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Electron spin resonance of NV(−)-centers in synthetic fluorescent

diamond microcrystals under conditions of optical spin polarization
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Electron paramagnetic resonance (EPR) spectra of synthetic diamond microcrystals with NV(−)-centers have

been studied. It is shown that under the conditions of irradiation of the material with the light of a xenon lamp

at low temperatures ∼ 100K, the intensities of the EPR signals corresponding to the
”
forbidden“ (1ms = 2) and

low field allowed (1ms = 1) transitions are amplified several times, while the EPR signals from paramagnetic

nitrogen and impurity nickel in the charge state −1 practically do not change. This is due to a change in the

population of levels of the ground triplet state of the NV(−)- center and the optical polarization of spins in the state

ms = 0 of the triplet level.
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Introduction

Diamond is wide-gap material with a gap of 5.45 eV,

which can currently be easily synthesized by various

methods, including the static method under high pressures

(5−7GPa) and temperatures (> 1350◦C) and the chemical

vapor deposition method from carbon or carbon-containing

precursors. Defects in diamonds have been studied since

the mid-1950s. To date, up to 200−250 point defects

and various complexes composed of elementary subunits

are known in diamonds. Their description is givenin the

reference book on the optical properties of diamond [1].

All defects/centers can be conditionally divided into two

groups: optical and paramagnetic. Optical centers usu-

ally include centers that are characterized by specific

luminescence in the ultraviolet and visible ranges of the

spectrum (or by specific absorption), while paramagnetic

centers that are demonstrating specific signals of electron

paramagnetic resonance (EPR). And only a small part of

the centers simultaneously have both sets of identification

optical and paramagnetic signatures. Among such a cen-

ters is nitrogen-vacancy pair NV(−) in a negatively charged

state [2,3].

It should be noted that the main studies on paramagnetic

and optical centers in diamonds, including those induced

by radiation damage from high-energy radiation, were

carried out before the mid-1970-s, as described in the

review by Loubser and vanVyk [4]. The vast majority of

”
new“ centers in diamonds were discovered, identified or

redefined during the 1990-s by international consortiums

of researchers from different countries [5–7]. At the

same time, nickel and its numerous combinations with

nitrogen, vacancies and elemental hydrogen, as well as other

heteroelements, including elements of the carbon subgroup,

led to the appearance of a whole assembly of optical and

paramagnetic centers from the very beginning of the 2000-s

and up to the present time [7–12]. At the same time,

it should be noted that most of the known centers in

diamond are magnetically inactive and cannot be detected

by EPR-spectroscopy. Among these magnetically inactive

(
”
hidden“) centers there are neutral nitrogen pairs NN

(A-centers), NVN (H3-centers), 4NV (B-centers), etc. [13].
Paramagnetically inactive are often complex centers ob-

tained by arrangement elementary defects in crystals during

treatment at high temperatures above 1400◦C. The process

associated with such a rearrangement and coalescence of

defects also causes discoloration of diamond crystals, which
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is used in the manufacture of synthetic gem-quality diamond

crystals. Explosion of concern in the study of NV-centers

arose in the mid-2000s and was initially associated with

the great potential associated with the development of

single-photon light sources and modulation of the emission

radiation of these centers for telecommunications and

information processing tasks [14,15]. The attractiveness of

these centers for practice was also due to the fact that the

electronic terms of these centers were well defined and

confirmed by the results of theoretical analysis within the

six-electron model [3]. However, this is not completed

the main scientific attraction of systems based on optical

NV(−)-centers.

Diamond crystals with nitrogen-vacancy centers in charge

states 0 and −1, which give intense fluorescence in the

green and red regions of the spectrum, are promising

sensors for a number of physical fields and influences,

such as magnetic field, microwave radiation of a certain

frequency, temperature and mechanical strains due to

the peculiarities of the electronic structure of the energy

levels of NV(o) and NV(−)- centers providing optical

emission [16–22]. Thus, in particular, the parameters of

the electronic levels of the ground (3A2) state of the

NV(−)-center substantially depend on the intracrystalline

mechanical strains [22]. Diamond nanoparticles with NV(−)

