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Implementation of Broadband Electrically Detected
Magnetic Resonance in a Sub-THz
FraScan Spectrometer

Artur Solodovnyk™, Dariya Savchenko™,

Abstract— Electrically detected magnetic resonance (EDMR)
is an effective spectroscopic method used for characterizing
semiconductive solid-state materials. High spin sensitivity and
the capability to explore spin-dependent transport mechanisms,
which are crucial for the development of semiconductor devices,
define it from other methods based on magnetic resonance. High
frequency and high magnetic field EDMR implementation was
motivated by the necessity to obtain access to more precise,
high-resolution data to enhance the method’s research potential.
We present an EDMR system based on a unique THz FraScan
spectrometer, which performs frequency sweeps ranging from
80 GHz to 1.1 THz, and the magnetic field sweeps up to 16 T.
The study addresses the instrumentation, detection scheme,
and 85-328.84-GHz EDMR results on highly nitrogen-doped
15R SiC monocrystals. Furthermore, the results demonstrate a
subjective advantage of frequency-domain EDMR (FD EDMR)
over conventional magnetic field domain measurements in terms
of substantially greater signal-to-noise ratio (SNR) and the ability
to record an EDMR frequency-field map (EDMR FFM).

Index Terms—15R SiC, electrically detected magnetic reso-
nance (EDMR), frequency-domain EDMR (FD EDMR), magnetic
resonance, SiC, sub-THz, THz.

I. INTRODUCTION
HE magnetic resonance technique—electrically detected
magnetic resonance (EDMR)—has been proven a sen-
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sitive (about 107 times greater than electron paramagnetic
resonance (EPR) [1]) and powerful method for characterization
of charge carriers, defects, and impurities in a variety of
semiconductive solids by providing insights into fundamental
physical phenomena of magnetic resonance and aid in situ
studies for further reliable devices development [2], [3]. It is
based on EPR but differs in its detection scheme: spin-
dependent processes are monitored via the change in the
device’s current or voltage under the resonance microwave
excitation. In EPR, the transitions between electron spin
energy levels [see Fig. 1(a) and (b)] are measured as a
microwave absorption, when the following resonance condi-
tion is fulfilled:

(1)

where h is the Planck constant (J Hz ), v is the
microwave frequency (Hz), wp is the Bohr magneton
(9.274 x 1072*J . T71), g is the g-factor, and B is the
magnetic field (T) [4]. It should be noted that (1) describes
the simplest case of a system with spin S = 1/2 with the
isotropic Zeeman interaction. The splitting of these energy
levels in the presence of the magnetic field is called the
Zeeman effect [see Fig. 1(a)]. In EDMR, these transitions
are observed as a change in the electrical conductivity of
the sample [see Fig. 1(a) and (c)]. The reasons causing this
change are spin-dependent processes such as recombination,
tunneling, or hopping [5], [6]. Unlike the EPR, which is
not sensitive to these processes, EDMR can explore these
transport mechanisms, considering that they are based on
spin selection rules. The motivation for using detection of
electrical conductivity, rather than the microwave absorption,
results from the importance of point defects, and impurities in
semiconductor devices. Their concentration in modern devices
is too low for conventional EPR, which requires at least 10!
of paramagnetic centers, whereas the EDMR can be observed
within 10° defects [7], [8].

This method’s history began in 1960s. One of the first
EDMR observations was in 1966, where Schmidt and
Solomon [9] described spin-dependent recombination of free
carriers, investigated in phosphorus-doped silicon. In 1972,
Lepine [10] proposed that the capture of the conduction elec-
tron by the recombination center depends on their relative spin
orientation. Problems developed when this model was unable
to account for the signals observed in later measurements
made by other researchers. There were several prior theoretical
attempts to explain the EDMR signal before Kaplan et al. [11]
turned to Pauli’s permutation-symmetry model based on the
Pauli blockade in 1978. According to the description, charge

hv =gugB
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(a) Diagram of the Zeeman effect for a system with spin § = 1/2 (case, which includes only the isotropic Zeeman interaction) placed in the magnetic

field B; h is the Planck constant, v is the microwave frequency, pp is the Bohr magneton, and g is the g-factor. (b) Basic principle of EPR detection. The
EPR transition in the sample due to the resonance condition (1) is observed as the microwave absorption of the sample. (c) Principle of EDMR detection.
Microwave irradiation flips the spin of the unpaired electron in the defect center (recombination center) and the spin-dependent process happens. As a result,
one observes a change in the sample current under the resonance condition (1). Note that a common Zeeman energy splitting is in a range of peV, whereas

the bandgap in the semiconductor is in eV.

