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Abstract

Silicon carbide (SiC) in its various structural modifications is widely used in power semicon-
ductor electronics, operating under extreme conditions of high temperature, high voltage,
and intense radiation. The discovery of spin defects (S > 0) with unique optical and coherent
properties has further positioned SiC as a promising platform for quantum technologies.
Here, we investigate a 6H-SiC single crystal co-doped with nitrogen and beryllium at
concentrations of 1018 cm−3, using continuous-wave and pulsed electron paramagnetic
resonance (EPR) and electron–nuclear double resonance (ENDOR). To enhance spectral
resolution, experiments were conducted in the W-band (94 GHz; B = 3.4 T). Pulsed EPR
identified nitrogen donors and beryllium acceptors in various lattice positions, allowing
for the determination of their phase coherence and spin–lattice relaxation times. ENDOR
measurements elucidated the electron–nuclear interactions with the local silicon and carbon
environment, including distant coordination spheres. The observed hyperfine structures
indicated highly delocalized spin density within the supercell. The TRIPLE resonance spec-
tra verify coupled nuclear spin subspaces from different coordination spheres due to defect
spin density. These results demonstrate the feasibility of incorporating dual impurities
with distinct functional roles while preserving the crystal lattice’s structural features.

Keywords: SiC; EPR; ENDOR; N donor; Be acceptor

1. Introduction
Silicon carbide (SiC) of the 6H polytype is a wide-bandgap semiconductor (Eg = 3 eV) [1]

that has attracted attention for power electronics and extreme-environment applications owing
to its unique physical properties, such as high thermal conductivity, mechanical strength, and
radiation hardness [2]. Over the past decade, interest in this material has expanded significantly
with the development of quantum technologies, since 6H-SiC can serve as a host matrix for
point-defect centers with controllable spin states at room temperature [3].

Nitrogen is the primary donor impurity in 6H-SiC, providing n-type conductivity
by creating shallow levels near the conduction band [4–6]. Substituting for structural
carbon or silicon atoms, nitrogen forms donor centers, and in combination with silicon
vacancies, it creates negatively charged high-spin nitrogen vacancy (NV) centers with axial
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symmetry. NV centers are highly promising for quantum applications since their electron
spin can be optically initialized and read out by ODMR spectroscopy [7,8]. The spin–lattice
and spin–spin relaxation times in isotopically enriched crystals reach milliseconds and
tens of microseconds, respectively. Meanwhile, beryllium is an acceptor impurity used
to achieve p-type conductivity [9] and to act as a tool for controlling electronic properties
and creating compensated structures that are necessary for semi-insulating substrates
and fine-tuning the energy spectrum. In 6H-SiC crystals, beryllium can occupy various
inequivalent lattice sites, forming both shallow and deep acceptor centers; their structural
and spin properties depend significantly on temperature and the doping method [10].
Thus, nitrogen and beryllium in 6H-SiC perform complementary functions: the former
serves as a key constituent for quantum defects with long-lived spin memory [11], while
the latter enables the formation of p–n junctions [12,13] and control of conductivity type.
This synergy paves the way for the integration of quantum elements with semiconductor
electronics (see Figure 1a). A comprehensive understanding of the physical nature, local
structure, and relaxation characteristics of these impurities is fundamental to the design of
silicon carbide-based quantum devices.

(a) (b) 

Figure 1. (a) Applications of 6H-SiC doped with beryllium and nitrogen. (b) Crystal structure
of Be- and N-doped 6H-SiC: (left)—Be and N impurities in the k1 and k2 lattice configurations;
(right)—the same structure in an alternative orientation, where dashed lines indicate the designation
of configurations depending on the impurity positions.

Optically active point defects with addressable spin states are essential for quantum
technologies [14,15]. They show great potential in communication networks [16,17], com-
puting [18], and high-resolution sensing [19]. Notably, many of these systems operate at
room temperature [20]. Spin qubits are highly attractive due to their long coherence times
and optical controllability. Furthermore, they are compatible with established semicon-
ductor fabrication processes. This makes them strong candidates for scalable quantum
platforms [21–23].