are successfully used for contouring and visualization of

intracellular organelles and tracking the movement of single

organelles and neurons with a spatial resolution of at

least 15 nanometers [23]. Synthetic diamond microcrystals

with NV(−)-centers smaller than 20−30µm are the most

interesting for use as sensors when combined with fiber

optics elements, because can be easily placed as sensitive or

active elements at the ends of single- and multimode optical

fibers and/or in the core of these fibers [24].
NV(−)-centers with charge status −1 are well identified in

diamond microcrystals by electron paramagnetic resonance

and luminescence. In the EPR spectra, they show narrow

lines corresponding to the so-called allowed and
”
forbidden“

transitions, and the intensities and widths of the lines of

allowed transitions turn out to be the most sensitive to the

size of diamond crystallites and the quality of the diamond

lattice in the size range 5−100 nm [25]. For diamond

particles smaller than 20 nm, the lines of allowed transitions

almost completely disappear, while the EPR lines from

”
forbidden“ transitions remain [26].
Some features of the EPR spectra of NV(−)-centers

have already been discussed in the literature for syn-

thetic micro- and nano-crisralls of type Ib [25,26].
In particular, we studied the intensity saturation of

the EPR lines of allowed and
”
forbidden“ transi-

tions in NV(−)-centers as a function of the microwave

power [27].
An urgent task at present is the development and

improvement of complex methods for diagnosing diamond

micro- and nanocrystals with NV(−)- centers and evalu-

ation of their crystalline quality, which allow selecting a

synthesized material with premium characteristics to create

sensors, light emitters and active elements [28,29]. Among

such diagnostic methods is the study of the EPR spectra

of diamond microcrystals under conditions of optical spin

polarization.

Samples and methods

In present work, microcrystals of synthetic Ib HPHT di-

amond manufactured by Columbus Nanoworks Ltd. (USA)
were studied. Microcrystals were grown under con-

ditions of high pressures (> 5GPa) and high tempera-

tures (> 1300◦C) using a nickel-containing metal-catalyst

The size of initial crystals with a good faceting var-

ied in the range of 200−350 µm. NV(−)-centers were

created by irradiating synthesized microcrystals with a

beam of high-energy (> 2MeV) electrons (absorbed dose

∼ 6× 1018 e−/cm2) followed by annealing in an inert

atmosphere at a temperature 800◦C within 6 hours. Mi-

crocrystals were further processed in boiling acids. The

fabricated material has been given the unique name #7381.

The resulting fluorescent microcrystals with NV(−)- centers

were then powdered in a planetary mill in inert atmosphere

(using steel balls) to an average size of ∼ 13 µm and

were cleaned in boiling acids from metal inclusions and

related contaminants. The particle size in the ensem-

ble varied from ∼ 4 to 35 µm. Further, in order to

remove surface defective regions in the s p2-hybridized

state, i.e. non-diamond forms of carbon, the resulting

powders were subjected to gas-phase etching by oxidation

in air for 1 hour at temperature of 450◦C. Details of

the procedures for irradiation and grinding of diamond

microcrystals for a number of cases can also be found in

the works [30–32]. The concentration of NV(−)-centers

in the fabricated microcrystals was ∼ 3.8 ppm, and the

substitutional nitrogen, i.e. the main dopant of synthetic

diamond was 140± 10 ppm. The impurity nickel content

in the material was no more than 5 ppm. At temperatures

below 140 K, the nickel atoms present in the crystal in

the carbon-substituting positions were in a negative charged

state. The processed and purified milled microcrystals

were a white powder. Photos of initially microcrystals

with NV(−)- centers, shoted in the mode of registration

of fluorescence excited by radiation with a wavelength

of 532 nm, are shown in Fig. 1, a, and the powder of

milled microcrystals is shown in Fig.1, b (tube 1). The

manufactured sample, obtained by milling, was given the

unique designation #7381-b.
The EPR spectra in the temperature range 90−100K

at a microwave frequency ∼ 9.04GHz were studied by

JEOL-JES-FA300 EPR spectrometer (Japan) which was

equipped with flow-type cryostat by Oxford Instruments

(Great Britain) and an optical window for illumination

with UV visible light. For cooling to a temperature of

90K, liquid nitrogen vapor was used as a coolant. Tem-

perature stabilization in the temperature range 90−100K

was carried out with an accuracy of 0.03K. The sample
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Figure 1. Fluorescent image of ten synthetic diamond microcrys-

