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NV—-centers in diamond and silicon carbide as the basis

for room-temperature masers
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The successful realization of coherent microwave amplification (maser effect) at room temperature (300K)
based on optically aligned triplet spin sublevels of negatively charged nitrogen-vacancy centers (NV ™) in diamond
marked a new milestone in the development of solid-state masers. In this paper, we present a comparative analysis
of the spin-optical properties of NV~ centers in diamond and NV~ centers in silicon carbide (SiC) with a reduced
content of the magnetic isotope ?°Si (/ = 1/2), which are used to create masers operating at room temperature.
The similarity of the optical pumping mechanisms that form the inverse population of the ground triplet state in
both systems is demonstrated. The transverse spin relaxation times 75" &~ 1.5us for NV~ -centers in isotopically
modified **SiC significantly exceed the corresponding values for diamond (75 ~ 0.3 us). The longitudinal relaxation
times are comparable with the requirements for maintaining the population inversion: about 1.5ms for NV~ in
diamond and 100 us for NV~ in *SiC. The combination of the ability to grow large SiC single crystals and the high
permissible concentration of active centers opens up prospects for creating a scalable and technologically efficient
platform for solid-state masers operating at room temperature.

Keywords: maser, electron paramagnetic resonance, diamond, silicon carbide, nitrogen-vacancy defect.

DOIL 10.61011/PSS.2025.09.62350.233-25
1. Introduction

Masers, i.e. instruments that are based on coherent
amplification of microwaves by stimulated radiation, are im-
portant platforms for supersensitive measurements of weak
fields, precise spectroscopy and frequency metrology [1-3].
A solid-state maser is classically exemplified by Al,Os ruby
crystals with ions of Cr’* that has a quartet spin ground
state (S = 3/2) [4,5], which are applied in long-range space
communication systems, radio astronomy [6-8]. The main
condition for origination of maser generation is creation of
long-lived population inversion of spin sublevels that are
characterized by splitting in the microwave range, which
is created under effect of external magnetic and crystal
fields. When inversion is available, the weak microwave field
that passes through an active medium induces stimulated
transitions which are accompanied by emission of photons
of the same frequency and phase as the exciting field,
thereby resulting in coherent amplification of the microwave
signal. When placed within a resonant cavity with a quality
factor Q, this amplification is enhanced through multiple
passes. If the energy delivered by the spin centers exceeds
the internal losses of the cavity, the system reaches the
threshold for self-sustained oscillation, entering a stable
maser generation mode. Beyond achieving a population
inversion, the transition to a maser generation mode requires

several physical conditions to be met. These include the
frequency matching of the microwave field with the resonant
transition, a long spin-lattice relaxation time (7}), and high
phase coherence (7). Furthermore, internal losses within
the resonant cavity must be minimized, as dictated by the
quality factor (Q). These interdependent requirements are
captured by the dimensionless cooperativity parameter (C),
which defines the system’s ability to overcome cavity losses
and sustain oscillation. The cooperativity parameter is
calculated using the following formula

B 4g§N
T kek.

where k; =2/Ty, ke = w./Q, g5 is a relation of one spin
with the resonant cavity mode, w,. is a frequency of the
resonance mode, N is a number of active centers [9].
Implementation of maser generations requires fulfilment
of the condition C > 1, at which amplification by the
active medium exceeds the losses in the resonant cavity.
Even when exceeding a threshold value of amplification
C > 1 stable stimulated emission is only possible when
there is pumping that provides permanent population in-
version. A condition of its efficiency is formulated via
a minimum required pumping frequency: @, = m,
where 77 is a longitudinal time of spin relaxation and K is a
pumping efficiency coefficient that characterizes probability
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of conversion of the system into an inverse spin state.
This expression presents a fundamental requirement: the
pumping rate shall exceed a rate of spontaneous relaxation
in order to preserve inversion and to provide conditions for
the stable generation mode. When considering cooperativity
and the threshold pumping frequency @y, it is obvious
that the relaxation times 77 and T of the active centers as
well as their numbers directly determine implementability
of the not laser, but maser effect and its efficiency. The
resonant cavity Q factor varies within the range from 103
to 10° [10] in a dependence from a technical solution and
does not directly belong to spin and optical properties of the
active medium. It is a combination of intrinsic properties of
paramagnetic centers and methods of creation of inverse
population that results to the fact that the masers based on
transition metal ions in Al,O3 operate at the liquid helium
temperature. Thus, inverse population of the spin sublevels
of Cr3* is achieved during microwave pumping when
T <4K [5,6,8,11]. According to the Boltzmann statistics,
at this temperature the ions predominantly stay at a lower
level of a spin quartet. This provides high polarization
and effective transfer of pumping to higher levels. The
low temperature is critical for creating non-equilibrium
distribution that provides operation of the Cr’* masers.
Within the specified temperature range, 77 durations span
from several to hundreds of milliseconds [11,12], while 7;*
is approximately 10ns [8]. The second method of creating
inverse population in systems of the ALO;3:Cr’* type
includes optical pumping of the ground state [13]. However,
at the temperatures above 50K the electron spin system of
the chromium ions exhibits large shortening of spin-lattice
relaxation according to the dependence T oc T~’, while
at the liquid nitrogen temperature the relaxation time 7;
is about 17us [11,12]. A further increase toward room
temperature results in a significant shortening of this decay
time to 3us [11]. As a result, the maser effect can not
obtained at the high temperatures due to short 7; that limits
the lifetime of the inverse state.

