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Abstract: The distinct spin, optical, and coherence characteristics of solid-state spin defects in
semiconductors have positioned them as potential qubits for quantum technologies. Both bulk and
two-dimensional materials, with varying structural properties, can serve as crystalline hosts for color
centers. In this study, we conduct a comparative analysis of the spin–optical, electron–nuclear, and
relaxation properties of nitrogen-bound vacancy defects using electron paramagnetic resonance (EPR)
and electron–nuclear double resonance (ENDOR) techniques. We examine key parameters of the
spin Hamiltonian for the nitrogen vacancy (NV−) center in 4H-SiC: D = 1.3 GHz, Azz = 1.1 MHz,
and CQ = 2.53 MHz, as well as for the boron vacancy (V−

B ) in hBN: D = 3.6 GHz, Azz = 85 MHz,
and CQ = 2.11 MHz, and their dependence on the material matrix. The spin–spin relaxation times
T2 (NV− center: 50 µs and V−

B : 15 µs) are influenced by the local nuclear environment and spin
diffusion while Rabi oscillation damping times depend on crystal size and the spatial distribution
of microwave excitation. The ENDOR absorption width varies significantly among color centers
due to differences in crystal structures. These findings underscore the importance of selecting an
appropriate material platform for developing quantum registers based on high-spin color centers in
quantum information systems.

Keywords: color centers; semiconductors; electron paramagnetic resonance; NV− center; boron
vacancy; silicon carbide; hexagonal boron nitride

1. Introduction

Over the past decades, spin defects in solids have attracted countless interests in
rapidly advancing quantum technologies due to their promising applications in computing,
communication, and sensing [1–4]. The combination of optical, coherent, and charge prop-
erties of point defects, called color centers, predetermined their scientific and technological
development and study by a wide range of experimental techniques [5]. Based on the
well-known nitrogen vacancy (NV−) centers in diamond [6], long-lived quantum entangle-
ment has been demonstrated, many quantum algorithms for performing logical operations
and quantum cryptography have been implemented, and finally prototypes of nano-scale
temperature and magnetic field sensors have been shown [7]. The modification adaptability
of the NV− center and superconducting qubits has led to the design of solid-state hybrid
quantum systems that are more resistant to a decoherence with significantly increased
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mutual coupling strength [8]. A high-fidelity implementation of hybrid gates can offer an
attractive way of quantum information processing and robust quantum state transfer [9].

Despite the existing scientific work on quantum superiority in relation to classical
computers [10], all advances based on qubits, implemented not only on color centers,
but also using ultracold atoms, trapped ions, and superconducting contacts, are still at
the level of simulation calculations for highly targeted specialized tasks. Competitive
similar platforms have the following disadvantages: (i) superconducting qubits—substrate
dielectric loss and excess quasiparticles in superconducting metal cause dissipation and
dephasing; (ii) gate-defined quantum dots—charge traps and magnetic impurities at the
dielectric interfaces or interface inhomogeneity (variation in valley splitting and spin–orbit
coupling) can destroy the evolution of the quantum state; (iii) ion traps—electric-field
noise heats ion motion; and (iv) Majorana zero modes—defect density in nanowires and
semiconductor–superconductor nanowire interfaces that creates a proximity hard gap [11].
Contemporaneously, spin defects are technically easily created, both ensembles and single
centers, detected at room temperature using a wide range of methods, and integrated
into existing semiconductor technology. High-spin defect in semiconductor materials has
been qualitatively tested and confirmed many times as a reliable quantum bit (qubit) [2–4].
Thus, the search and development of new promising materials with a sequence of qubits
continues, capable of bringing quantum information technologies to a new level of universal
computing for a wide range of multidisciplinary practical problems.

With semiconductor structures similar to diamonds, covalent bulk crystals of silicon
carbide (SiC) are increasingly mentioned and used, having a diverse polytype structure
that is resistant to mechanical, temperature, and radiation influences [12]. The wide-gap
semiconductor SiC can act as a base matrix for high-spin (S = 1 and S = 3/2) color centers of
the most diverse nature (structure). Thus, using magnetic resonance spectroscopy methods
over a wide temperature range, silicon vacancies (VSi) [12,13] and divacancies (VV) [14]
have been discovered in various SiC crystal polytypes (3C, 4H, 6H, and 15R), demonstrating
unique spin–optical properties and long millisecond relaxation times. Most importantly, in
SiC impurity crystals with nitrogen atoms, NV− centers have been identified, which have
a direct microscopic structure similar to color centers in diamond [15,16]. The mentioned
color centers are photoactive defects, where optical excitation leads to effective spin polar-
ization with the formation of subsequent population inversion. In addition to the higher
manufacturability and lower cost of obtaining a crystal compared to diamond, color centers
in SiC have an intense luminescence signal in the infrared (IR) range with wavelengths of
1.1–1.2 µm (in diamond 640 nm), which corresponds to the transmission band of biological
tissues and fiber optic information transmission networks [17,18]. Thus, high-spin defects
in SiC have high potential for practical applicability in the biomedical field as quantum
sensors and communications, where the SiC crystal can be quite easily integrated into
existing semiconductor electronics, including high-power devices [19].