The nitrogen vacancy center in diamond remains the most extensively studied system.
It has reached considerable technological maturity over the past decade [24]. However,
there is a growing demand for alternative materials. This has motivated interest in silicon
carbide. It is a technologically mature wide-bandgap semiconductor that hosts a rich family
of analogous lattice defects [25]. SiC combines well-established wafer growth techniques
with the ability to accommodate numerous spin-active centers, positioning it as a bridge
between conventional electronics and quantum applications.

High-energy particle irradiation efficiently generates primary point defects uniformly
throughout the SiC bulk [26]. These include silicon vacancies (VSi; S = 3/2) [27] and carbon
vacancies (VC) [28], which subsequently migrate and combine during thermal annealing to
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form paired spin complexes such as divacancies (VV; S = 1) [29]. This approach offers high
uniformity and reproducibility, enabling controlled fabrication of dense defect ensembles.
Silicon vacancy represents the most thoroughly characterized defect and has been validated
as a functional qubit [30]. Using synchronous detection, nanotesla-scale magnetic field
sensitivity has been demonstrated for silicon vacancies in silicon carbide [31].

Electron paramagnetic resonance (EPR) and electron–nuclear double resonance (EN-
DOR) spectroscopy are powerful tools for probing electronic and nuclear spin subsystems.
They allow the measurement of relaxation times and the extraction of spin-Hamiltonian
parameters relevant to photoinduced processes. Pulsed ENDOR sequences further resolve
electron–nuclear couplings with both the immediate atomic environment and distant coor-
dination shells. This approach provides quantitative access to hyperfine and quadrupole
interaction tensors. Combined with density functional theory (DFT) calculations, ENDOR
has revealed the microscopic structure of axially symmetric NV centers at the kk and hh
sites in 4H-SiC [32] and at the k2k1 and hh sites in 6H-SiC [33]. Ultimately, this structural
insight enables the precise mapping of defect spin density within the crystal lattice, as
demonstrated for silicon vacancies in 6H-SiC [34].

There are over 250 known polytypes of silicon carbide [35], differentiated primarily by
how Si–C bilayers are stacked along the crystallographic c-axis. Variations in local symmetry
and specific periodicity create three structurally distinct lattice positions for both silicon and
carbon atoms. As shown in Figure 1b for the 6H polytype, these three unique positions are
designated as h, k1, and k2, representing one hexagonal and two quasicubic sites, respectively.
Irrespective of the atomic layout in a certain sublattice, the k1 position is invariably situated
next to an h position. Such labeling makes it easier to categorize the six potential configurations
of nitrogen vacancy (NV) centers. For instance, the k2k1 designation describes a setup where a
nitrogen atom sits at the k2 site (within the carbon sublattice), while a silicon vacancy resides
at the adjacent k1 site (within the silicon sublattice).

Although vacancy-related defects in diamond and silicon carbide have been widely
investigated, the exact microscopic spin density distribution and the precise contribution
of the silicon vacancy to the local electric field gradient (EFG) at inequivalent 6H-SiC sites
remain poorly quantified. Furthermore, the literature currently lacks a direct comparison of
the nuclear quadrupole interactions between isolated substitutional nitrogen and beryllium
complexes situated in identical crystallographic environments. Performing this compara-
tive analysis is crucial because it allows researchers to decouple the intrinsic host-matrix
effects from the charge redistribution caused by the defect itself. Understanding this dis-
tinction is vital, as it directly dictates the feasibility of multi-level nuclear spin registers,
the fidelity of optical initialization, and overall spin coherence. To address these gaps, we
employ a combination of X- and W-band pulsed ENDOR spectroscopy in this study. This
dual-frequency approach allows us to investigate electron–nuclear couplings in both weak
and strong regimes, thereby facilitating the clear isolation of quadrupolar, dipolar, and
isotropic interactions. Specifically, we analyze the EPR and ENDOR spectra of beryllium
acceptors and substitutional nitrogen donors in 6H-SiC to extract quantitative values for
their quadrupole and hyperfine interaction parameters. Ultimately, our primary goal is to
determine the microscopic architecture of the NV defect. Additionally, by comparing the
quadrupole coupling constant of the nitrogen donor, we aim to elucidate how the presence
of the silicon vacancy modulates the local electric field gradient.

