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Fluorescent diamond microcrystals with NV− centers for applications

in photonics and sensors: identification and photophysical signatures
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Synthetic microcrystalline Ib HPHT diamonds synthesized using a nickel-containing catalyst and containing

fluorescent negatively charged nitrogen-vacancy (NV−) centers, specially introduced by irradiation with high-

energy electrons, were studied. A set of identification signatures corresponding to diamond microcrystals with high

optical brightness and a concentration of NV− centers of about 4.5 ppm is shown. Electron paramagnetic resonance

signals for nitrogen impurity atoms in the neutral state and nickel in the −1 charge state depend on temperature

according to Curie’s law, while the signal g = 4.295 (W15), associated with 1ms = 2 transitions in the NV− center,

demonstrates a different type temperature behavior. Illumination of microcrystals with light in the spectral range of

1.38−2.95 eV at T = 100K entails optical spin polarization for the ms = 0 level of the ground unexcited state of
3A2 NV− centers. Synthesized diamond microcrystals can be used in photonics devices.
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Introduction

Synthetic diamond is an excellent matrix for creating

optical centers characterized by luminescence with a high

quantum yield, luminescence stability, and no degradation

over a long time [1,2]. For synthetic Ib HPHT dia-

monds produced at high pressure and temperature using

a nickel-containing catalyst, the main optical centers are

usually complexes based on impurity nitrogen, carbon

vacancies, and impurity nickel in substitutional positions

in the diamond lattice [3–6]. Among them, the main

optical center, actively studied over the past 20 years,

is a nitrogen-vacancy pair NV− in a negatively charged

state [7]. To obtain such centers in a diamond matrix

in the amount of 4−10 ppm sufficient for practical appli-

cations, microcrystals are usually irradiated with a beam

of high-energy (> 2−3MeV) electrons and annealed at a

temperature of about 900◦C [8,9]. At this temperature,

vacancies created in the diamond matrix become mobile

and, during the annealing process, are captured by impurity

nitrogen atoms fixed in the lattice. Substitutional impurity

nitrogen atoms, present in the lattice in excess quantities

(up to 200 ppm), are electron donors; as a result, NV−

centers acquire a negative charge. On the basis of this

center, over the past 15 years, various sensors of physical

fields and influences, such as magnetic field, temperature,

pressure, etc., have been proposed, as well as optical

circuits have been developed that exploit the properties

of entangled states of photons emitted by individual NV−

centers for quantum cryptography applications [10–17]. In

addition, diamond nanoparticles up to 50 nm in size carrying

NV− centers in sufficient concentrations can be used for

fluorescence imaging of cell organelles and submicron

inclusions in cells [18]. Red radiation of NV− centers

falls into the transparency window of biological tissues and

comes out well from their thin layers. The use of Ib

HPHT diamonds with NV− centers as sensors of physical

fields and quantities implies their integration into optical

circuits for excitation and output of fluorescent radiation

and positioning of a matrix with centers in the diagnostic

zone of the corresponding physical field. These conditions

can be easily implemented, for example, by placing single

crystallites with NV− centers at the end of optical fiber or

inside the central core of optical fiber that channels optical

radiation directly [19]. In this regard, it is important to study

the parameters of diamond crystals with NV− centers in the

size range from 1−2 to 30µm.

Modern industry, which uses the method of high

pressures and high temperatures to synthesize diamonds,

mainly produces microcrystalline diamonds for mechanical

applications (cutting, drilling, grinding, etc.), and such

materials are subject only to requirements as to hardness,

thermal conductivity, and, in some cases, the microcrystal

habitus. However, synthetic diamonds for applications in
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photonics and sensors should be manufactured according to

special requirements with a targeted improvement of their

properties, including high quality of the crystal lattice; lack

of dislocations, foreign inclusions, and mechanical stresses;

and, in particular, such a distribution of active impurities in

the matrix that yields no cluster forms of these impurities

(most importantly, cluster forms of nitrogen and nickel

nanoparticles). It bears reminding that nickel enters a

growing crystal from the melt of the catalyst metal used

in diamond synthesis, and nitrogen enters the crystal lattice

uncontrollably from air in the synthesis chamber and in the

finely dispersed graphite precursor powder. To controllably

reduce the concentration of nitrogen impurities in the

diamond matrix, metal nitrogen getters (for example, alu-

minum added to the graphite charge) are commonly used.

