel NE4 (883 nm)
centers and others. One group of such particles exhibits a unique,
previously unknown, very rich in detail spectral pattern, consisting
of at least six lines of the same width in the range of 695-770 nm.
These microcrystals could be used to develop nanophotonic
devices and sensors that exploit the properties of individual
particles with unique luminescent signatures.

This work was carried out within the framework of the Ioffe
Institute project FFUG-2024-0019.

Online Supplementary Materials
Supplementary data associated with this paper can be found
in the online version at doi: 10.71267/mencom.7649.
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