2. Materials and Methods
2.1. Sample

Beryllium was introduced into 6H-SiC samples by vapor diffusion. The impurity
source was high-purity metallic Be. Diffusion was conducted in closed tantalum carbide
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containers at 2000 ◦C for 1 h. The initial SiC samples had n-type conductivity with an
uncompensated donor concentration (Nd-Na) of 5 × 1018 cm−3. After diffusion, the samples
acquired p-type conductivity.

The synthesized material is shown in Figure 2a. After diffusion, the material darkened
significantly, indicating a high Be impurity concentration. According to Hall measurements,
the acceptor Be concentration was 10 cm−3. However, since Be is an amphoteric impurity
in SiC, a significant fraction occupies interstitial sites and acts as a deep donor.

  
(a) (b) 

Figure 2. (a) Photographs of the 6H-SiC sample. (b) Upper panel—W-band EPR setup used in the
experiments; lower panel—pulse sequences employed for the measurements.

2.2. Experimental Approaches

The magnetic resonance measurements were performed using a Bruker Elexsys
E580/E680 spectrometer (Bruker, Karlsruhe, Germany) operating at microwave frequencies
of ν = 9.6 GHz (X-band) and 94 GHz (W-band) (see Figure 2b). The EPR data were collected
in pulsed mode via electron spin echo (ESE) detection as a function of magnetic field, using
the Hahn pulse sequence πMW/2–τ—πMW—τ—ESE, with pulse durations of πMW/2 = 40 ns
and π = 1500 ns. The Mims pulse sequence (πMW/2–τ—πMW/2–πRF—πMW/2–τ—ESE) was
used to record ENDOR spectra, with a radiofrequency (RF) pulse duration of πRF = 72 µs.
An additional RF source (1–250 MHz) with an output power of 150 W was used to initi-
ate nuclear magnetic resonance (NMR) transitions. Low-temperature experiments were
conducted using a helium-flow cryostat from Oxford Instruments (Abingdon, Oxfordshire,
UK). Optical excitation of the samples was implemented by the solid-state diode-pumped
laser (λ = 980 nm) with an output power of up to 500 mW. The pulse programmer allowed
the effective laser power to be reduced to a nominal 50 mW. Based on the sample volume
and the heat capacity of SiC, the estimated temperature rise during a 5 ms optical pulse
was approximately 1.5 K. The high helium flow in the cryostat ensured efficient dissipation
of optically induced heat, resulting in negligible deviations and an experimental error of
less than 1% for ENDOR measurements.

3. Results
The continuous-wave (CW) X-band EPR spectrum of the sample at room temperature

is shown in Figure 3a. A single line is observed in the g-factor region for an isolated center,
accompanied by four weakly resolved, low-intensity lines. The EPR signal was obtained at
a high microwave power, indicating short relaxation times and no saturation. This signal
can be tentatively attributed to resonant transitions of beryllium centers involving the 9Be
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isotope, which has a nuclear spin I = 3/2. No additional microwave absorption signals
were observed in the rest of the magnetic field range. Subsequently, to lengthen relaxation
times and ensure an optimal signal-to-noise ratio, experiments were carried out at low
temperatures. The pulsed X-band EPR spectrum of the nitrogen donor in 6H-SiC is shown
in Figure 3b. The signal comprises three equidistant lines, with an isotropic g-factor of
approximately 2.004 and characteristic hyperfine splitting. The spectral shape remains
independent of the crystal rotation angle relative to the external magnetic field, as verified
using a precision goniometer. The resonance line intensities showed no change upon optical
irradiation across varying wavelengths and power levels.
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Figure 3. (a) Continuous-wave X-band EPR spectrum of beryllium centers at room temperature of
the 6H-SiC sample. (b) Pulsed X-band EPR (integrated ESE intensity as a function of the magnetic
field) for nitrogen donors at 50 K, with the inset showing the pulsed EPR spectrum at 10 K and the
dashed lines indicating simulations based on the spin Hamiltonian values.