TABLE I

SHORT COMPARISON OF EXISTING EDMR RESEARCH SETUPS. MD—MAGNETIC FIELD DOMAIN (MAGNETIC FIELD SWEEP, CONSTANT FREQUENCY),
FD—FREQUENCY DOMAIN (FREQUENCY SWEEP, CONSTANT MAGNETIC FIELD), CW—CONTINUOUS WAVE

Frequency
Research field Methods used Setup type range (GHz) / References
Magnetic field max (T)
Conventional .
Solar cells CW and pulse modes Commercial X-, Q-band and 263 GHz 10, 35,263 /1.2,9 [13]
Wafer-based CW MD and FD, Homebuilt low frequency (< 500 MHz),
devices Rapid Scan X-Band, Wafer-probing station <05,10/01, 1 (191221
Quantum CW and pulse Commercial X-band 10/1 [23]-[26]
computing
General CW and pulse Heterodyne Quasi-Optical 120-336 / 12.5 27, 28]
spectrometer
General CW MD and FD, Homebuilt THz FraScan
(Current work) Rapid Scan spectrometer 80-1100 /16 (151, 171

carriers in localized electronic states first form an “exceptional
pair” during a “readjustment time” before a recombination
transition happens. A more thorough explanation of EDMR,
as well as a detailed description of several spin-dependent
models, can be found elsewhere [5], [6].

Commonly, the EDMR setups are built using commer-
cial EPR spectrometers with applied hardware and software
modifications [12], [13], [14]. Consequently, the microwave
frequency and the magnetic field range are defined by the
vendor in EPR spectrometers for their particular application
(e.g., commercially standardized X-band in CW and pulse
modes, see Table I). Thereby, the EDMR capabilities directly
depend on the EPR setup itself. This work describes the
development of an EDMR setup based on the THz FraScan
EPR spectrometer (located in Central European Institute of
Technology (CEITEC), Brno, Czech Republic) which works
within the frequency range of 80-1100 GHz and in magnetic
fields up to 16 T [15]. The urge to have the possibility to
perform studies using higher frequencies and higher mag-
netic fields paves a way to access higher spin polarization,
higher g-factor resolution, large zero-field splitting, etc., which
among others provides more accurate and high-resolution

data [13], [16], [17], [18]. Among the exceeding amount of
EDMR applications, we can highlight the following:

1) solar cells research [13], [29], [30];

2) MOSFET, nano-scale transistors, device reliability
research (irradiation damage, high electric field stress-
ing) [19], [20], [31];

3) quantum computing, electronic
write/readout [23], [24], [25], [26].

Using our THz FraScan spectrometer, we demonstrate the
implementation of the EDMR technique in high magnetic
fields and high frequencies to broaden the existing technique’s
research possibilities. The setup’s functionality is demon-
strated using EDMR measurements on highly nitrogen-doped
15R SiC monocrystals. Section II describes the experimental
setup, the EDMR detection scheme, and the sample holder.

spin  storage,

II. EXPERIMENTAL SETUP

Going for higher frequencies in EDMR using conventional
EPR spectrometers is rather complicated already at the Q-band
in terms of the space for the sample in the cavity, which is
limited by 2 mm, at the W-band it is about a half of millimeter.
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Fig. 2. General scheme of sub-THz EDMR setup. (1) Microwave window, (2) optical fiber feedthrough, (3) temperature and magnetic field sensors, (4) EPR
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Thus, it becomes more and more challenging to place a
functioning device or a sample of working dimensions with
increasing frequency. However, the THz FraScan spectrom-
eter’s nonresonant cavity-free configuration eliminates this
issue. Apart from the setups that use microwave (m.w.)
cavities, higher frequency (>W-band) solutions use quasi-
optics (QO) for m.w. propagation. Some of the earliest
nonresonant broadband systems for high-field EPR and EDMR
can be found in [13], [17], [25], [32], and [33]. QO, in our
case, is a set of instrumentation such as elliptical mirrors,
absorbers, and Faraday rotators, for the free-space propagation
of the THz-range Gaussian beam. Because the QO supports
broadband operation, the frequency sweep option becomes
possible. Fig. 2 depicts the general layout of an EDMR
experiment. Quasi-optical m.w. bridge works in two modes:
EPR and EDMR. A set of active and passive multipliers
(Virginia Diodes Inc., Charlottesville, VA, USA) allow the
gap-less generation of microwaves with the frequencies rang-
ing from 80 GHz to 1.1 THz. To conduct the EPR experiment,
both the m.w. sources and the m.w. detectors are used, the
EDMR measurement though requires only the m.w. source.
The microwaves from the QO m.w. bridge propagate inside
of an oversized corrugated waveguide of the EPR probe and
irradiate the sample placed in the holder, which is attached
to the end of the probe. The EPR probe is placed inside a
cryogen-free superconducting magnet system (16 T, Cryogenic
Ltd., London, U.K.) so that the sample is located in the
middle of the magnetic field. A home-built airlock prevents the
system’s contamination by air during inserting/extracting of
the probe. For the majority of the experiments, the magnitude
of magnetic field is read out from the magnet’s power supply.
For the precise determination of the magnetic field, a reference
sample with a known g-factor should be used (in this work,
we used Cr’t:MgO (g = 1.9797) standard sample). In the
variable temperature insert (VTI) space (5), the temperature