tals #7381 with NV(−)-centers, obtained using an epifluorescence

microscope a filter with bandwidth of 590−650 nm and an

illuminating laser with wavelength of 532 nm, as well as an

optical image of the powder of milled #7381-b microcrystals in

a quartz tube (left) in comparison with other diamond micro-

and nanomaterials (b). Panel (a): intense red glow indicates the

presence of NV(−)-centers; particle size is 250−300 µm. Panel (b),
ampoules with materials: 1 is diamond powder #7381-b, 2 is

reference powder of 10-µm of fluorescent diamond with NV(−),

3 is 5-nm detonation diamond powder with NV(−)-centers at a

concentration less than 1 ppm.

was illuminated with a 500W xenon discharge lamp

(Ushio Lighting Inc.) through an HA30 glass optical

filter (bandwidth 300−900 nm) by Hoya Candeo Optron-

ics Corporation (Saitama, Japan). Illumination through

this filter did not cause any significant heating of the

sample at cryostat temperature of 100K. To change the

spectral composition of the radiation, Hoya L42 and R64

cutoff optical filters with cutoff wavelengths of about

420 nm and 640 nm were additionally used. The EPR

spectra were recorded under conditions without illumina-

tion and with illumination. The illumination parameters

did not change during the recording of the EPR spec-

tra. The following parameters were used to record the

spectra: magnetic field modulation 0.07mT, modulation

frequency — 100 kHz, gain — 500, time constant —
30ms, number of accumulations of spectra for averaging

and noise reduction in signals — 8. The microwave

power was chosen equal to 0.003mW or from the range

of 0.001−0.01mW.

Luminescence spectra were recorded using the
”
inVia“

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

radiation at wavelength of 488 nm and 50x micro objective

focusing radiation into 2µm diameter spot on the surface of

a single microcrystal or its fragment. Luminescent radiation

was collected in backscattering geometry from the sample

surface. Due to the high fluorescence intensity of the

particles under study, the intensity of the exciting radiation

was chosen to be 0.0001% of the maximum achievable

on the sample surface in the setup used (∼ 5−8mW).
The characteristic spectrum was obtained by statistical

averaging of data collected from ten micro crystals. The

Raman spectra of microcrystals were recorded at 0.5%

(of the maximum achievable) intensity of the exciting

radiation.

Experimental results and discussion

The fluorescence spectrum of sample #7381 at room

temperature is shown in Fig. 2. It has all the characteristic

features associated with the emission of NV(−)- centers,

namely: zero-phonon line at 638 nm and a broad long-

wavelength band associated with phonon repetitions extend-

ing up to ∼ 800 nm and even further. The narrow Raman

line centered at 1332 cm−1 and 3.4 cm−1 wide (the width of

the instrumental function of the spectrometer is 1.6 cm−1)
indicates a sufficiently high quality of the diamond lattice

and the absence of mechanical strains in the lattice from

interstitial impurities (see inset in Fig. 2). Fluorescent bands
and lines associated with NV- centers in the neutral state

are absent in the spectrum in Fig. 2, which indicates the

predominant (up to 98%) occurrence of NV- centers in

sample #7381 in a negatively charged state.

The energy diagram of the electronic terms of the main

optical centers (NV(−) and NV(o)) and donor impurities

(isolated nitrogen atoms) of irradiated and annealed dia-

mond is shown in Fig. 3, a, and Fig. 3, b shows the splitting

scheme of the sublevels of the 3A2 triplet state in a magnetic

field in situations when the magnetic field is directed parallel

to the axis of the NV center. Additional details of the energy

diagram can be found in work of Sabedi et al. [33]. The 3A2

state is the ground unexcited state of the NV(−)-center and,

therefore, the final state for all radiative and nonradiative

recombination channels, caused by optical excitation of this
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Figure 2. Luminescence spectrum of synthetic diamond micro-

crystals #7381 with NV(−)-centers. The excitation was performed

by laser radiation 488 nm. The intensity of the exciting radiation

on the sample was 0.0001% of the maximum, corresponding

to a power of 5−8mW. Temperature T = 293K. Inset: Raman

spectrum taken at 0.5% excitation intensity.
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center, but the sublevels of the 3A2 triplet differently affect

the radiative recombination channels and luminescence in

the case of applying a magnetic field greater than 50mT.