It follows from the foregoing that in order to implement
the maser operating at the room temperature, the amplifying
spin system shall combine: long times 77 and T)'; effective
optical pumping resulting in inverse population of the spin
sublevels; a sufficient concentration of the active centers.
Fulfilment of all these conditions made it possible to realize
the first pulse solid-state maser operating at the room
temperature, where pentacene molecules (N = 0.01 %) in a
single-crystal organic matrix of para-terphenyl were used as
an amplifying medium [14]. Due to optical pumping, it was
possible to create inverse population between metastable
triplet sublevels of the pentacene molecules with the
lifetime 77 ~ 45us. Combined with a quite long time of
phase coherence 7, ~ 400ns [15] and use of the high-Q
(Q = 1.8 - 10°) resonant cavity, it made it possible to obtain
coherent microwave pulses of duration of about 450 us at
the frequency of 1.45GHz at T ~ 300 K. Thus, it is evident
that optically polarized spin states with the properties
listed above can serve as a foundation for designing highly
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Figure 1. (a) Microscopic model of the NV-center in the diamond
lattice. The crystallographic direction (111) is indicated by a red
arrow.(b) Structure of the 6H-SiC lattice in the plane (1120). The
direction of the hexagonal axis c is shown by the red arrow. The
nonequivalent positions are designated: a hexagonal one (h) and
quasi-cubic ones (k1, k2).

efficient masers operating at room temperature. For these
purposes, it was proposed to use optically-generated triplet
(S=1) spin states of the negatively-charged nitrogen-
vacancy centers (NV ™) in diamond [16] and quartet states
(S = 3/2) of silicon vacancies in silicon carbide (SiC) [17].
Both the types of these centers have long times of coherence
at the room temperature and optically-induced inverse
population of the spin sublevels [16,18]. Thus, the typical
times 77 and 7, are about 2—5ms and 200—500ns [19-21],
respectively, for ensembles of the NV~ -centers in diamond.
The following relaxation times 77 and 7, are observed for
ensembles of the Vg centers in SiC: 100—300us [22,23]
and 250—300ns [24,25], respectively. It made it possible
to demonstrate maser generation using such active media
as diamond (NV~) [20] and silicon carbide (Vg ) [25]. It
is especially important to achieve the maser effect at the
room temperature both in organic and inorganic crystals,
i.e. without using cryogenic technology [9,26-29].

Silicon carbide is of considerable interest as a technolog-
ically mature semiconductor material, supported by estab-
lished industrial processes for growing bulk single crystals
with diameters exceeding 4 inches and highly reproducible
parameters Methods of microwave and optical spectroscopy
showed that SiC has the NV~ -centers that are similar to the
NV~ -centers in diamond in terms of their nature, structure
and spin properties [30-32]. Figure 1 shows microscopic
models of these centers in the lattice of diamond and
silicon carbide of the polytype 6H. The NV-center in SiC
is a complex that consists of a negatively charged silicon
vacancy (Vsi-) and a nitrogen atom nearest thereto in a
position of substitution of the carbon atom (N¢) [30-32].
Since the polytype 6H-SiC is characterized by availability of
three non-equivalent crystallographic positions: a hexagonal
one (h) and two quasi-cubic ones (k1, k2), then the
NV-centers in 6H can be formed in configurations that
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include three axial ones (NVy;,, NViai1, NViii2) and three
basal ones (NVh/d, NVklh, NVkaz).

Within its framework, the present study will consider
only an axial configuration NViix2, which is exemplified
to comparatively analyze the spin and optical properties
of the NV-centers in diamond and in an isotope-modified
6H-28SiC with a reduced content of a magnetic isotope
Si (I =1/2) in order to demonstrate viability of the
system 6H-28SiC: NV~ as the active medium for the masers
operating at the room temperature [33].