Nitrogen and nickel impurities are well identified in the

diamond lattice by electron paramagnetic resonance (EPR).
Specifically, EPR signals of nitrogen in diamond were

discovered by Smith and co-workers in 1959 [20], and

signals from nickel in carbon substitutional positions in

the diamond lattice were discovered by Loubser and van

Ryneveld in 1966 [21]. The centers responsible for this

signal were identified as the 3d7 electronic configuration of

a Ni− ion (with spin S = 3/2) by Isoya and co-workers only

in 1990 [22]. Despite the fact that isolated centers associated

with nitrogen and nickel in diamond have been known

for many decades, certain specifics of their characteristics

in Ib HPHT microcrystals designed specially for photonics

applications are still insufficiently studied and characterized

by existing combined techniques.

In the present paper, we report certain characteristics of

high-quality Ib HPHT diamonds with NV− centers that have

excellent emission properties and can be considered as a

reference. The characteristics discussed below can be con-

sidered necessary for the selection of high-quality synthetic

diamond microcrystals with NV− centers for applications in

sensor and telecommunication devices. The work examines

the EPR signals for NV− centers, paramagnetic nitrogen

(N0
S), and nickel impurities in charge state 1- as a function of

temperature and photoexcitation with broadband light from

a halogen lamp.

Samples and experimental methods

Synthetic Ib HPHT diamond microcrystals grown and

processed by Columbus Nanoworks Ltd. (USA) were stud-

ied. Crystals as large as 350µm were synthesized at high

pressures (5−6GPa) and temperatures (1300−1600◦C) by

the temperature gradient method using microcrystalline

graphite as a carbon precursor, nickel-containing catalyst,

and diamond seeds (nucleation centers). In this process,

graphite dissolves in the molten catalyst, and carbon atoms

migrate to the colder zone of the melt, create a supersatu-

rated solution-melt in this area, and crystallize on diamond

seeds, forming diamond crystals up to several hundred

micrometers in size. The non-diamond phase is removed

after synthesis by treating the material in boiling acids. NV−

centers were created by irradiating the synthesized material

with a beam of high-energy (> 2MeV) electrons (absorbed
dose of at least 7 · 1018 e−/cm2) followed by annealing at a

temperature of 800◦C for several hours. During irradiation,

the electron beam current was 25mA, and the area of

the cooled surface with irradiated diamond powder was

∼ 770 cm2. To remove parasitic ferromagnetic impurities

entering the material during irradiation and annealing, sec-

ondary treatment in boiling acids was performed. The non-

irradiated material was uniquely named #7381-un, and the

irradiated and annealed material was named #7381-irr/ann.

Irradiated and annealed microcrystals with NV− centers

were additionally milled to an average size of ∼ 13−14 µm

and purified in acids from metallic inclusions that entered

the material in the process of milling with metal balls. To

remove s p2- fragments formed on the surface of particles as

a result of its construction during intensive milling, powders

were subjected to oxidation in air at a temperature of 450◦C.

The particle size spread in the powder was ∼ 4−35 µm.

Certain details of the procedures for irradiation and milling

of diamond microcrystals can also be found in [23–25]. The
approximate concentration of NV− centers in irradiated and

annealed microcrystals was at least 4 ppm (based on an

estimate of the absorbed dose from electron irradiation),
and the concentration of substitutional nitrogen impurities

in non-irradiated crystals was 140± 10 ppm (based on the

manufacturer’s data). Processed crushed microcrystals were

a powder of light purple (or white) color. The sample

obtained using electron irradiation, annealing, and milling

was given the unique name #7381-bis . The optical image

of milled #7381-bis fluorescent microcrystals is shown

in Fig. 1. It was obtained with a Nikon Eclipse Ti-S

epifluorescence inverted microscope using a
”
Texas Red

Filter Cube“ combined optical filter with an emission

bandwidth of 600−660 nm, an excitation bandwidth of

542−582 nm, and a 593 nm dichroic cutoff filter.