To describe the experimental results for point defects with electronic spin S = ½, the
following axial spin Hamiltonian is employed:

H = g∥µBB·S + A∥Sz Iz + A⊥
(
Sx Ix + Sy Iy

)
, (1)

where g∥ is the spectroscopic splitting factor for the orientation with the crystallographic
c-axis parallel to the external magnetic field B0 (ϑ = 0◦); µB is the Bohr magneton; Sx,y,z

and Ix,y,z denote the Cartesian components of the electron and nuclear spin operators; and
A represents the hyperfine interaction tensor.

The experiments were carried out with varying timing parameters of the pulse se-
quence, specifically by adjusting the repetition time (delay between pulse trains) and
interpulse intervals (τ). Such variation in the spectrometer settings allowed us to selectively
detect different paramagnetic centers with similar spectroscopic values (spin Hamiltonian
values) but distinct relaxation dynamics (transverse and longitudinal relaxation times).
Moreover, over a wide temperature range at X-band frequencies, beryllium centers were
not detected in either CW or pulsed modes. The simulated EPR spectra of the nitrogen
donors, calculated using spin Hamiltonian (1), are shown as dashed-dotted lines. EPR
and ENDOR experiments were subsequently performed in the W-band to enhance sensi-
tivity and spectral resolution. As shown in Figure 4a, the EPR spectrum of the nitrogen
donor resolves into two distinct triplet patterns due to differences in their g-factors. The
temperature dependence of the W-band pulsed EPR spectra is also presented. The EPR
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signals from beryllium impurities become detectable only upon significant cooling of the
crystal temperature.
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Figure 4. (a) Pulsed W-band EPR spectra for beryllium and nitrogen spin centers in 6H-SiC as a
function of crystal temperature. The green (low-field) region highlights the beryllium acceptors.
(b) Relaxation curves for nitrogen and beryllium centers. Main plot: decay of transverse magnetiza-
tion due to spin–spin interaction. Inset: recovery of longitudinal spin magnetization characterized by
the spin–lattice relaxation time.

The unambiguous assignment of the beryllium-related configurations to specific lattice
sites is achieved by analyzing the high-field W-band (94 GHz) EPR spectra. While stan-
dard low-frequency X-band measurements exhibit severe spectral overlap due to minimal
variations in the g-factors of distinct sites, the high Zeeman resolution at 3.4 T splits the
resonance signals into two well-defined sets of four-line quartets determined by the 9Be
nuclear spin (I = 3/2). The low-field quartet is characterized by a larger g-factor and a
larger hyperfine splitting constant of 2.45 mT (686 kHz). This spectroscopic profile matches
a stable, non-averaged axial configuration corresponding to the shallow beryllium acceptor
at the hexagonal substitution site (the h-site), where the electron spin density remains local-
ized along the crystal c-axis. Conversely, the high-field quartet exhibits a lower g-factor and
a reduced hyperfine splitting constant of 2.2 mT (616 kHz). This reduction provides direct
evidence of the dynamic Jahn–Teller effect inherent to the quasi-cubic substitution sites (the
k1 and k2 positions). At the measurement temperature, rapid hopping of the beryllium ion
between distorted local energy minima partially averages out the electronic wave function,
scaling down the effective spin density directly at the 9Be nucleus. This distinct evolution
of g-factors and hyperfine constants enables a highly confident differentiation between the
shallow axial and quasi-cubic beryllium spin centers in the 6H-SiC matrix.

The phase coherence time, which characterizes the decay of the transverse magnetiza-
tion due to spin–spin interactions, was determined at 30 K (see Figure 4b). The spin–spin
relaxation rate was measured specifically with a dark signal to obtain the “pure” (intrinsic)
coherence time of paramagnetic centers, where the magnetization decay is governed solely
by intrinsic defect interactions within the crystal lattice. The transverse relaxation time
curves follow a monoexponential function, indicating a single dominant spin–spin relax-
ation mechanism. Selective measurements employing microwave pulses with a narrow
excitation bandwidth allowed for the determination of the relaxation times for nitrogen and
beryllium centers, which differed by a factor of two (N: T2 = 13.5 µs; Be: T2 = 8.5 µs). The
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temperature dependence of the transverse relaxation time is expected to be influenced by
spin–lattice relaxation (which shortens T2), according to the relation 1/T2* = 1/T2 + 1/T1.