2. Experimental

Crystals of silicon carbide 6H-?8SiC with a reduced
content of a silicon magnetic isotope 2°Si (I = 1/2) were
produced by sublimation deposition from a vapor phase
at the high temperatures (Physical Vapour Transport —
PVT) [34] using a precursor enriched with a nonmagnetic
isotope 28Si. A standard plate 6H-SiC with the following
isotope composition was used as a seed substrate: 2°Si
(4.7%, I =1/2),28Si (92.2%, I = 0), *°Si (3.1 %, I = 0) as
well as carbon isotopes 2C (98.9 %, I = 0) and *C (1.1 %,
I = 1/2). A source of the isotope 23Si was a commercially
available powder precursor with 99.98 % purity in terms
of the content of this isotope. Thus, the concentration
of the isotopes #°Si and *Si in the initial material were
reduced by more than an order as compared to their natural
content. In order to create the NV~ -centers, the grown
samples were irradiated with electrons of the energy of
2MeV at a dose of 2-10'"® cm~2 and after that they were
annealed for two hours at the temperature of 900 °C in the
argon atmosphere. Experiments by electron paramagnetic
resonance (EPR) were performed in a continuous and
a pulsed mode using commercial spectrometers Bruker
ESP300 and E680 within the frequency ranges 9.4 GHz
(X-range) and 94 GHz (W-range), respectively. The EPR
spectra were recorded in the pulsed mode by measuring
integral intensity of the signal of electron spin echo (ESE)
in a dependence on the magnetic field B using the Khan
sequence: 7/2—7 —mx—7 —ESE. Duration of the 7/2-pulse
was 44ns, while the delay 7 =280ns. The sequence
is shown schematically in the insert of the Figure 2,a.
The studies were performed at the room temperature
(T =300K) using optical excitation by lasers of the
wavelength of 532 nm for the NV~ centers in diamond and
of 980 nm for the NV-centers in SiC.

3. Results and discussion

Figure 2 shows spectra of electron spin echo of the NV~-
centers in diamond and SiC, which are recorded within
the W range at the temperature of 7 = 300 K with optical
excitation by the laser 4 = 532nm. A set of the axial NV~
centers in SiC is indicated by arrows, splitting between the
EPR spectral lines on the magnetic field corresponds to a
double value of splitting of the spin sublevels of the triplet

(S =1) in the zero magnetic field (Zero Field Splitting —
ZFS), which is schematically designated in Figure 2, c as D.
Namely, AB = 2D/gup, where D is a ZFS value, g is an
electron g-factor (g ~ 2.00), up is a Bohr magneton. The
parameters D, which are determined by this way, have the
following values: for NV;;: D =~ 1.33 GHz; for NV,u1:
D =~ 1.28 GHz; for NV;x: D ~ 1.36 GHz. The obtained
results fully agree with data previously specified by methods
of microwave spectroscopy [31,35,36]. The EPR signals
of the NV~ -centers are observed both in diamond and
in SiC. It makes sense to consider the spectral lines with
maximum splitting between the fine structure components
in the magnetic field, which corresponds to the NV-centers
oriented along the direction (111) of the diamond lattice,
which coincides with the direction of the constant magnetic
field. The ZFS parameter for the NV~ -centers in diamond
has a value D = 2.87 GHz [16]. Since splitting between the
spectral lines in the experiment is 195.9 mT (Figure 2,5),
it can be found that a deviation of the magnetic field is
about 9.5° from the ideal orientation. A key feature of
the spectra in both SiC and diamond is the pronounced
spin polarization of the ground state. This is achieved
via spin-dependent optical pumping through a nonradiative
recombination pathway from the excited 3E state. This pro-
cess occurs via a metastable state (MS) through intersystem
crossing, which selectively repopulates the ground-state spin
levels. A cycle of optical pumping is schematically shown
in Figure 2, ¢ and it results in predominant population of the
spin sublevel mg = 0, forming inverse population relative to
a state with projection of the spin mg = —1.

Creation of inverse population is well observed in the
EPR spectra due to inversion of phases of the magnetic
resonance signals of the same-name centers in the low and
high magnetic fields. At the same time, resonance radiation
of the microwaves is recorded at the high-field components
that correspond to the transition mg = 0 < mg = —1, which
is illustrated by a diagram shown in Figure 2, c. Thus, the
main requirement for maser creation, which is related to
population inversion in the NV-centers in SiC, is realized by
the recombination mechanism that it typical for the NV~-
centers in diamond, and inversion occurs in relation to the
sublevel mg = —1.