The effect of milling on the phonon modes and the impu-

rity background of crushed Ib HPHT diamond microcrystals

was studied by analyzing the infrared (IR) absorption

spectra of two different fractions of diamond powders

with average particle sizes 8± 2 µm and 70± 10 µm

obtained from the same precursor material (diamond

microcrystals 200−350 µm in size). Purified fractions

of MSY 6−10 micron (lot 20048, ref. 7771) and MSY

60−80 micron (lot P19102, ref. 7772) monocrystalline dia-

mond powders were supplied by Microdiamant AG (Leng-
wil, Switzerland).
Infrared absorption spectra of powder samples were

recorded using an Infralum FT-08 spectrometer (Russia)
fitted with a Pike EASIDIFF TM attachment in the diffuse

reflection mode (DRIFT) with a resolution of 4 cm−1 and a

number of scans of 100. The baseline was determined by se-

lecting an analytical function such that the line
”
of zero“ ab-

sorption passed through the absorption minima in the spec-

tra near the points of ∼775, ∼1530, and ∼2680 cm−1 and

one point chosen at the high-frequency (at ∼ 4000 cm−1) or
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200 µm

Figure 1. Optical image of milled fluorescent diamond micro-

crystals obtained by exciting irradiation in the spectral band of

542−582 nm and recording in the 600−660 nm band.

low-frequency (at 615 cm−1) edge of the spectral interval.

The nitrogen content was estimated from the amplitude of

the narrow absorption peak at ∼ 1344 cm−1 corresponding

to local vibrational modes of C–N bonds in the diamond

lattice. The powder material to be examined was loaded

into cuvettes with an inner diameter of 10mm and a depth

of 2.3mm.

EPR spectra were recorded using an X-band JEOL-

JES-FA300 EPR spectrometer (Japan) fitted with a flow-

type cryostat from Oxford Instruments (UK). The mi-

crowave frequency was ∼ 9.04GHz. Samples were poured

into quartz tubes with an outer diameter of 4mm and

sealed at the upper end against the possible influx of

water vapor and paramagnetic oxygen at low temperatures.

Liquid nitrogen vapor was used to cool the sample in

the resonator. Temperature stabilization in the range of

100−210K was carried out with an accuracy of 0.03K. The

EPR spectra were recorded without and with illumination.

The spectra were recorded with the following parameters:

magnetic field modulation, 0.03 or 0.07mT; modulation

frequency, 100 kHz; time constant, 30ms; and microwave

power, 0.001 or 0.010mW. The sample was illuminated

with a 500W xenon lamp (Ushio Lighting Inc.) through

an HA30 optical filter with a bandwidth of 300−900 nm

produced by Hoya Candeo Optronics Corporation (Saitama,

Japan). The spectral composition of radiation was changed,

if necessary, by Hoya L42 and R64 cutoff optical filters with

cutoff wavelengths of about 420 and 640 nm. The magnetic

field was measured using a built-in Hall sensor placed on

one of the poles of the electromagnet. The g-factors of

the corresponding resonance lines were calculated with

additional correction of the magnetic field sweep intervals

and, consequently, the magnitude of the resonance magnetic

field (within −0.10... + 0.36mT) using an NMR magnetic

field sensor.

Luminescence spectra were recorded with an
”
inVia“

micro-Raman setup (Renishaw, UK) using exciting laser

radiation with a wavelength of 488 nm and a 50× microlens.

Exciting radiation was focused into a spot with a diameter

of ∼ 2µm on the surface or at some depth below the

surface of a single microcrystal. Luminescent radiation

was collected in backscattering geometry from the sample

surface. The spectrum from each individual microcrystal

was recorded in five accumulations. The exposure time

of a single accumulation was 10 s. When studying the

luminescence of particles with intentionally created NV−

centers, the intensity of excitation radiation was chosen

to be 0.0001% of the maximum achievable in the setup

used (∼ 5−8mW). Characteristic luminescence spectra for

individual particles were plotted for the most representative

data collected from a set of 7−10 microcrystals of the same

type and size.

Results and discussion

Infrared spectroscopy of crushed diamonds

To test the effect of milling on the crystalline quality of

produced diamond particles, the IR absorption spectra of

two fractions of diamond powders with average particle

sizes of 8 and 70 µm were studied. These spectra are

presented in Fig. 2, a in the spectral range of 700−2800

cm−1 by curves 1 and 2. The range of 2800−4000 cm−1 is

complicated by the presence of extended absorption bands

from adsorbed water and is therefore not presented for

analysis. For the large-size fraction of diamond particles,

Fig. 2, b additionally shows an absorption line at 1344 cm−1

in high resolution. The width of this line at half maximum

is ∼ 4.7 cm−1.