The luminescence intensity is maximum in the case of a

zero external magnetic field and decreases significantly (by
15−17%) in the case of self-crossing of 3A2 sublevels in a

field of ∼ 100mT [24].

EPR spectra under dark conditions

The powder EPR spectrum of irradiated and annealed

#7381-b diamond microcrystals consists of a set of signals

(signatures) corresponding to impurity defects and triplet

optical centers. The EPR spectrum of the #7381-b sample,

recorded fragmentarily at T = 100K under dark conditions,

is shown in Fig. 4, a, b (curve 1) for different magnetic field

ranges. It consists of narrow lines of allowed (1ms = 1)
and

”
forbidden“ (1ms = 2) transitions in NV(−)-centers, a

triplet signal from substitutional nitrogen impurities with

electron spin 1/2 and nuclear magnetic moment I = 1, and

a singlet signal from substitutional nickel impurities with

spin 3/2 in the charge state −1 [5,34,35]. The triplet

signal from nitrogen (with a hyperfine structure due to the

magnetic moment of the nucleus 14N) is located in the range

of magnetic fields 313−334mT (g-factor of the central

component g = 2.0024, line width 1Hpp = 0.099mT). The
singlet signal from a negatively charged nickel impurity in

the substitutional position (S = 3/2, g = 2.0319) is located

near the low-field component of the nitrogen triplet and is

well resolved [5]. The parameters of the triplet (g = 2.0024)
and singlet (g = 2.0319) signals, analyzed by the previ-

ously described method of double integration of the EPR

spectrum [36], correspond to neutral nitrogen and nickel

concentrations of about 140 ppm and 4.3 ppm. Allowed

transitions from NV(−)- centers are represented in the

powder spectrum by two pairs of symmetrically arranged

lines with indices z and x , y for different orientations of the

NV-center axis relative to the direction of the magnetic field

for the magnetic field ranges H < 313mT and H > 334mT.

The high-field signal components of NV(−)-centers located

in the range H > 334mT are not specifically shown in

Fig. 4, a. Scheme of the Zeeman splitting of the energy

levels of the 3A2 triplet state together with allowed and

”
forbidden“ microwave transitions 1ms = 1 and 1ms = 2

is shown in Fig. 5 for various orientations of the axis 1 of

NV(−)-center relative to the direction of the magnetic field.

For such a scheme, centers with axes making angles 0◦,

54.7◦ and 109.5◦ with the magnetic field vector [37] are

chosen. From this scheme, the picture of the arrangement

of lines in the EPR powder spectrum of an ensemble of

randomly oriented in space NV(−)- centers is clear. In the

range of magnetic fields 210−290mT, the main contribution

to the powder spectra comes from NV(−)-centers oriented

predominantly orthogonally to the direction of the magnetic

field (with an accuracy of ±20◦). The registered powder

spectrum is obtained by angular averaging of the individual

EPR spectra of NV(−)- centers with different orientations of

the crystallographic axes as a whole over the ensemble.

Signals from triplet NV(−)- centers have a very low

intensity compared to the signal for paramagnetic nitrogen

and correspond to an NV(−) concentration of ∼ 3.8 ppm.

Note that, according to the literature data, concentrations

of NV(−)-centers in diamond crystals above 15−17 ppm

are practically not realized. This is due to the difficulty

of creating a large number of vacancies (more than

80−100 ppm) in diamond microcrystals without worsening

their general crystalline properties due to irradiation with

1 The axis of the NV-center is collinear to the direction [111] in a cubic

diamond crystal. In a crystal, therefore, there are centers with 4 different

orientations: [111], [1 1 -1], [1 -1 1], [-1 1 1].