In addition to bulk crystals, a new completely different type of crystalline matrix has
been proposed—two-dimensional materials, which usually have strong sp2-hybridized
covalent bonds, within the layer and weak van der Waals bonds between the layers [20].
The increasingly popular hexagonal boron nitride (hBN) is a wide-gap direct semiconductor
(6 eV) and isoelectronic analogue of graphene, with the same interlayer distance of about
3.3 Å [21]. hBN crystal can contain both intrinsic and artificially induced defects with
electron spin S = 1, where the nature of a boron vacancy (V−

B ) with point symmetry D6h
surrounded by three equivalent nitrogen atoms has been established using microwave
spectroscopy [22]. The luminescence spectrum of a V−

B has a wavelength of 780 nm when
optically pumped from the ground to the excited state by visible light with λ = 532 nm.
The electron spin of a V−

B has also been proposed as a qubit, which has proven itself to a
greater extent as a basis for temperature and pressure sensors due to the high “flexibility”
and sensitivity of the structure to external influences and as a single-photon source [23,24].
It has also been established that the spin properties of a V−

B in hBN do not depend on the
number of BN layers of the crystal and are determined by the local environment of the
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defect [25]. In theory, by delaminating hBN, one can move to the monoatomic limiting
state of the condensed state of the material with the possibility of creating angstrom-scale
quantum sensors based on a boron vacancy. The fundamental difference from the SiC
crystal, in addition to the dimensions, is the extremely concentrated nuclear spin bath with
isotopes of boron (10B, I = 3/2, 19.9% and 11B, I = 1, 80.1%) and nitrogen (14N, I = 1, 99.69%).
In addition, SiC is a practically non-magnetic crystal containing 13C (I = ½ and 1.13%) and
29Si (I = ½, 15%), which affects the relaxation properties of color centers.

New platforms in the form of SiC and hBN are extremely promising materials, large-
scale studies of the unique properties and features of which are still ongoing. Stable defects
in these compounds are easily created by electron, proton, and neutron irradiation with
high-energy particles (≥1 MeV), as well as using a femtosecond laser and ion implanta-
tion [26,27]. In this case, irradiation with nominal absorption doses of 1017–1018 cm−2 leads
to a uniform distribution of point defects within the crystal without cluster formation with
destruction of the crystal structure. It has been shown that these centers are temperature sta-
ble (color centers up to 2000 ◦C) and do not disappear (recombine) over time [28]. Despite
preliminary exposure in the form of intense irradiation of crystals and the introduction of
various impurities during crystal growth, the materials retain their high quality and degree
of crystallinity, which is extremely important for the ensemble system of defects from a
spectroscopic point of view [26].

Electron paramagnetic resonance (EPR) is the most suitable method for detecting,
identifying, and studying the spin properties of color centers in semiconductors. The
use of pulse sequences allows manipulation of spin magnetization and determination of
phase coherence time (T2). Combined with optical excitation and double resonance using
an additional radiofrequency (RF) source to initiate nuclear magnetic resonance (NMR)
transitions, this technique is a powerful spectroscopic tool for determining the microscopic
structure of the color center and the features of the electron–nuclear interaction of the defect
with the local environment.

The novelty of the current scientific work lies in the study of color centers by various
EPR-based techniques at the high frequency (W-band, 94 GHz), complementing the clas-
sical X-band (9.4 GHz) measurements. The transition to the high-frequency range with a
corresponding increase in the magnetic field by 10 times makes it possible to significantly
increase the sensitivity and spectroscopic resolution of EPR detection. Simultaneously, a
high magnetic field (3.4 T) provides pure spin wave functions through a Zeeman interaction
term in contrast to optically detected magnetic resonance (ODMR) spectroscopy with low
field measurements (10–20 mT). The application of EPR with various pulse sequences
makes it possible to obtain information about the dynamic (relaxation) characteristics of
color centers and to explore spin manipulability properties by Rabi oscillations. The use of
photoinduced EPR and electron–nuclear double resonance (ENDOR) spectroscopy with
multipulse sequences, encompassing optical, microwave, and radio frequency resonant
transitions, facilitates a comprehensive investigation of studied color centers as robust
combined qubits for quantum technologies. The main novelty lies in the first compara-
tive analysis of the spin–optical and coherence properties of vacancy defects structurally
related to nitrogen as an NV− center in diamond, but localized in two fundamentally dif-
ferent systems (2D (van der Waals material), magnetically saturated—hBN and 3D (bulk),
magnetically dilute—SiC).

In this work, using EPR and ENDOR spectroscopies, the fundamental spectroscopic
differences are shown for spin defects (S = 1) of the vacancy type associated with nitrogen
atoms, and namely the NV− center in SiC (3D, magnetically diluted) and the V−

B boron
vacancy in hBN (2D, magnetically saturated system), coordinated over three equivalent
nitrogen atoms. The difference in the magnitude of the splitting in a zero magnetic field
D, in hyperfine A and quadrupole Q interactions, as well as in the times of spin–spin and
spin–lattice relaxations together with Rabi oscillations has been demonstrated.
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2. Materials and Methods

The 4H-SiC sample studied in this work was a commercial N-doped (2 × 1017 cm−3)
n-type 4H-SiC single crystal. It had been irradiated at Temp. = 295 K with 12 MeV protons at
a total fluence of 1 × 1016 cm−2 in order to create Si vacancy centers. The sample was then
annealed at a temperature Temp. = 900 ◦C, to allow the formation of VSiNC complexes by
Si vacancy diffusion. A typical sample size was 0.8 mm × 0.4 mm × 0.2 mm. Figure 1a–c
illustrate the sample mounting for the magnetic resonance measurements.
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Figure 1. (a) hBN crystals mounted on an aluminum substrate before electron irradiation. The
distance between the black horizontal lines on the right is 5 mm; (b) Samples under study prepared
for high-frequency part of the spectrometer. The characteristic dimensions of the samples and
capillaries correspond to the internal diameter of the resonator to achieve the highest filling factor;
(c) Bulk crystal (0.42 × 0.67 × 1.22 mm3) of silicon carbide under an optical microscope during the
preparation of samples for experiments; (d) Bruker Elexsys E680 spectrometer operating at 94 GHz
(W-band) equipped with helium flow cryostat; (e) Measurement setup diagram including the main
blocks of the spectrometer for the photoinduced EPR and ENDOR.