The spectra of coarse and fine size fractions are similar

to each other and differ only in minor details. The spectra

of both particle fractions (spectra 1 and 2) show charac-

teristic broad bands of a specific shape (1700−2700 cm−1

range) corresponding to the fundamental two-phonon lattice

absorption of diamond, broad structured bands of impurity

absorption (700−1500 cm−1 range), and narrow lines (at
1344 cm−1) corresponding to absorption on local vibrations

of C–N bonds and caused by the presence of isolated

substitutional nitrogen impurities in the covalent lattice of

diamond. The modes of local vibrations are mainly due to

vibrations of carbon atoms adjacent to a nitrogen atom in

the lattice [26]. The narrow line at 1344 cm−1 in the spec-

trum is a specific marker of the presence of substitutional ni-

trogen atoms in the material, and its intensity (relative to the

intensity of the fundamental two-phonon absorption band)
or ratio A1344/A1994 of intensities of the absorption bands

can be used to estimate the concentration of substitutional

nitrogen in the diamond crystal. Here, 1994 cm−1 is the

wave number corresponding to the local minimum between

the neighboring peaks (1977 and 2030 cm−1) of the low-

frequency lattice absorption band. The 1130 cm−1 band is

also due to the presence of isolated substitutional nitrogen

100∗ Optics and Spectroscopy, 2023, Vol. 131, No. 12
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Figure 2. IR absorption spectra (a) of two fractions of Ib HPHT diamond microcrystals with average sizes of 70 (1) and 8µm (2) and

a narrow ∼ 1344 cm−1 absorption line (b) corresponding to local C–N bond vibrations in microcrystals of the 70± 10µm size fraction.

Panel (a): spectrum 2 is shifted vertically by 6 units.

impurities in the lattice, and its intensity can also be used to

estimate the nitrogen concentration [27,28]. The following

empirical relationship between the concentration of isolated

nitrogen atoms [N0
S ] (in ppm) and optical absorption

coefficient µ1344 expressed in cm−1 holds true for bulk

diamond: [N0
S ] = 37.5µ1344 [29,30]. At room temperature,

the lattice absorption for light with a wavenumber of

1994−2000 cm−1 is about 10 cm−1 [31–33] 1. Therefore,

the absolute absorption at local vibrations of C–N bonds

(at 1344 cm−1) can be calculated using the formula

µ1344 = (A1344/A1994) · 10 cm
−1. Here, absorption intensities

A1344 and A1994 expressed in relative units are determined

directly from the absorption spectra, as shown in Fig. 2.

Recording an IR spectrum together with the lattice absorp-

tion band, one can determine the absolute absorption of the

material in the impurity band without measuring absolute

absorption coefficients. Various modifications of the [N0
S ] es-

timation method along with the corresponding formulae are

described in [30,32,34]. For microcrystals ∼ 70 and ∼ 8µm

in size, the corresponding nitrogen concentration is about

∼ 95± 10 ppm. It is interesting to note that for the powder

with smaller diamond particles ∼ 0.5−1µm in size obtained

by milling from the same starting material as the large-sized

fractions, the two-phonon lattice absorption band is much

weaker compared to prevalent absorption by surface func-

tional groups in the 900−1650 cm−1 range. The absorption

line from substitutional nitrogen (at 1344 cm−1) is lacking

(or not observed) in the spectrum of such particles. Thus,

this method for determining the concentration of nitrogen

1 According to [32,33], the absorption at ∼ 2000 cm−1 is

about 12.5 cm−1.

impurities in the material works well for diamond powders

with an average particle size of 8µm and above, but is

not applicable to diamond powders with an average particle

size below 1 µm. It is clear that a reduction in the size

of diamond crystallites does not significantly change the

spectrum of phonon states in crystals (unless the particle

size drops below a few micrometers).

Luminescence of irradiated and non-irradiated

samples

Figure 3 shows the normalized luminescence spectra of

two microcrystals #7381-un and #7381-irr/ann obtained at

excitation radiation intensities of 0.5 and 0.0001% of the

maximum achievable at the crystallite surface in the setup

used. Normalization was carried out by the luminescence

intensity at a wavelength of 710 nm.