can be varied from 300 K to 1.8 K (and can be measured pre-
cisely via a temperature sensor (3). The EPR probe head has
three signal connectors and one optical fiber feedthrough (2),
which allows to use different light sources (in this work,
we used diode lasers with the wavelengths of 403-636.7 nm
and the broadband SLS201L lamp (Thorlabs, Inc., Newton,
NJ, USA)) for the EDMR experiment. Also, it contains an
m.w. window made of Mylar foil (thickness of ~70 um),
which isolates the VTI highly pure He atmosphere from the
ambient air.

A common EDMR experiment requires the detection of
extremely small changes in electric current in the pA range,
and for this reason we use an SR570 (Stanford Research
Systems Inc., Sunnyvale, CA, USA) current preamplifier.
Depending on the sample’s required bias voltage, the different
biasing source can be used. However, to avoid additional noise
pickups, we used the SR570’s internal circuitry, which pro-
vides the biasing voltage of —5---+5 V. In addition, we use
a phase-sensitive detection (PSD) approach to substantially
improve the signal-to-noise ratio (SNR) [34]. For the PSD
method, we use the magnetic field modulation, created by
a small coil around the sample, as shown in Section III.
The amplified signal from the sample is demodulated via an
MFLI-500KHz (Zurich Instruments Ltd., Ziirich, Switzerland)
lock-in amplifier, and a home-written LabVIEW program
controls spectrometer’s equipment and acquires the EDMR
signal from the lock-in amplifier. To the end of the EPR
probe, we attach the EDMR sample holder, which is described
in Section III.

III. SuB-THzZ EDMR SAMPLE HOLDER

The materials for the sample holder (see Fig. 3) were
chosen based on the given conditions for a high magnetic
field and a low-temperature environment. The body of the
sample holder and the inner base were made of polyether ether
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(a) Schematic illustration of the EDMR sample holder. The direction of the magnetic field By and m.w. beam described by the propagation vector k

and the corresponding B; field are indicated in the illustration. (b) Sample holder is attached to the corrugated waveguide. (c) PCB with mirrors and the
sample. The allowed sample dimensions in this configuration are 10 x 10 x 7 mm (L x W x H), and the microwave aperture is 5 mm in diameter.

ketone (PEEK), which is a colorless organic thermoplastic
polymer in the polyaryletherketone (PAEK) family, widely
used in engineering applications. This material is able to
withstand such extreme conditions. A commercial optical fiber
collimator 300051 (World Precision Instruments Inc., Sarasota,
FL, USA) uses a nonmagnetic stainless steel shell; the mirror
holders were manufactured from a phosphor—bronze sheet
(thickness of 0.2 mm). Broadband square 5 mm mirror UV-
enhanced aluminum-coated, A\/10 mirrors (Edmund Optics
Inc., Barrington, NJ, USA) (250-700 nm) in Fig. 3(c) direct
the light beam from the collimator to the sample. During
cooldown and warmup of the VTI space, the light reflected
from the mirrors has no significant sight of deviation (see
Supplementary information). The sample is placed on a custom
printed circuit board (PCB) with gold-plated copper electrical
connections and FR-4 insulation (woven glass and epoxy) (see
Supplementary information). Using a PCB as a sample plate
has the advantage of having reliable electrical connections and
also providing mechanical and thermal stability. For instance,
in the “ambient” mode, when the microwave source and the
current to the modulation coil are off, the difference in the
temperature of VTI space and the sample can be less than 2 K;
in the measurement mode, m.w. source and the modulation
coil produce additional heat and the temperature difference
can be up to 5-6 K. In the case of EPR measurements, the
end of the smooth-wall waveguide (see Fig. 3) must be as
closest as possible to the sample to avoid losses of scattered
reflected waves. Since we are not interested in detecting the
EPR signal, and, consequently, in the reflected microwaves, the
waveguide is located about 7 mm above the sample, to allow
for additional tolerance for the sample height and proper light
beam alignment using the mirrors. Despite rather high losses
of the reflected beam (17.8 dB in average in 325-500 GHz
range, see Supplementary information), it is still possible to
locate the EPR signal while calibrating the magnetic field