Let us consider hyperfine interaction (HFI) of the
electron spin of the NV-centers in the crystal matrices with
the intrinsic nuclear spin of the nitrogen atom included
in the NV-center. Since the isotope *N has the nuclear
spin I =1, then for the considered centers the hyperfine
structure (HFS) will consists of the three equidistant lines
(n=2I + 1) with splitting between the lines being equal
to a value of HFI characterized by the constant A. This
is clearly see in Figure 2,d. One can also note that
both HFI and a width of the hyperfine components of
the NV~-centers in 6H-?8SiC is much less than similar
parameters for the NV~ -centers in diamond. Namely,
A(YN) in SiC is just 1.20MHz, whereas for diamond
A('N) =~ 2.24 MHz, which agrees with results of electron
nuclear double resonance experiments [37-39]. Thus, the
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Figure 2. (a) EPR spectrum of the NV~ -centers in 6H-**SiC, which is recorded in orientation of the external magnetic field B || ¢ and
at optical excitation 2 = 532nm. The insert shows a Khan pulse sequence used for recording the EPR spectra of the NV~ -centers in
diamond and SiC. The EPR signals of the axial and basal NV~ -centers are designated by horizontal arrows. Magnetic dipole transitions
between the spin sublevels of the axial centers in the low (mg = 0 <> mg = +1) and high (ms = 0 < mg = —1) magnetic fields are
designated by arrows: NVu,, NViari, NVike. (b) EPR spectrum of the NV~ -centers in diamond, which is recorded with orientation of
the field B with a deviation of £9.5° from the axis (111) of the diamond lattice. The horizontal arrow shows transitions between the
spin sublevels of the NV~ -centers ms = 0 <» mg = +1 and ms = 0 <> mg = —1, with the main z-axis of the D-tensor, which coincides
with the direction of the magnetic field. (c) Diagram of a process of optical pumping of the spin sublevels of the NV~ -centers in
diamond and in SiC. Optical excitation from the ground state (*A;,) into the excited one (*E) is shown by a vertical arrow. A channel
of nonradiative spin-dependent recombination from *E into *A, via a metastable state (MS) is shown by dashed arrows. Spin-dependent
photoluminescence is designated as PL. Predominant population of the sublevel ms = 0 in 3A, is schematically shown by circles. The
green arrows show allowed EPR transitions with taking into account their inverse nature. Splitting of the spin sublevels in a zero magnetic
field is designated as D. (d) Three HFS lines that occur due to interaction of the electron spin of the NV-centers with a nuclear spin of
YN (I = 1). The spectra are constructed in the coordinates B — By, where By corresponds to values of resonance magnetic fields of the
central HFS components (ms = 0, m; = 0) < (ms = 1, m; = 0) in diamond and in 6H-*SiC. The hyperfine structures are designated by
dashed lines with specifying the constant A in MHz.

value of HFI of the NV~ -center in diamond with *N in
two times exceeds the similar value for the NV~ -center
with "N in SiC. Both HFI with “N and mechanisms
of heterogeneous broadening of the magnetic resonance
lines are limiting factors of effective transverse time of
spin relaxation (phase coherence), which is defined as
Ty =1/(y.H1/2), where Hy/, is a width of the line at half
maximum in units of the constant magnetic field, while p, is
a gyromagnetic ratio for an electron. It is obvious that a
parameter 7, that is crucial for maser implementation in
case of the NV~ -centers in 6H-*8SiC is more preferable,
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which makes this system more promising for practical
application.

It is worth emphasizing similarity of these two centers
in the crystal matrices of diamond and SiC, which is well
traced on the example of analysis of such a parameter
as splitting in the zero magnetic field (the parameter D).
Taking into account that in the ground state of the centers
splitting is predominantly defined by spin-spin interac-
tion [40], it is possible to directly analyze scaling of the
value of this interaction when transiting from the diamond
lattice to the SiC lattice. Let us start from analyzing the
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Figure 3. (a) Dependences of spin-lattice relaxation, which are measured for the NV~ -centers in diamond and for NV in 6H-8SiC
by methods of electron spin echo in the W range and ODMR in the magnetic field B = 0.2 mT, respectively. The insert includes an
ODMR spectrum and a dashed line shows a signal frequency, at which relaxation characteristics were measured. A pulse sequence
was used to record a curve of relaxation of the N'Vx-centers by variation of an amplitude of spin echo in a dependence on the delay
time A after an inverting 7 pulse. w—A—m/2—7 —7—7 —ESE. Magnetic dipole transition ms = 0 <+ ms = —1 was used for determining
the relaxation time of the NV ™ -centers in diamond by the ODMR method. The following sequence of the microwave pulses was used:
7—A—n/2—17 —7—7—7/2—ODMR, in which the last 7/2 pulse was applied for transferring coherence into population of the state
mg = 0. (b) Rabi oscillations observed at excitation of the transition ms = 0 <> mg = —1 by a resonance MW pulse of variable duration
t + At in the magnetic field B = 0.2mT. (¢) The free induction decay (FID) signal of the NV, -centers, which is recorded at a low-field
component of the fine structure following the microwave excitation pulse.