A detailed examination shows that both samples have

NV− centers and their luminescence spectra are almost

identical, but the luminescence intensity of irradiated and

annealed sample #7381-irr/ann is about 450−500 times

higher under the same excitation conditions than the

luminescence intensity of non-irradiated sample #7381-un,

where NV− centers are formed in the process of HPHT

synthesis in very small amounts (e.g., at the level of 10 ppb

or less). The luminescence intensity of the #7381-un

sample at the maximum of the 640−800 nm spectral band

is comparable (with accuracy to a factor of 3) to the

intensity of the Raman scattering line at λ = 521.93 nm 2.

If we assume that the #7381-un sample contains NV−

2 The 521.93 nm line corresponds to a Raman shift of 1332.14 cm−1.

Optics and Spectroscopy, 2023, Vol. 131, No. 12
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Figure 3. Normalized photoluminescence spectra of two indi-

vidual microcrystals selected from #7381-irr/ann (1) and #7381-

un (2) powders. The wavelength of the excitation laser is

λex = 488 nm. R is the Raman line of diamond (λ = 521.93 nm).
Zero-phonon luminescence lines of NV− centers at 638.5 nm and

identical side phonon bands (650−800 nm) are seen clearly in both

spectra. Temperature T = 293K.

centers in an amount of 8−10 ppb 3, then sample #7381-

irr/ann contains them in an amount of 4−5 ppm. It is well

known that the main share of emission from NV− centers

at room temperature falls within the spectral interval of

650−850 nm (i.e., the side phonon band) and the narrow

zero phonon line at 638 nm accounts for less than 10% of

the total emission intensity. Since the emission spectra of

NV− centers for irradiated and non-irradiated samples are

practically identical in the spectral band above 650 nm, it

can be concluded that the absorbed dose of irradiation by

high-energy electrons has almost no effect on the phonon

mode spectrum of a diamond crystal and the crystalline

quality of the diamond lattice. This conclusion is reasonable

under the assumption that fast electrons create no more than

30−40 ppm vacancies in the crystal lattice at the irradiation

parameters used.

EPR spectroscopy of paramagnetic centers

Nitrogen and nickel impurities are present in the diamond

lattice mainly in the neutral state (for N0
S) and in the

negatively charged state (for Ni−S ). They have spins S = 1/2

and S = 3/2, respectively. In addition, a small amount of

nitrogen is present in the system in charge state 1+ with

spin S = 0 and in the form of non-paramagnetic dimers NN

(so-called A-centers). Paramagnetic centers of nitrogen

and nickel are easily detected by EPR. Figure 4, a shows

3 Approximately 65 · 103 elementary emitters are present in this case in

the focal waist of focused light with a length of ∼ 12.8µm and a diameter

of 2 µm (in the smallest cross-section).

the EPR spectrum for N0
S and Ni−S in powder sample

#7381-bis at 100K. The signal from paramagnetic nitrogen

(g = 2.0024, the so-called P1 center [3]) has a pronounced

triplet structure due to hyperfine splitting of the central sig-

nal induced by the magnetic moment of the nitrogen atom

nucleus. The signal from Ni−S (g = 2.0319, the so-called

W8 center [1,3,35]) is visible only at low temperatures,

and at temperatures above 220K it broadens so much as

to become almost unobservable. Figure 4, b shows the

EPR spectrum from centers N0
S (P1) and Ni−S (W8) after

numerical integration. An integration procedure is used

to correctly separate contributions from overlapping EPR

signals and determine their basic characteristics, including

integral intensity and full width at half height. The center

line of the nitrogen triplet (P1) and the EPR signal from

nickel (W8) are perfectly described by Lorentzian contours,

which helps to separate the spectrum observed in the

316−331mT magnetic field interval into their respective

partial contributions and to estimate their integral intensities

A1 (for Ni−S ) and A2 (for N0
S). The integral intensity of

the central Lorentzian of signal P1 is, to a high degree of

accuracy, 1/3 of integral intensity A2 of the total P1 signal

with account for both satellites of the hyperfine structure

for the powder sample, and additional broad signals with

the same g-factor (g = 2.0024 ± 0.0002) under the central

Lorentzian are virtually lacking or very insignificant in

the EPR spectrum (Fig. 4, b). The latter indicates a lack

or a negligible amount of cluster forms of paramagnetic

nitrogen with spins 1/2, wherein all spins are coupled by

magnetic exchange, in the material. In the case of diamond

microcrystals synthesized by another method, this may not

be the case, and cluster forms of paramagnetic nitrogen may

be present [36].
Figure 5 shows the temperature characteristics of the

main parameters of EPR signals from N0
S and Ni−S cen-

ters, such as linewidth, integral signal intensity, and/or

ratio of integral signal intensities for both centers. The

experimental points for the integral intensity of the N0
S

signal are smoothed in the range of 100−200K in accor-

dance with the Curie–Weiss law by a hyperbolic function

∼ (T −2)−1, where fitting parameter 2 (the so-called

Weiss temperature) is 2 ∼ −2K (Fig. 5, a). Almost the

same inverse temperature proportionality is observed for

the temperature variation of the signal from Ni−S centers.