sweep window. The whole space for the sample can be
adjusted by manufacturing a different PCB (the diameter of
PCB is 36 mm), while now the space is limited to 10 x
10 x 7 mm due to mirrors, temperature sensor, and the signal
terminal alignment. The height of 7 mm is considered when
the light excitation is not used, otherwise the sample height of
2-3 mm is recommended because of the required space for the
light beam propagation. The microwave aperture is 5 mm in
diameter. Depending on the sample’s size, it can be arranged
spatially on PCB in the way that the m.w. aperture and the
light (spot of which is 2 x 3 mm) cover the dedicated area.

The EDMR signal and its stability directly depend on proper
sample contact when exposed to cryogenic temperatures and
high magnetic fields. The choice of contact type must be
approached carefully depending on the sample itself, taking
into account the above-mentioned conditions.

The best way to contact the sample is wire bonding with
Au or Al wire which are “EPR-silent” materials. When the
sample does not have deposited contact pads, one of the best
solutions is to use conductive adhesive. We experimented with
various conductive adhesives, and some of the carbon-based
ones may introduce an unwanted EPR signal. As a result,
we used the Ag-based paint, which demonstrated that it can be
used even at liquid helium temperatures and provides excellent
contact. In this work, the 15R SiC monocrystal was attached
via Ag-based paint to the glass plate with deposited gold
contact pads, which, in turn, was connected to the PCB board.
All the signal wires were connected to the signal terminal,
which also houses contacts for dedicated sensors.

IV. RESULTS AND DISCUSSION

In this section, we present the results of 85-328.84-GHz
EDMR experiments performed with the setup described above.
We have performed the low-temperature multifrequency EPR
and EDMR spectroscopy of 15R polytype SiC monocrystals
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(a) EDMR spectra measured in 15R SiC monocrystals with (Np — Ng) & 5 x 10" ¢cm=3 at v = 85-328.84 GHz, B||c. The EDMR spectra were

normalized to their maximum intensities. (b) FD EDMR spectra measured in 15R SiC monocrystals with (Np—Ny4) ~ 5x 1018 cm™3 at v = 100.28-100.4 GHz,
B =3.576891 T at T = 7.5 K, 250 averages, 2.048 s/sweep. The spectra were measured using magnetic field modulation at foq = 771 Hz with an amplitude
of Bmod = 0.25 mT. The inner plot depicts the SNR to the number of averaged signals’ dependence. Acquisition of a single MD sweep takes about the same

time as an accumulation of 250 FD sweeps.

with (Np — Na) ~ 5 x 10"® cm™3 (where Np is the
donor concentration, N4 is the acceptor concentration). The
monocrystals were grown by the modified Lely method [35].
The sample dimensions are 3.5 x 0.8 x 0.4 mm.

The EDMR measurements obtained at 85-328.84 GHz
of 15R SiC monocrystal are shown in Fig. 4(a). In these
monocrystals with (Np — N) ~ 5- 10" cm™3, the single
line of the spin system S = 1/2 is present. The multifre-
quency measurements were made with a single spectrometer
and two different m.w. sources. As shown in Fig. 4(a), the
SNR at 85-120 GHz is 42, whereas at 328.84 GHz it is 29.
We assume that this noticeable SNR difference is caused
by m.w. sources’ power variation and the EDMR spectra
broadening. The output power to frequency dependence varies
between m.w. sources. For example, an 80-120-GHz m.w.
source has an output power of about 120 mW, whereas
a 328.84-GHz source has only about 70 mW.