Optics and Spectroscopy, 2022, Vol. 130, No. 12



Electron spin resonance of NV(−)-centers in synthetic fluorescent diamond microcrystals... 1637

110 160 210 260 310

E
P

R
 s

ig
n
al

 i
n
te

n
si

ty
, 
ar

b
. 
u
n
it

s

–10

10

20

30

50

60

Magnetic field, mT

0

40

a

Under
illuminat nio

Dark

F
o
rb

id
d
en

∆
m

 =
 2

s

A
ll

o
w

ed
z 
∆

m
 =

 1
s

A
ll

o
w

ed
x,

 y
 ∆

m
 =

 1
s

ν = 9.081 GHz
T = 100 K

2

1

313 318 323 328 333

E
P

R
 s

ig
n
al

 i
n
te

n
si

ty
, 
ar

b
. 
u
n
it

s

–60

20

60

Magnetic field, mT

0

40

b

ν = 9.081 GHz
T = 100 K1,  2

–40

–20

0Ns

–Nis

Figure 4. EPR spectra of microcrystals of synthetic HPHT

Ib diamond (#7381-b) with NV(−)-centers under dark con-

ditions (curve 1) and under illumination (curve 2) in the

ranges of magnetic fields 110−310mT (a) and 313−334mT (b
). Temperature T = 100K. Microwave frequency ≈ 9.081GHz.

PMW = 0.003mW. Irradiation was carried out with xenon lamp

light passed through Hoya HA30 and L42 filters. For purposes of

comparison, the spectra on the panel (a) are spaced vertically.

fast electrons. Although a significant degradation of crystals

associated with the aggregation of vacancies into clusters

begins at high doses of irradiation, the crystalline quality

of the covalent lattice begins to decrease with increasing

exposure time of microcrystals to high-energy electrons,

starting from doses of the order of 3× 1019 e/cm2, while

the imperfection associated with defect complexes increases,

which affects the decrease in the luminescence yield [29].
Defectivity at the microscopic level is easily controlled by

the EPR method by measuring the saturation of
”
narrow“

signals from paramagnetic impurities or NV(−)-centers.

The dependences of the signal amplitudes of allowed tran-

sitions (for x , y -components) in NV(−) on the microwave

power were studied in the work [27]. It was found that the

crystal quality of ∼ 15-µm diamond particles is higher than

for 100-nm particles specially obtained from the former by

mechanical grinding.
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EPR spectra under illumination

When the sample is illuminated with broadband light

from a xenon lamp, the EPR spectrum changes: it

practically does not change (with an accuracy of 2%)
in the central range 313−334mT, i.e. in the region

where the triplet signal from paramagnetic nitrogen with

spin 1/2 (the so-called P1-centers) and the singlet signal

from nickel impurities Ni−s are located (Fig. 4, b, curve 2),
and is significantly enhanced for lines of

”
forbidden“ and

allowed transitions NV(−)- centers in the low-field range

110−310mT (Fig. 4, a, curve 2). Under the mode of

illumination of the sample, the peak intensities of the

transition lines 1ms = 2 are amplified by a factor of

2.5−3, and the line intensities x , y -1ms = 1 transitions are

amplified by more than 5−6 times that is by a greater

number of times (Fig. 6, a,b). It is noteworthy that the

intensities of transitions associated with different energy

levels in the energy structure of the triplet of the ground

state 3A2 are amplified by a different number of times,

which does not allow us to consider the possible cause of

the observed effect, an increase in the number of NV(−)-

centers due to the ionization of a small part of the neutral

nitrogen centers present in the crystal, with the transition

of electrons to the conduction band of diamond and their

subsequent capture by neutral NV(o)-centers with changing

charge status. In addition, the emergence of
”
new“ NV(−)

from NV(o) as a result of electron charge capture from

donors is impossible due to the almost complete absence of

neutral NV(o)- centers in crystallites according to the data of

photoluminescence measurements at room temperature, as

well as the invariance of the concentration of Ni−s - centers

Optics and Spectroscopy, 2022, Vol. 130, No. 12
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”
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through the Hoya HA30, R64 and HA30, L42 filters. Temperature

T = 100K. Microwave frequency ≈ 9.08GHz. PMW = 0.003mW.

and Ns - centers (with an accuracy of 2%) when illuminated

by xenon lamp light. Electronic charge transfer from ∼ 2%

isolated nitrogen impurities in the amount of ∼ 140 ppm

to charge storage state could give a hypothetical increase

S = 1NV(−)-centers in the material by ∼ 3 ppm if NV(o)

were in the material in excess of this value. However, these

scenarios are not implemented in practice.