The hBN single crystals with dimensions of 900 µm × 540 µm × 55 µm used in this
study were commercially produced by the HQ Graphene company. The samples were
irradiated at room temperature with 2 MeV electrons to a total dose of 6 × 1018 cm−2. No
annealing treatments were applied to the irradiated samples.

The magnetic resonance experiments were carried out with a W-band Bruker Elexsys
E680 commercial spectrometer (Bruker, Karlsruhe, Germany, Figure 1d) operated in a
pulsed mode. The samples under study were prepared for experiments using an optical
microscope, special diamond files, and tweezers to fit the crystals for the resonator cavity.
The high-frequency EPR spectrometer was equipped with a cylindrical dielectric resonator
with characteristic dimensions of 3 mm, which corresponds to a microwave excitation
wavelength of νMW = 94 GHz. The safe placement of crystals into the resonator cavity was
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carried out using a sample holder with a quartz capillary (inner radius of 450 µm). The
main spectrometer blocks are presented in Figure 1e.

The EPR spectra were recorded by detecting the amplitude of the primary electron
spin echo (ESE) as a function of the magnetic field sweep B using a pulse sequence
π/2 − τ − π − τ − ESE, where π/2 = 40 ns and τ = 240 ns. Short nanosecond-scale
microwave pulses required a 1 kW amplifier to achieve a 90- or 180-degree spin magne-
tization rotation in a rotational coordinate system. Pulse sequences were specified and
configured using the EasyPanel and Advanced modes, allowing one to accurately optimize
the pulse durations, intervals, and integration areas of the electron spin echo in 4 ns steps.
To achieve undistorted and saturated EPR signals at each temperature and a distinct color
center, the short repetition time (SRT) was continuously adjusted, which directly affected
the registration speed of one scan. The relaxation times were measured with standard pulse
sequences: the Hahn sequence for recording the phase coherence time T2 and the inversion-
recovery sequence (π − T + dT − π/2 − τ − π − τ − ESE, where T = 1.5 µs and dT = 1 µs)
for recording the spin–lattice relaxation time T1. The ENDOR spectra were obtained uti-
lizing the Mims pulse sequence (πMW/2 − τ − πMW/2 − πRF − πMW/2 − τ − ESE) with
a 150 kW RF generator, where πRF = 72 µs. A satisfactory signal-to-noise ratio was ensured
by multi-scan recording (1024–4096 scans) of the ENDOR spectrum within a reasonable
time frame (30 min–2 h). Low temperature measurements were conducted by using a flow
helium cryostat from Oxford Instruments. The EPR and ENDOR spectra in the case of NV−

centers in SiC were obtained at a crystal temperature of 150 K, while for the boron vacancy
in hBN at 50 K. The dynamic characteristics of spin defects were studied in the range of
7–10 K in order to reduce the influence of temperature fluctuations on phase coherence.
The sample could be photoexcited with a green laser (λ = 532 nm) with an output power of
200 mW. Photoexcitation of color centers during the experiment occurred using an optical
fiber integrated with a leak protected sample holder, allowing optical pumping to be used
simultaneously with microwave or radio frequency sources without attenuation.

3. Results
3.1. Photoinduced EPR Spectroscopy

The presence of magnetic and spin–orbit interactions between point defects and
external sources of “perturbations” leads to a change in the state energy of spin sublevels.
In accordance with the symmetry of the center under study and the values of the electronic
and nuclear spin, the state operator in the form of a spin Hamiltonian (1) is used to describe
and interpret resonant magnetic transitions. The presence of an electric field gradient Vij
leads to the so-called “initial” splitting in zero magnetic field between the levels MS = ±1
and MS = 0 with a value of D in MHz The application of a magnetic field through the
Zeeman energy leads to the complete removal of the degeneracy of energy levels and
the formation of a triplet spin system. Despite the difference in the symmetry group,
both defects (NV− center and boron vacancy V−

B ) are described by the following spin
Hamiltonian:

H = µB

(
g||BzSz + g||

(
BxSx + g||BySy

))
+ D

(
S2

z − 2
3
)
+ E

(
S2

x − S2
y

)
+ A||Sz Iz

+A⊥
(
Sx Ix + Sy Iy

)
+ P

(
I2
z − 2

3
)
+ η

(
I2
x − I2

y

)
,

(1)

where g is the spectroscopic splitting factor, µB is the Bohr magneton, Bx,y,z is the projections
of magnetic field with scalar B0 values, D and E are the fine structure values, Sx,y,z and
Ix,y,z are the projections of the electron and nuclear spin, and A and P are the values of
hyperfine and quadrupole interactions (η—asymmetry parameter). Subscripts (|| and ⊥)
indicate parallel and perpendicular orientation. Here 1–3 terms reflect electron Zeeman
interaction, the 4 and 5 terms describe zero-field splitting, the 6–8 terms describe the
hyperfine interaction of the electron spin with the nearest to the vacancy 14N nuclear spins.
The last 9 and 10 terms are related to the quadrupole interactions.
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The echo-detected EPR spectra of color centers are shown in Figure 2a. The spectrum
contains two components of the so-called fine structure between MS = +1 ↔ MS = 0 (low-
field) and MS = −1 ↔ MS = 0 (high-field line with the phase inverted by 180◦). Under
laser excitation (532 nm), the “inter-combination conversion” mechanism (Figure 2b) leads
to predominant population of the MS = 0 state, forming a population inversion with the
subsequent observation of a stimulated microwave emission signal (high-field component).
The highest optical polarization was established for a wavelength of λ = 532 nm. Side wave-
lengths result only in a slight change in the EPR signal magnitudes without phase inversion.
Ultraviolet radiation (260 nm) can lead to a change in the charge state (−1/0) of the color
centers with S = 0 (EPR silent). Lasers with 260 nm and 405 nm due to a larger energy
quantum (3.06 eV and 4.77 eV) lead to a “transfer” of the center to higher excited orbital
levels close to the conduction band, which are outside the optimal optical absorption region
of the material. Other diode laser sources in a wide range of wavelengths (260–1064 nm)
are outside the absorption band of the color centers under study. Accordingly, there is no
effective spin polarization through optical pumping.
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Figure 2. (a) ESE-EPR spectra for an NV− center in 4H-SiC (top half, red line) and a V−
B in hBN

(bottom half, green line—experiment; blue solid line—simulation). The two insets at top show
the detailed recorded low- and high-field components (red solid lines at 532 nm and navy color—
“dark” mode) for structurally nonequivalent centers along with the corresponding simulation (blue
dashed line). Yellow arrows indicate splittings between the components of the “zero-field splitting”;
an asterisk (hBN) and a dot (SiC) indicate optically neutral signals both with spin = 1/2 from
ionic compensators and interstitial defects, respectively, and are outside the scope of our study.
(b) Schematic of spin polarization of color centers under optical excitation, where GS is a ground
state, ES is an excited state, and MS is a metastable state. D denotes zero-field splitting.

Under the specified experimental parameters, the value of P = 10 mW represents
the threshold for observing photoinduced EPR spectra. The signal from NV− centers at
P = 10 mW is almost comparable to the noise level and only a significantly larger number
of experimental data accumulations makes it possible to detect spin defects. A further
decrease in power leads to a complete loss of signal from the color centers under study. An
increase in laser power also leads to a linear response of NV− centers in spin polarization.
This effect is useful for preliminary “tuning” of qubits, when a certain optical pulse sets its
initial state before implementing a quantum algorithm, described by the diagonal elements
of the density matrix. With a further increase in P beyond 200 mW, the spin system
becomes saturated, leading to exit to the shelf in the intensity of the EPR signal. A negative
consequence of using high optical power is local heating of the crystal, which leads to a
decrease in electronic relaxation times.
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The EPR spectra in Figure 2a are shown in a parallel orientation to the c-axis of the crys-
tal relative (θ—angle between c-axis and B0) to the external strong magnetic field B0, which
leads to a 2D splitting between the lines due to the angular dependence D(3cos2θ − 1). The
main parameters of the spin Hamiltonian (1) for both color centers, obtained by analyz-
ing the EPR spectra, are shown in Table 1. The obtained experimental results obtained
are in excellent agreement with previously presented data in pioneering work on the
EPR detection of color centers in diamond [6], silicon carbide [29], and hBN [22] crys-
tals. Notable is the difference in the zero-field splitting value of D by almost three times
(3600 MHz/1300 MHz ≈ 2.77) for defects with the same sign of splitting (D > 0) and elec-
tron spin S = 1 in covalent semiconductors. The «oblate» electron density distribution of
a V−

B has more axial symmetry and is concentrated predominantly in the plane of one
BN layer. While the NV− center in SiC has a «spherical» electron density distribution,
dispersed up to several coordination spheres over carbon and silicon. Thus, the two-
dimensional structure (nature) of hBN tends to “compress” the electron density between
the layers of the crystal and thereby influence the amount of “zero magnetic field splitting”.

Table 1. Parameters of the spin Hamiltonian (1), including the g-factor and the magnitude of splitting
in a zero magnetic field. Additionally, a column for the width of EPR lines is shown.

Vacancy Type g|| g⊥ D (MHz) E (MHz) EPR Line-Width (MHz)