Thus, both centers are paramagnetic Curie-type centers with

the integral intensity of the EPR signal being inversely

proportional to temperature (∼ T−1), but the dependences

of signal widths on temperature differ for these centers

(Fig. 5, b). The width of the central component of the

EPR signal for N0
S is 1H1/2 = 0.206mT at 200K 4. The

corresponding width of the Lorentzian EPR signal in the

spectrum of the first derivative (peak-to-peak distance) is

1Hpp = 1H1/2/1.7321 = 0.119mT. Applying the empirical

4 Here, 1H1/2 is the width of the Lorentzian contour at half-height

(for the spectrum obtained by numerical integration of the experimental

spectrum of the first derivative of absorption with respect to magnetic

field).
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Figure 4. EPR spectrum of microcrystalline diamond powder

#7381-bis in the g ∼ 2 region at a temperature of 100K: the

recorded spectrum (a) and the same spectrum after numerical

integration (b). Panel (b): dark red line — integral spectrum,

dashed line — approximation of the central signal from N0
S -

centers and the low-field signal from Ni−S - centers by two

Lorentzian contours. Microwave power — 1 µW, magnetic field

modulation — 0.03mT, and microwave frequency — 9.081GHz.

The magnetic induction values along the abscissa axis are not

corrected.

van Wyck formula 5 relating the EPR line width of para-

magnetic nitrogen to its concentration [N0
S ] expressed in

units of ppm, one may estimate the [N0
S ] concentration at

approximately 108 ppm [37]. For paramagnetic nitrogen,

the width of the central component depends very weakly

on temperature and has a slight tendency to broaden with

decreasing T , whereas strong broadening is observed at

temperatures above 130K for the signal from Ni−S centers.

The latter is related to the peculiarities of nickel spin 3/2,

its partial delocalization within the nearest-neighbor carbon

atoms and interaction with the phonon subsystem of the

diamond lattice [22]. While spin-lattice relaxation accounts

for the sharp broadening of the W8 signal from Ni−S centers

at T > 130K, the width of the W8 signal at T < 120K

5 This formula is given in [37].

is determined only by the dipole–dipole interaction of the

nickel spin with the surrounding “gas“ of paramagnetic

centers of all types in the lattice [22]. In the temperature

range of 100−110K, the width of the W8 signal is

1H1/2 = 0.232mT, while the width of the main line of

triplet P1 from N0
S centers has almost the same value

(1H1/2 = 0.238mT) in the same temperature range. This

means that at T < 120K, the signals from paramagnetic

centers W8 and P1 are equally broadened under the

influence of the predominant paramagnetic agents in the

system: isolated nitrogen atoms. Despite the broadening of

the EPR signal of Ni−S with increasing T , the dependence

of its integral intensity on temperature at T > 130K

follows the Curie law (∼ T−1) within the entire studied

temperature range of 100−210K, and the ratio of integral

intensities of EPR signals from both centers A1/A2 ∼ 0.104

is a constant within the accuracy of experimental data

processing (Fig. 5, c). Hereinafter, indices 1 and 2 of various

quantities correspond to nickel Ni−S and nitrogen N0
S centers,

respectively.

Let us estimate the concentration of nickel centers in the

system based on data on the ratio of signal intensities. Ratio

A1/A2 of integral intensities of EPR signals from centers Ni−S
and N0

S with different spins (S1 = 3/2 and S2 = 1/2) is

related to the ratio of concentrations (N1/N2) of these spins

in the material in the following way [38]:

A1

A2

=
N1

N2

S1(S1 + 1)

S2(S2 + 1)

g2
1

g2
2

= 5
N1

N2

g2
1

g2
2

.