value of D in diamond: D = 7. . <‘i’f§3)27 where (r) is

an average distance between unpaired electrons. Using
this approximation and the value D = 2.87 GHz for the
NV~ -center in diamond [16,38], one can determine that
the average distance between the unpaired electrons that

approximately in (3.08/2.43)% ~ 2.18 times less, i.e. about
1.32 GHz. This value well agrees with the experimental data
obtained for the NV-centers in 6H-*8SiC and clearly demon-
strates structure similarity of these centers in diamond and
SiC. Consistency is achieved by directly recalculating the

form the triplet is about 2.4 A, which is comparable to
the distance of 243 A between the basal carbon atoms
surrounding the carbon vacancy, on which a major part
of the spin density is localized. In 6H-SiC, this distance
is bigger and is about 3.08 A. Thus, it can be assumed
that for the NV-centers in 6H-SiC the ZFS value will be

main spectroscopic parameter D via the crystal parameters
of the matrix.

After analyzing similarity of the optical and spin proper-
ties of the NV-centers in SiC and diamond, we present a
comparative analysis of their spin dynamics. It is studied
by measuring the times of spin-lattice relaxation and phase

Physics of the Solid State, 2025, Vol. 67, No. 9
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memory. The results obtained are shown in Figure 3.
Figure 3,a—c shows the experimental data in green and
approximation by a monoexponential function in black.

The experimental data for measuring the longitu-
dinal time of relaxation in SiC were approximated
by the biexponential function I(A) = I+ Aj-el~2/T)
+ Ay - (=M1 with the characteristic times of spin-lattice
relaxation 7 = 0.1ms and 7]/ = 32us. The time of spin-
lattice relaxation 77 = 1.86 ms for the NV-centers in dia-
mond was obtained by approximating the relaxation curve
with the monoexponential function I(A) = Iy + B - e(=4/T),
The Rabi oscillations and the curve drop of free induc-
tion were approximated by the monoexponential function
I(t) =Ip+ C - e=/T) to reveal the times of phase me-
mory T) = 0.4us and T, = 1.5us for the NV~ -centers
in diamond and 6H-?8SiC, respectively. Thus, the NV~-
centers in 6H-8SiC are characterized by the shorter times
of spin-lattice relaxation 7; as compared to the similar
centers in diamond. However, in spite of this, they have
a significantly long time of phase memory that exceeds
typical values for the NV~ -centers in diamond in 3-5
times. Thus, one may conclude that the NV~ -centers
in the isotope-purified matrices of silicon carbide are a
promising platform for implementing the masers operating
at the room temperature. This conclusion is confirmed
by experimental results for maser generation on the silicon
vacancy centers Vg; in silicon carbide. Despite exhibiting 71
relaxation durations analogous to NV~ centers in 6H->8SiC,
these defects possess a significantly shorter phase memory,
typically ranging between 250—300 ns.

4. Conclusion

The study has comparatively analyzed the spin and optical
properties of the NV~ -centers in diamond and the isotope-
modified silicon carbide 6H-?8SiC. Special attention was
paid to evaluating their viability as the active medium
for creating the solid-state masers operating at the room
temperature. Despite the shorter spin-lattice relaxation times
(T1) of NV~ centers in 6H-8SiC compared to similar cen-
ters in diamond, their phase coherence time is significantly
longer (1.5us vs. ~ 0.4us). This is attributed to the weaker
hyperfine coupling with the nitrogen nuclear spin within the
center’s structure, as well as a reduction in inhomogeneous
broadening achieved through the use of an isotopically
purified matrix. The high structural and spectroscopic
identity of these centers, combined with an optical pumping
mechanism that creates a population inversion in the triplet
ground state similar to that observed in diamond, positions
6H-28SiC : NV~ as a promising alternative to diamond for
next-generation masers. The primary advantages of SiC
include its technological scalability and the availability of
large-scale single crystals. Taken together, these factors pave
the way for the development of compact, stable, and energy-
efficient solid-state masers designed for room-temperature
operation.
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