NV−
kk 2.0065 2.004 1300 0 5

V−
B 2.0086 2.006 3600 50 37

The EPR spectrum of a SiC crystal can be seen in the inset in Figure 2a, and contains
several centers of different nature. Firstly, the presence of two different positions of silicon
and carbon (k—quasicubic and h—hexagonal) leads to the formation of two structurally
nonequivalent axial NV− centers, slightly different in spectroscopic values (Table 1 shows
data for NV− in the kk position). The structural features of the crystal lead to a situation
where the NV− center can occupy a position with both axial symmetry and rhombohedral
distortion. Color centers with axial symmetry have the point group C3v, and basal ones (kh
and hk positions) have lower symmetry with the point group C1h (see top central inset in
Figure 2a). The fundamental spectroscopic difference lies in the non-zero E value of the
“zero-field splitting” for basal centers, equal to about 50–100 MHz [13]. The axis of the
basal NV− center is declined by 70◦ relative to the axial NV− defects directed along the
4H-SiC c-axis. The registration of EPR spectra for basal centers is not optimal, resulting in a
lower splitting value (approximately 740 MHz) and poor spectral resolution (upper inset
for SiC in the figure, highlighted in a blue square and marked as NVkh,hk). The presence of
a wide variety of structurally non-equivalent NV− centers (multiplicity) in a 4H-SiC crystal
is an advantage when creating multiqubit quantum registers with subsequent selective
excitation and readout of the spin system state. Additionally, upon crystal irradiation and
temperature annealing, centers consisting of two paired vacancies of VSi and carbon (VC),
called divacancies, are created, which have already been widely studied by EPR and ODMR
spectroscopy. The hBN crystal contains only one type of defect, although centers with
different natures (CN, CB, VN) and charge states were previously predicted and found in
other studies [30]. The extremely broad appearance of the V−

B spectrum in hBN is caused by
inhomogeneous broadening due to the unresolved hyperfine structure consisting of seven
lines. The asymmetric nature of the broadening towards the center of gravity (g = 2.006)
can be caused either by the delamination of a two-dimensional hBN crystal or the formation
of interplanar atomic N-B-N bridges, distorting the local axis of symmetry of the defect [31].
In the case of bulk SiC crystals, the resonance absorption and emission lines are narrow
and well spectroscopically resolved, which is important for highly selective excitations in
quantum technologies.
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3.2. Dynamic Characteristics

The potential suitability of a color center as a qubit is largely determined by the phase
coherence time during which a particular pulse sequence can be applied to implement a
quantum algorithm. For spin defects in solids, the boundary value of the phase coherence
time depends primarily on the degree of spin–spin interaction between the defects and
the state of the nuclear spin bath. The dynamic characteristics of paramagnetic centers
can be described using two key time parameters: spin–lattice (T1) and spin–spin (T2)
relaxation times. Spin–lattice (or longitudinal) relaxation is the irreversible spin system
evolution toward thermal equilibrium owing to the interaction of an electron spin with
phonon vibration modes through spin–orbital coupling. The rate of electronic longitu-
dinal relaxation depends primarily on the crystal temperature and is determined by the
Orbach–Aminov mechanisms, one or two-phonon Raman, and “Direct” (dependence on
frequency/magnetic field is added) processes. In turn, the spin–spin interaction is respon-
sible for the relaxation of electronic transverse magnetization and depends on the coupling
strength as 1/r3 (inter-defect distance, r) between two equivalent paramagnetic centers [32].
Spin–spin interaction leads to an irreversible loss of transverse magnetization of the spin
packet ensemble due to stochastic changes in the phase of individual centers, therefore
T2 characterizes the so-called phase coherence time. Thus, the spin–lattice relaxation rate
characterizes the transfer of energy (thermal) from the spin system to the crystal lattice,
while the spin–spin time determines the distribution of the total energy within the electron
spin bath, similar to spin diffusion [33]. The presence of several mechanisms or sources
of loss of spin magnetization (quantum information) expands the degree of freedom of
spatial transfer (propagation) of energy within the crystal. Figure 3 shows the dephasing
curves of the amplitude of the electronic magnetization of a defect depending on the type
of color center and interaction. In the case of the NV− center, the relaxation time T2 is three
times longer than that of a V−

B (50 µs/15 µs ≈ 3.33), while the overall concentration and
degree of uniformity of the distribution of defects within the crystal are the same. The
V−

B surrounded by three magnetic nitrogen nuclei at a distance of 1.4 Å has a hyperfine
electron–nuclear interaction, which, due to local fluctuations in the magnetic field, leads to
a loss of phase coherence. The described mechanism relates to nuclear spin diffusion and
in the case of a V−

B in an hBN crystal sets an upper maximum limit of 18 µs, calculated by
cluster calculations [34]. The presence of nuclear spin diffusion manifests itself as a non-
exponential (extended) decrease in the transverse magnetization of a V−

B and the presence
of modulations due to the ESEEM effect (electron spin echo envelop modulation). The NV−

center in SiC, in turn, is surrounded by a magnetically dilute medium and the T2 curve is
described by a single exponential without the manifestation of nuclear modulations.

In Figure 3, for each center, Rabi oscillations are shown, the meaning of which is the
rotation of the spin magnetization around one of the axes (x or y) in a rotating coordinate
system by a long pulse. The registration of Rabi oscillations is a qualitative demonstration
of a spin defect acting as an electron qubit, since this experiment allows for “quantum
manipulation”, which is one of the criteria for qubits. The Rabi oscillation damping time
τR more closely reflects the duration of the evolution of spin magnetization, at which
quantum protocols can be applied in the form of multi-pulse sequences. In the simple
case, one rotation of 180 degrees (π-pulse) corresponds to the quantum operation “NOT”,
similar to the classical version. In the case of a V−

B , the decay is more monotonic and is
twice as long as for an NV− center. It has been established that in such systems the main
dephasing mechanism is the insufficient distribution of the magnetic component B1 in the
spectrometer cavity, which leads to a spread in the electronic Larmor frequencies Ω.