Here, N1,2 are the concentrations of spins of both types in

the studied material and g1,2 are the Lande factors for the

corresponding paramagnetic centers with spins S1 = 3/2

and S2 = 1/2. For the two analyzed center types Ni−S (1)
and N0

S (2), ratio

g2
1

g2
2

=
2.03192

2.00242
≈ 1.0297,

and multiplier
S1(S1+1)
S2(S2+1) = 5. Consequently, the concentration

of nickel centers [Ni−S ] in the material can be calculated

from the concentration of nitrogen centers defined above

using the formula

N1 = N2

A1

A2

1

5.148
= 108 ppm× 0.104× 0.194 ≈ 2.2 ppm.

Thus, the diamond matrix contains centers N0
S and Ni−S

in amounts of ∼ 108 ppm and ∼ 2.2 ppm. This ratio is

valid in the studied temperature range of 100−210K. The

presence of nickel centers with a concentration ∼ 50 times

lower than that of paramagnetic nitrogen should not affect

in any significant way the photophysics of nitrogen centers

and, consequently, fluorescent centers NV−. Note that

the obtained concentration of centers N0
S in the #7381-bis

sample is slightly reduced compared to the corresponding

value for non-irradiated #7381-un crystals.
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When microcrystals are irradiated with broadband light

from a xenon lamp passed through an HA30 filter with

a bandwidth of 320−770 nm, the EPR spectra of N0
S

and Ni−S centers change slightly so that the amplitude

of the EPR signal from nickel in the negatively charged

state decreases and that from nitrogen in the neutral state

increases. The corresponding difference EPR spectrum

obtained by subtracting the dark spectrum from the EPR

spectrum under illumination is shown in Fig. 6. The

change in amplitudes of EPR signals is associated with

photoionization and dynamic recharging of a fraction of the
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Figure 6. Difference EPR spectrum of microcrystalline diamond

powder #7381-bis in the g ∼ 2 range obtained by subtracting the

dark spectrum from the spectrum recorded under illumination

with light from a xenon lamp. The spectral range of excitation

radiation is 320−770 nm. Microwave power — 1 µW, magnetic

field modulation — 0.03mT, and temperature T = 100K. The

magnetic induction values along the abscissa axis are not corrected.

centers and, as a consequence, the escape of electrons from

some of the Ni−S centers to positively charged N+
S centers

and other defects in the system. When Ni−S centers are

photoionized, electrons first appear in the conduction band

and are subsequently captured by the N+
S centers present

in the system, which turn from non-paramagnetic to being

paramagnetic with spin 1/2. The positions of energy levels

of the corresponding centers are shown in the band diagram

of diamond in Fig. 7.

EPR spectroscopy of the 1ms = 1

and 1ms = 2 transitions in NV− centers

EPR spectra of microcrystalline powder #7381-bis in the

range of 100−300mT at temperatures of 100 and 293K are

shown in Fig. 8. The spectra are presented in their original

form without subtraction of the background from superpara-

magnetic nickel nanoparticles possibly present in the lattice

in small amounts. Signals in the region of 200−290mT

are associated with allowed x , y -transitions 1ms = 1 and

z -transitions 1ms = 1 between Zeeman-split states of triplet

level 3A2 of the ground state of the NV− center with mag-

netic quantum numbers ms = 0 and ms = −1. In this case,

the signal from allowed z -transitions 1ms = 1 is hard to see

in the survey spectrum due to specific measurement condi-

tions, but can be detected independently. In turn, the char-

acteristic EPR signal in a half magnetic field at ∼ 151mT

is associated with forbidden 1ms = 2 transitions between

the ms = −1 and ms = 1 states of the 3A2 triplet level

in a microwave field and has a g- factor g = 4.295 6 at

frequency ν = 9.080−9.081 GHz (Fig. 8). A diagram of

6 According to the classifier of paramagnetic centers in diamond,

EPR signals corresponding to NV− centers are traditionally labelled as

W15 [1,3].
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1ms = 2 transitions is shown in Fig. 9. The calculated

integral intensity of the g = 4.295 signal (W15) corresponds
to a concentration of NV− centers of about 4.5 ppm. A

technique for estimating the concentration of NV− centers

with the use of reference synthetic diamond with a known

NV− concentration has been detailed earlier in [39].

The g = 4.295 (W15) signal associated with 1ms = 2

transitions reveals a non-Curie character of the temperature

dependence of the integral intensity and a weak dependence

of width 1Hpp
7 in the temperature range of 100−200K.