In terms of frequency-domain (FD) measurements, the
THz FraScan setup can perform frequency sweeps while
the magnetic field remains constant. The advantage of this
technique is that it has a higher SNR and requires less mea-
surement time than the magnetic field sweep. Fig. 4(b) depicts
the frequency-domain EDMR (FD EDMR) spectra averaged
250 times with 2.048 s/sweep. The spectra of 250 averages
were recorded in ~8.5 min, while the magnetic field domain
measurement takes about the same amount of time with the
single sweep and twice lower SNR. Performing the signal
averaging of the magnetic field sweep EDMR spectra using
superconductive magnets has certain disadvantages, such as
the magnetic field shift and noticeable magnet inertia. To sup-
press the latest one, the stabilization delay time must be set
before recording a new spectra and the magnetic field ramping
rate (to sweep the magnetic field up and down) has to be the
same. In the case of FD measurements, the magnet is set to
the persistent mode on the desired magnetic field value, which
eliminates the problem described above.

Fig. 5(a) shows the m.w. power dependence of the EDMR
signal intensity measured in 15R SiC monocrystals showing
saturation above 40 mW. This power saturation effect takes

place only when the incident m.w. power level is sufficient
for populating the excited spin state of the spin system much
faster than the system relaxes to its equilibrium population
state due to the spin-lattice relaxation effects [36]. We can
assume that the optimal minimum m.w. power required in such
setups with nonresonant probe configuration to measure the
magnetic field sweep EDMR begins at 20 mW. It should be
noted that the power efficiency of the next in line m.w. source
for the higher frequency (than reported here 328.84 GHz) of
our setup (80-1100 GHz) is about ~1% of the 80-120-GHz
m.w. source.

Fig. 5(b) demonstrates the temperature dependence of
EDMR spectra measured in I5R SiC monocrystals at
v = 100 GHz, showing that the EDMR spectra were observed
at T < 12 K only. In general, the temperature dependence of
an EDMR signal can give an information about the sample’s
recombination mechanisms and durability. We can assume
that the signal disappears at 7 > 12 K because the hopping
exchange interaction between nitrogen donors decreases.

The EDMR measurements under the light illumination with
laser diodes of the 403-636.7-nm wavelength did not show
any enhancement in the EDMR signal intensity.

It is well-known that in 15R SiC nitrogen N donors substi-
tute five nonequivalent positions: three quasi-cubic “k;,” “k;,”
and “k3” (N1, Ni2, Ni3) and two hexagonal “h;” and “h,”
(Nn1, Np2) with donor energy levels in the band gap at
~99 meV for Nij 2.3 and ~ 52 meV for Njj jo. As a result,
the 15R SiC monocrystals with (Np — Ny) ~ 5 x 10'6 cm™3
reveal five triplet lines in the EPR spectra due to hyperfine
interaction with “N nuclei (I = 1, nat. ab. 99.6%) related
to the center with § = 1/2 [37], [38], [39]. The isolated
N donors in 15R SiC have the following spin Hamiltonian
parameters [38], [39].

1) Nii: g1 = 2.0026(2), gy = 2.0040(2), Aiso = A =

A, =33.6 MHz.

2) ng.' gL = 2.0030(2),g” = 2.0037(2),14,'50 =
33.32 MHz.

3) Niao g1 = 2.00302),g = 2.0038Q2), Ay =
30.36 MHz.
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and T = 8 K, BJ|c. The EPR spectra were measured at fmoqa = 2.9 kHz and
EDMR spectra at fiod = 771 Hz, both at Byog = 0.25 mT.

4) Npi: g1 = 2.0028(2),g, = 2.00352),A;, ~
1.1 MHZ, AH ~ 2.1 MHz.
5) Npp: g1 = 2.0023(2),g, = 2.0031(2),A; ~

1.4 MHz, A| ~ 2.2 MHz.

From the EPR measurements at v = 328.84 GHz in both
the orientations of the magnetic field with respect to the
crystal c-axis, it was found that at T < 20 K, the 15R
SiC samples reveal an intense line with g, = 2.0026(2)
and gy =2.0043(2), and a line triplet of low intensity
due to Niiioxs donors. The EDMR spectra measured at
v =328.84 GHz and T = 7.5 K show a similar single line
with g =2.0026(2) and g; = 2.0043(2), and no traces of the
N donors residing on the cubic sites were detected (see Fig. 6).

At (Np—N,) =~ 5x10'® cm™3, the disappearance of Ny n2
donors having more shallow levels in the bandgap is expected
along with the emergence of the single line due to exchange
interaction between N donors.