Neglecting millisecond-scale spin–lattice relaxation, Rabi damping mechanisms can
be handled by taking into account the interaction of the defect center with the neighboring
spins, divided into two groups:

(i) non-resonant spins whose Larmor frequencies differ from ω0 (nuclei, as well as other
spin defects);

(ii) neighboring V−
B centers.
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Figure 3. Dynamic characteristics of color centers obtained at Temp. = 10 K and optical excitation 
with λ = 532 nm. The upper part shows the curves of Rabi oscillations (blue dots) and transverse 
relaxation time (red solid line in the inset) for 𝑁𝑁𝑁𝑁− centers in SiC, and for 𝑉𝑉𝐵𝐵− in hBN (Rabi oscilla-
tions are shown as green dots, transverse relaxations are shown as a solid dark green line). Red 
dashed lines for each center show decay traces of Rabi oscillations with characteristic damping time 
𝜏𝜏R. 
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the most relevant types of (i) are the magnetic nuclei 10B, 11B, and 14N. In the absence of 
resonant electron–nuclear cross-relaxation (occurring when ΩR  is close to the nuclear 
Larmor frequency), the remaining relaxation pathway is due to the second-order process 
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Figure 3. Dynamic characteristics of color centers obtained at Temp. = 10 K and optical excitation with
λ = 532 nm. The upper part shows the curves of Rabi oscillations (blue dots) and transverse relaxation
time (red solid line in the inset) for NV− centers in SiC, and for V−

B in hBN (Rabi oscillations are
shown as green dots, transverse relaxations are shown as a solid dark green line). Red dashed lines
for each center show decay traces of Rabi oscillations with characteristic damping time τR.

Under the application of the driving microwave pulse, the magnetization of a single

spin packet detuned from resonance by ε = ω − ω0 rotates with frequency Ω =
√

Ω2
R + ε2.

Apart from the spectral inhomogeneity of Ω, one should also take into account the spatial
inhomogeneity ΩR(r) that originates from the intrinsic distribution of the B1 field in the
resonator. Since the concentration of the spin defects of other types is assumed to be low,
the most relevant types of (i) are the magnetic nuclei 10B, 11B, and 14N. In the absence
of resonant electron–nuclear cross-relaxation (occurring when ΩR is close to the nuclear
Larmor frequency), the remaining relaxation pathway is due to the second-order process of
dephasing in the rotation reference frame of the electron spin, which is limited by the rate
of the nuclear bath internal dynamics (governed by the nuclear spin diffusion). Because of

the second-order contribution of hyperfine interaction to
√

Ω2
R + ε2 via small random shifts

of ε, the resulting damping rate of Rabi oscillations is much smaller than the corresponding
phase relaxation rate T−1

2 that results directly from fluctuations of ε.
As for (ii), we take into account the dipolar interactions with the color centers using

the microscopic model for damping rate which is valid in the particular case of small defect
concentration:

τ−1
R = ∆ωdΩR

Ω2
RcosΩt
Ω2 log

2σ

ΩR
(2)

where ∆ωd = 4π2g2
e µ2

BC/
(

9
√

3ℏ
)

is the dipolar half-width of the resonance line, and
ΩR ≪ σ (Rabi frequency much less than the inhomogeneous line half-width). For the
estimated concentration of defects C ≈ 6 × 1017 cm−3, one obtains ∆ωd = 5 × 105 rad/s.
The value of τ−1

R depends on spatial inhomogeneity ΩR(r) and, correspondingly, crystal
size covering this resonance-off area [35].

Spin–lattice relaxation at 10 K has little effect on the phase coherence of the defect
(<10%) since the time T1 is usually one order of magnitude longer than the transverse relax-
ation time. However, to eliminate phonon interactions, ESE-EPR spectroscopy experiments
are typically performed at low temperatures. All relaxation times for both color centers



Quantum Rep. 2024, 6 272

are collected in Table 2, where the dynamic characteristics are comparable to the ensemble
values of NV− centers in diamond [6].

Table 2. Characteristic times of various mechanisms of dephasing of the spin magnetization of
color centers.

Vacancy Type T1 (ms) T2 (µs) τR (µs) Spin-Diffusion ESEEM Modulation

NV− 500 50 2.2 No No
V−

B 3.52 15 5.5 Yes Yes

The observation of nuclear modulation is determined by multiple factors, such as the
magnitude of the anisotropic dipole–dipole coupling, the degree of the spin Hamiltonian
tensors noncollinearity, crystal orientation, etc. The authors suggest that the difference in
the strength of the hyperfine coupling, namely the dipole–dipole contribution, can directly
affect the reason for the occurrence or absence of nuclear modulations. The presence of
the ESEEM modulation effect makes it possible to read out the state of nuclear sublevels
utilizing only microwave pulses, without the use of additional radio frequency sources
(ENDOR spectroscopy). On the other hand, nuclear modulations can contribute to an
additional loss of spin phase coherence of the qubit and, accordingly, reduce the relaxation
time T2.

3.3. Room Temperature Measurements

Magnetic resonance studies at room temperature are of particular interest because
one of the trends in technical development is the transition from helium or nitrogen to
ambient conditions. Experiments at room temperature are more convenient in terms of
financial costs and personnel due to the avoidance of expensive vacuum and cryogenic
installations. The results of ESE-EPR spectroscopy obtained at Temp. = 297 K are shown
in Figure 4. As a negative result, the absence of spin polarization of the V−

B in hBN
upon excitation by an optical quantum is noted (Figure 4a). At maximum output power,
only a slight redistribution of intensity is observed, which affects the skew of the V−

B
fine structure components. Under similar experimental conditions for the NV− center in
SiC, laser excitation leads to effective spin polarization with the formation of “population
inversion”. This effect can be used to create masers at room temperature based on color
centers. Insufficient optical excitation power and a competing advanced recombination
process at Temp. = 297 K, i.e., polarization decay, does not allow creating a population
inversion for a boron vacancy. The use of more powerful lasers with constant heat removal
by Peltier elements to avoid overheating of the crystal will presumably significantly increase
the extent of spin polarization.