The selective amplification of EPR lines from

NV(−)-centers is apparently associated with - features of

their electronic structure and a change in the population of

sublevels of the triplet ground state 3A2 centers illuminated

by short-wavelength light from a xenon lamp. Change

in populations of sublevels of the triplet state of the

NV(−)-center under illumination in a magnetic field, leading

to an increase in the EPR signal from the low-field compo-

nent z - 1ms = 1, is well known [38]. It is explained by the

predominant population of the ms = 0 state during lighting

(compared to the ms = +1 and ms = −1 states) [39,40].
Since the intensity of the EPR signal (and, accordingly, the

amplitude of the signal of the first derivative) is proportional
to the difference in the populations of the levels between

which a spin transition occurs with a change in the magnetic

quantum number by 1, then the additional excess of the

level population ms = 0 over the level population ms = +1

under quasi-stationary illumination leads to an increase in

microwave absorption and the integrated intensity of the

EPR line under conditions corresponding to resonance.

Here this means that the energy of a microwave radiation

quantum is equal to the splitting between the corresponding

levels in a magnetic field.

Using to illuminate a xenon lamp’s radiation, which has

passed through a R64 filter, does not change the intensity

of the EPR lines of the NV(−)- centers compared to the

dark conditions (Fig. 6, a, curve 2). Long-wavelength

radiation with λ ≥ 640 nm, therefore, does not cause the

effect of optical spin polarization, although the cutoff edge

of the R64 filter approximately coincides with the position

of the zero-phonon line of the NV(−)-center at 638 nm

(30.5% transmission at λ = 638 nm). The use of radiation

passed through the L42 filter (λ ≥ 420 nm), on the contrary,

demonstrates the same effect of amplification of the EPR

lines of the NV(−)- center, as in the case of using broadband

filter HA30 (Fig. 6, a, curve 3 and Fig. 6, b, curve 3). It can
be concluded that the main effect in the observed effect is

exerted by light with photon energies from 2 to 3 eV.

The observed effect of enhancing the intensity of EPR

lines was previously noted in the literature for low-field lines

of allowed 1ms = 1 transitions and was associated with a

change in the populations of sublevels of the triplet state

in a magnetic field under optical pumping [38], however,
in this study, the same effect is observed for the 1ms = 2

transitions in a half magnetic field. In addition, in the

experiment, the diamond powder was placed at the bottom

of a quartz EPR tube with an inner diameter of ∼ 4mm,

and it can be assumed that only the outer layers of the

powder (∼ 25−30% of the material) adjacent to the tube

walls are involved in the formation of an additional EPR

signal associated with optical spin polarization. Since

the signal from 1ms = 2 transitions in the half field

undergoes less smearing/broadening with fluctuations in

the spin-Hamiltonian parameters of the NV(−)-center and

a change in the orientation of the centers than signals from

allowed 1ms = 1 transitions, then the effect observed in

powders can possibly be used to identify the occurrence of

optical spin polarization in diamond particles with NV(−)

and sizes less than 30−35 nm, when signals from 1ms = 1

transitions are not observed for fundamental reasons [26].
The latter assumption, however, still requires further study

and verification.

Conclusion

Microcrystals of synthetic Ib HPHT diamond with NV(−)-

centers, in addition to specific features associated with

luminescence and EPR signals, demonstrate the effect of
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amplification of low-field EPR signals caused by optical

spin polarization. This enhancement of absorption is

observed both for x , y 1ms = 1 and 1ms = 2 microwave

transitions. This effect can be used to select synthetic

diamond microcrystals with NV(−)- centers, which have

excellent technical characteristics, such as luminescence

brightness, low content of foreign metal impurities, low

internal stresses and high crystalline lattice quality.
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