Thus, in contrast to the main EPR signal from N0
S centers

and the signal from Ni−S centers, the integral intensity of

the g = 4.295 (W15) signal practically does not change

with decreasing temperature, and the width of this signal

increases slightly with a decrease in T with a tempera-

ture coefficient of −2.32 · 10−4 mT/K. This fact is quite

surprising, since the integral intensity of the g = 4.295

(W15) signal depends almost linearly on the square root

of the microwave power in the 1−14 µW range (within the

entire 100−293K temperature range) and saturates only

at high microwave powers in the resonator. The reason

for this temperature behavior of the g = 4.295 (W15)
signal requires separate consideration. Such an analysis

should take into account the temperature dependence of

the energy levels of the ground state 3A2 (ms = 0,±1)
of the triplet center, their splitting as a function of the

lattice tension and their positioning relative to the Fermi

level, and the temperature dependence of the spin-lattice

7 Here, we mean the 1Hpp signal width in the spectrum of the first

derivative of microwave absorption with respect to the magnetic field.
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relaxation time for the NV− center. Illumination with

xenon lamp radiation (using a combination of Hoya L42

and HA30 filters) at a temperature of 100K leads to a

several-fold amplification of the g = 4.295 (W15) signal

due to optical spin polarization (Fig. 10), which induces

a redistribution of populations of the ground state levels

of the NV− triplet center with magnetic quantum numbers

ms = −1, 0, +1 [40]. The signal is amplified by a fraction

of diamond microcrystals in the quartz EPR tube that are

adjacent to the inner walls of the tube in a layer of a certain

thickness (of the order of several hundred micrometers)
and absorb optical radiation in the range of 1.38−2.95 eV.

With this illumination, the signal width (1Hpp) increases

from 0.311 to 0.347mT. The amplitude of the high-field

component of the signal, which differs from the main

component (at g = 4.295) by ∼ 3mT on the magnetic field

scale (Fig. 10), is also amplified. Almost exactly the same

g = 4.295 (W15) signal amplification occurs when xenon

lamp radiation is transmitted through a single Hoya HA30

filter (with a spectral bandwidth of 1.38−4.1 eV). In turn,

red and near-infrared light (1.38−1.94 eV) cut out from the

spectrum of a xenon lamp by optical filters Hoya R64 and

HA30 does not induce an increase in the amplitude of the

g = 4.295 (W15) signal and, therefore, does not induce

optical spin polarization for the 3A2 ground state levels.

Thus, the main contribution to optical spin polarization

comes from the absorption of radiation in the 1.94−2.95 eV

spectral band.

The determined characteristics correspond to synthetic

microcrystalline Ib HPHT diamond with intense lumines-

cence from NV− centers. In this case, fluorescence

radiation with a power of up to 2.5 µW and even more,

depending on the geometry of focused radiation (when
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excited by green laser light with an optical power of at

least 15mW) can be generated in the saturation mode in

the focal waist area of excitation radiation focused onto a

particle 13µm in size. With optical feedback and additional

surface treatment, the parameters of such microcrystals

are quite sufficient to realize the laser effect in their

volume [41,42]. The additional identification characteristics

of microcrystals discovered in this work can be used to

select fluorescent diamond microcrystals with the highest

brightness and acceptable lattice quality. EPR spectroscopy

provides estimates of the concentration of NV− centers

in microcrystals (∼ 4.5 ppm) consistent with the recorded

NV− luminescence intensity.

Conclusion

Microcrystals of synthetic Ib HPHT diamond with bright

luminescence at NV− centers contained in the crystal lattice

at the ∼ 4.5 ppm level reveal a whole set of standard char-

acteristics associated with lattice optical absorption, NV−

luminescence, and a Curie-type temperature dependence of

EPR signals for impurities of paramagnetic nitrogen and

nickel. At the same time, the temperature dependence

of the EPR signal (g = 4.295) associated with
”
forbidden“

microwave transitions 1ms = 2 between Zeeman-split levels

of the ground state of the NV− center and revealing

the effect of optical spin polarization under irradiation

with light with quanta energies of 1.94−2.95 eV does not

follow the Curie’s law, and the signal variies weakly in

the 100−293K range. This feature indicates a peculiar

temperature dependence of levels of the ground triplet

state of NV− centers (with the effect of mechanical stress

taken into account) and their special positioning relative

to the Fermi level of the system and can be used to

identify microcrystals with different required characteristics,

including brightness ones.
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