The relaxation times (T1 and T2) of defects at Temp. = 297 K (Figure 4b) have under-
gone significant changes compared to conditions at Temp. = 10 K (Figure 3), reduced by
several orders of magnitude in the case of T1 and several times for time T2 (Table 3). The
mechanisms responsible for longitudinal relaxation strongly depend on the temperature
(phonon vibration modes) of the crystal, and therefore the time sweep changed from the
millisecond to the microsecond region. The T1 time of a V−

B is only 20 µs, which is not
enough to conduct ENDOR experiments to analyze the local environment and dipole–
dipole or quadrupole interactions. The ENDOR method involves the use of a Mims pulse
sequence with the observation of a stimulated ESE, where a RF pulse is used as an ad-
ditional excitation source. Successful initiation of nuclear magnetic transitions for 14N
requires an RF pulse length of 72 to 90 µs, which is greater than the 3T1 value (60 µs) of a
V−

B where 97% of the spin magnetization is lost. Thus, for a V−
B at room temperature there

is no possibility of implementing ENDOR manipulations, which could find its application
in the role of quantum registers based on electronic and nuclear qubits. In the case of NV−

in SiC, a duration of T1 = 100 µs is sufficient to observe ENDOR signals and thus a readout
of the states of 14N nuclear sublevels at room temperature has recently been proposed [36].
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Figure 4. (a) EPR spectra of color centers at Temp. = 297 K, where the green solid line is a V−
B in hBN,

the red line in the inset is an NV− center in SiC. The middle peak marked by a violet asterisk on the
inset refers to an interstitial defect with electron spin S = ½. This spin center is independent of optical
excitation of any wavelength (260–980 nm) and is beyond the scope of our study. (b) Spin–spin (T2)
or transverse relaxation and spin–lattice (T1) or longitudinal relaxation (inset) curves for both color
centers, where green is the V−

B in hBN, red is the NV− center in SiC.

Table 3. Relaxation times of color centers at room temperature.

Vacancy Type T1 (µs) T2 (µs) Spin Polarization ENDOR Effect

NV− 100 25 Yes Yes
V−

B 20 4 No No

3.4. Electron–Nuclear Interactions

The presence of a 14N magnetic nucleus vacancy near the electron spin (I = 1, 99.69%)
both in the case of a V−

B in hBN and for an NV− center in SiC allows us to observe additional
structures caused by hyperfine and quadrupole interactions, described by the last two
components of the spin Hamiltonian. In this work, the ENDOR method makes it possible
to register signals of the order of ≈1 MHz, which in turn cannot be resolved in the EPR
spectrum due to broadening and some important information is lost. Figure 5 shows the
ENDOR spectra obtained under the same experimental conditions in the region of the
Larmor frequency of 14N nuclei νL = 10.2 MHz (B0 = 3.4 T), where the solid line refers to
the NV− center signal, and the green line to the V−

B . The ENDOR spectrum for the NV−

center contains four narrow lines corresponding to NMR transitions of nitrogen nuclei
between hyperfine (ν2 − ν1 = ν4 − ν3 = Azz) and quadrupole (ν3 − ν1 = ν4 − ν2 = Q)
sublevels splitting. Four NMR transition frequencies ν1–4 are defined by the following
combinations: ν1,3 = νL ± P and ν2,4 = νL − A|| ± P, where νL = γNB0 (γN—gyromagnetic
ratio) 14N nuclear Larmor frequency, A|| = Aiso + 2Adip-dip is the hyperfine interaction
constant, and P is the nuclear quadrupole splitting. These frequencies ν1–4 are shown in
the top ENDOR spectrum of Figure 5. Among the features, one can note the negative value
of the isotropic contribution to the hyperfine interaction, which corresponds to the contact
Fermi contribution and is determined by the degree of localization in the electron density
of the vacancy on the 14N nucleus. It was explained in refs. [13,36] by the fact that the main
part of the electron density of the NV− center is concentrated on the three nearest carbon
atoms, which in turn polarizes the electron core on the 14N nucleus, forming a negative
sign. A similarly negative hyperfine value is observed for the NV− center in diamond
(Aiso = −2.47 MHz) [6]. It is worth noting that the dipole–dipole anisotropic component is
small and makes up only a 10 kHz contribution. In the case of an NV− center, the hyperfine
interaction with a value of Azz = 1.1 MHz < 10 MHz (Larmor frequency) belongs to the
“weak coupling” type [33].
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Table 4. Values of the spin Hamiltonian (1) of color centers related to electron–nuclear interactions.

Vacancy Type Aiso (MHz) Adip-dip (MHz) CQ (MHz) η Line-Width (kHz)

NV− −1.1 0.01 2.53 0 4.5
V−

B 59.3 13.7 2.11 0.007 270
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Figure 5. ENDOR spectra for SiC and hBN irradiated crystals. Hyperfine and quadrupole splitting 
values of the spin Hamiltonian (1) are shown in Table 4. The top inset shows individual NMR ab-
sorption lines for 14N nuclei in the hBN and SiC crystal with significantly different line widths ∆ν. 