The transverse relaxation time T2 for nitrogen and beryllium impurities in 6H-SiC is
determined by a complex interplay of physical and structural factors, each contributing
to the dephasing of the spin system. As the temperature increases from 100 to 300 K,
T2 shortens significantly. Additionally, for beryllium centers, local atomic configurations
undergo rearrangement at 10 and 50 K, further modulating the relaxation. Increasing the
concentration of paramagnetic impurities enhances dipole–dipole interactions between
spins. This effect is more pronounced for nitrogen centers at high doping levels, whereas
for beryllium, it depends on whether shallow or deep acceptor states are involved. The
most profound effect is exerted by the isotopic composition of the crystal; substituting 29Si
nuclei (non-zero nuclear spin) with 28Si (I = 0) weakens the nuclear spin bath. For NV
centers in isotopically enriched 6H-28SiC, T2* can be increased by several factors compared
with the natural isotopic composition. The local nuclear environment contributes through
spin diffusion; nitrogen occupying quasi-cubic or hexagonal sites yields different hyperfine
structures and, therefore, different dephasing rates. Shallow BeSi, with the majority of
the spin density on the nearest carbon, behaves differently than a deep BeSi-C vacancy
complex, where the unpaired electron is distributed over three silicon atoms, altering the
efficiency of the spin–spin interaction. The method of beryllium introduction (diffusion or
doping during growth) also affects T2, as it generates different concentrations of vacancies
and associated defects, which serve as additional dephasing channels. Irradiation and
subsequent annealing can both create new centers and alter local fields, which also impact
the relaxation times. The observed T2 represents the combined result of all the afore-
mentioned mechanisms, with their relative importance varying significantly depending
on the sample composition and experimental conditions. Therefore, the practical use of
6H-SiC in quantum sensors or qubits requires a tailored approach, including temperature
selection, doping control, isotopic purification, and minimization of structural defects.
This enables the targeted extension of the coherence times for both nitrogen donors and
beryllium acceptors.

The longitudinal relaxation time T1 for nitrogen and beryllium impurities in 6H-SiC
is determined by the interaction of the spin system with the lattice. For beryllium centers
(T1 = 143 µs), T1 is significantly shorter than for nitrogen donors (T1 = 20 ms) under
identical conditions (see inset in Figure 4b). This difference arises from the nature of the
unpaired electron wave functions. For nitrogen, which substitutes for carbon or silicon, the
electron density is widely distributed, resulting in relatively weak coupling to phonons. For
beryllium, in contrast, the electron is strongly localized on nearby atoms, especially in deep
acceptor complexes, which strengthens the spin–lattice interaction. As the temperature
increases, T1 naturally decreases due to an increase in the population of phonon modes.
For beryllium, this decrease begins at lower temperatures due to the presence of low-
lying excited states. Impurity concentration also contributes through cross-relaxation
and spin diffusion; for nitrogen, this mechanism becomes noticeable only at high doping
levels, whereas for beryllium, it can operate even at moderate concentrations due to the
specific nature of exchange interactions. The nuclear spin bath, determined by the isotopic
composition of the crystal, affects T1 to a lesser extent than T2. Hyperfine field fluctuations
can still provide an additional relaxation channel, although for beryllium, this contribution
is often overshadowed by stronger phonon processes. For nitrogen centers occupying
different positions in the hexagonal lattice, T1 varies only slightly. In contrast, the transition
from shallow BeSi to the deep BeSi-VC complex is accompanied by a sharp drop in T1 due
to a change in local symmetry and increased spin–orbit mixing. Defects arising during
doping or irradiation create local deformations and additional levels in the bandgap. This
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is especially critical for beryllium, as its acceptor states are extremely sensitive to stress
and can open additional coherence loss channels. The crystal growth method and heat
treatment affect the degree of compensation and the distribution of impurities, which, in
turn, influences the lifetimes of excited states and the probability of multiphonon transitions.
The phonon mechanism involving local vibrational modes remains dominant for beryllium,
leading to a consistently shorter T1 compared with nitrogen, where weaker interactions
with acoustic phonons predominate. These differences must be taken into account when
selecting the operating parameters of 6H-SiC-based devices, such as when designing
quantum sensors or memory elements for which maximum relaxation times are required.