In [40], the N atoms in the SiO,—SiC interface regions of the
n-channel lateral 4H SiC metal-oxide—semiconductor field-
effect transistors (MOSFETs) were studied by low-temperature
EDMR. The authors reported an intense EDMR signal at

T < 20 K with C3y symmetry having g, = 2.0008 and
g1 = 2.0047 assigned to N donors residing hexagonal site in
4H SiC (N},). However, from an earlier pulsed electron-nuclear
double resonance (ENDOR) study of 4H SiC monocrystals
with (Np — N4) ~ 5 x 107 cm™3 [41], it was unambiguously
proved that N, donors in 4H SiC have g; = 2.0006(1) and
g1 = 2.0065(1). At the same time, the high-field EPR study
shows that no N; line is observed in 4H SiC monocrystals
with (Np — N4) ~ 5 x 10" cm™>, and the single line with
gL = 2.0010(1) and gy = 2.0054(1) [42] caused by the
hopping exchange of a donor electron between N atoms at
hexagonal and cubic positions appears [43]. Therefore, the
EDMR signal observed in [40] should be attributed to the
hopping exchange interaction of N donors residing at 4 and k
positions in 4H SiC.

We assume that the same hopping conduction process
between N donors is responsible for the appearance of the
single line with g, = 2.0026(2) and g; = 2.0043(2) in EPR
and EDMR spectra of 15R SiC monocrystals with (Np —
Ny4) ~ 5 x 10'® cm™3. Therefore, we may suppose that the
observed single line in EPR and EDMR spectra is caused by a
spin-dependent hopping process due to the exchange interac-
tion of Ng; and Ny in 15R SiC. Measuring the EDMR spectra
in the wide m.w. frequency range from 85 to 328.84 GHz
allowed us to determine that no overlapping lines were hidden
in the spectrum [see Fig. 4(a)]. A comprehensive EPR and
EDMR study on spin dynamics of the exchange-coupled
nitrogen donors in heavily doped n-type 15R SiC monocrystals
can be found in [44]. In addition, more detailed information
about the experimental setup can be found in [45].

V. CONCLUSION AND OUTLOOK

In this work, we showed the proof-of-concept of the
EDMR setup based on the sub-THz FraScan spectrometer,
its capabilities, and advantages. The advantages of using FD
EDMR over MD EDMR result in higher SNR and lower
measurement time consumption. The setup expands the range
of measurement possibilities and paves the way for performing
comprehensive EDMR studies. As the test samples in this
setup, we used the 15R SiC monocrystals with a relatively
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Fig. 7. Frequency-field map of EDMR spectra measured in 15R SiC

monocrystals with (Np — N4) =~ 5 x 10" ecm™3 at v = 100.2-102 GHz,
B =3.58-3.65 T, and T = 7.5 K. Signal intensity values were omitted and
shown in arbitrary units. The map resolution is 3000 per 219 points. Dashed
lines correspond to a frequency and a magnetic field value of (a) and (b),
respectively. (a) Single-frequency sweep spectra at B = 3.615 T. (b) Single
magnetic field sweep spectra at v = 101.14 GHz. The map was recorded
with the modulation frequency of fmod = 771 Hz and with an amplitude of
Bmod = 0.25 mT.

high donor concentration (Np — N4) =~ 5 X 10'® cm™3, which
revealed a single EPR and EDMR line at a low temperature
with g, = 2.0026(2), gy = 2.0043(2). This signal is, most
probably, caused by a spin-dependent hopping process due
to the exchange interaction of nitrogen donors residing on
cubic k; and hexagonal /| nonequivalent positions in the 15R
SiC lattice.

Regarding the prospects for the further EDMR technique
development, we report on the first EDMR frequency-field
map (EDMR FFM) of 15R SiC monocrystal recorded at
v = 100.2-102 GHz, B = 3.58-3.65 T, and T = 7.5 K
(see Fig. 7). The single-frequency sweep is 2.048-s long and
the magnetic field sweep rate is 0.18 mT/s. The map contains
30000 frequency scan points for each of the 219 steps of the
magnetic field sweep.

From Fig. 7, we can see the straight line across the map,
the behavior of which can be described by (1). Depending
on the sample’s defect complexity, these 2-D plots can qual-
itatively visualize recorded data in a wide range, helping to
uniquely define the spin Hamiltonian parameters of high spin
systems [17]. For instance, such plots can be useful when
tracing the data of a frequency-dependent behavior of the
sample’s defect or viewing the zero-field splitting map.
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