The boron vacancy is surrounded by three equidistant nitrogen atoms forming an 
equivalent hyperfine interaction with a structure of seven lines (2 × I × n + 1 = 7, I = 1, n is 
the number of atoms). In the ENDOR spectrum in Figure 5, observing three pairs of split-
tings (labeled QI) can be caused by quadrupole interactions (CQ, quadrupole coupling 
constant) from each of the three nitrogen atoms when the crystal is oriented perpendicular 
to B0. In the case of a 𝑉𝑉𝐵𝐵−, the magnitude of the hyperfine interaction (85 MHz) is greater 

Figure 5. ENDOR spectra for SiC and hBN irradiated crystals. Hyperfine and quadrupole splitting
values of the spin Hamiltonian (1) are shown in Table 4. The top inset shows individual NMR
absorption lines for 14N nuclei in the hBN and SiC crystal with significantly different line widths ∆ν.

The boron vacancy is surrounded by three equidistant nitrogen atoms forming an
equivalent hyperfine interaction with a structure of seven lines (2 × I × n + 1 = 7, I = 1,
n is the number of atoms). In the ENDOR spectrum in Figure 5, observing three pairs of
splittings (labeled QI) can be caused by quadrupole interactions (CQ, quadrupole coupling
constant) from each of the three nitrogen atoms when the crystal is oriented perpendicular to
B0. In the case of a V−

B , the magnitude of the hyperfine interaction (85 MHz) is greater than
the Larmor frequency 14N, which is now referred to as “strong coupling”. The magnitude
of the isotropic hyperfine interaction depends on the electron density of the spin defect
on the magnetic isotope nucleus as follows: Aiso =

8π
3 gµBgNµN |ψ2s(0)|2, where ψ2s(0) is

a wave function amplitude [37]. Theoretical calculations using the approach described
in [23] allow establishing the electron density part (≈84%) of the V−

B (Aiso = 59.3 MHz) as
predominantly localized on the three nearest nitrogen nuclei. In this case, the NV− center
has strict axial symmetry with ≈1.62% electron density on the neighboring 14N nuclear, and
while the V−

B has a weak orthorhombic distortion in the plane of the layer, it does not reflect
a non-zero asymmetry parameter η = 0.007. The extent of spin density distribution of the
color center is critical to the relaxation properties, which can serve as an additional source
of phase coherence loss. Strong coupling determines greater sensitivity to local fluctuations
due to nuclear spin diffusion. The obtained data on electron–nuclear interactions correlate
with the dynamic characteristics from Section 3.2.

As a comparative analysis, the inset shows individual NMR transition lines in parallel
orientation for the NV− center and V−

B . It is assumed that the main contribution to
the width of the ENDOR lines is the scatter in the magnitude of the anisotropic dipole–
dipole interaction, which depends on the third power on the electron–nuclear distance:
Adip-dip = 2

5 gµBgNµNr−3. The linewidth for V−
B is significantly larger (60 times) than for

the NV− center correlating with a difference between the hyperfine interaction values,
which may be due to the strong distribution of distances between boron vacancies and
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nitrogen atoms (dangling bonds) owing to the two-dimensional nature of the hBN crystal.
The ENDOR resonance lines of the NV− center are extremely narrow and resolved, which
allows the highly selective excitations required for point-by-point readout of spin states
(qubits) in quantum technologies. The electron–nuclear interaction values listed in Table 4
in the same orders are also presented in well-known scientific papers related to the boron
vacancy in hBN [22] crystals, and NV− centers in diamond [6,38], and silicon carbide [29]
crystals.

Electron–nuclear interactions play a significant role in considering color centers as
quantum registers, since it becomes possible to create multi-level spin systems and im-
plement complex quantum registers [39]. Optically initialized spin defects with bound
magnetic nuclei are an attractive basis for quantum technologies. Spin polarization due
to optical excitation makes it possible to organize “spin-photon” interfaces [40], while
the transfer of magnetization from the electronic to the nuclear subsystem can solve the
issue of long-lived quantum memory [41]. Thus, the presented analysis of hyperfine and
quadrupole quantities is of interest for quantum information technologies based on color
centers surrounded by nuclear spins.

4. Conclusions

In this work, based on the results of electron paramagnetic resonance and double
electron–nuclear resonance methods, a comparative analysis of the spin–optical, electron–
nuclear, and relaxation properties of nitrogen-bound vacancy defects is presented. The
main quantities of the spin Hamiltonian for each color center, namely the NV− center in
4H-SiC: D = 1.3 GHz, Azz = 1.1 MHz, and CQ = 2.53 MHz, as well as for boron vacancy in
hBN: D = 3.6 GHz, Azz = 85 MHz, and CQ = 2.11 MHz, depending on the type of matrix, are
analyzed. The spin–spin relaxation times T2 (NV− center: 50 µs and V−

B : 15 µs) and their
dependence on the local nuclear environment under the influence of nuclear spin diffusion
are shown. The Rabi oscillation damping time depends on the size of the crystal and
the degree of inhomogeneous distribution of the magnetic component of the microwave
excitation. The ENDOR absorption width for color centers differs significantly by more
than 60 times due to the structural features of each covalent crystal. The presented results
have an applied nature in the importance of choosing a material platform when creating
quantum registers based on high-spin color centers for quantum information systems.
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