The experimental coherence times obtained at a relatively high operating temperature
of 30 K, specifically T2 = 13.5 µs for the nitrogen donors and T2 = 8.5 µs for the beryllium
acceptors, demonstrate a strong potential for solid-state quantum technology implemen-
tations. For wide-bandgap semiconductor acceptor states, which are typically subject to
fast spin–orbit and phonon-induced relaxation pathways, a coherence window of 8.5 µs
at 30 K indicates a remarkably robust spin system. In quantum memory architectures,
these electronic coherence times are sufficient to serve as a fast interface for quantum
state initialization and microwave readout sequences. The coherent spin state can then be
mapped via electron–nuclear transitions onto the nuclear spin of the 9Be nucleus (I = 3/2)
or surrounding lattice nuclei. Because nuclear spins are effectively decoupled from environ-
mental electric field fluctuations, their coherence lifetimes are several orders of magnitude
longer than electronic ones, which ensures viable long-term quantum storage at 30 K. In
quantum-sensing applications, the strong spin–lattice coupling governed by the Jahn–Teller
distortion of the beryllium center enables high sensitivity to external strain, acoustic fields,
and local electric gradients. The measured microseconds-long coherence times at 30 K
guarantee that coherent sensing protocol sequences can be fully executed well within the
dephasing limit. Furthermore, the realization of these spin properties at 30 K significantly
reduces cryogenic cooling constraints compared with conventional solid-state qubits that
demand mK refrigeration. This operating regime allows the deployment of compact closed-
cycle cryocoolers, facilitating the integration of these co-doped spin networks into hybrid
semiconductor systems using mature SiC microelectronic fabrication platforms.

Figure 5a displays the radiofrequency ENDOR spectrum of the nitrogen donor, which
was acquired at a constant magnetic field corresponding to the high-field EPR transition,
utilizing a 25 MHz microwave excitation bandwidth. The presence of two distinct line
pairs indicates that the nitrogen donor atoms reside in two different quasicubic lattice
positions, specifically the k1 and k2 sites, having substituted for carbon atoms during crystal
growth. As reported in [36], the Nk1 site is associated with a shallower donor level at
E1 = 137.6 meV, whereas the Nk2 site corresponds to a deeper donor level at E2 = 142.4 meV.
Despite minor variations in local symmetry and environment, the overall magnitude of the
hyperfine interaction remains nearly identical for both sites: A(Nk1) = 33.23(3) MHz and
A(Nk2) = 33.55(3) MHz (Table 1). In standard EPR spectra, this minute difference of merely
a few hundred kilohertz leads to inhomogeneous line broadening, thereby obscuring the
resolution of these individual crystallographic sites. Furthermore, fluctuations in the inten-
sity of the central EPR line could be attributed to an overlapping signal from the hexagonal
Nh site, which possesses a significantly smaller hyperfine constant of A ≈ 2.5(1) MHz.
Conversely, ENDOR spectroscopy successfully resolves these subtle variations in electron–
nuclear coupling, benefiting from the inherently narrow linewidths of nuclear transitions
and the application of extended RF pulses (72 µs). At the specific fixed magnetic field of
340 mT, the hyperfine coupling strength is roughly an order of magnitude greater than the
14N Larmor frequency (νL = 1 MHz). Consequently, the RF transition lines are centered
near A/2 = 16.5 MHz, with the separation between these lines matching twice the Larmor
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frequency (2νL = 2 MHz). Such a ratio of interaction strengths is a hallmark of the strong
coupling regime [37]. To accurately model the system, simulations of both the EPR and
ENDOR spectra were conducted, incorporating all pertinent spin interactions. Although
14N possesses a nuclear spin of I = 1 and electric field gradients are present, no quadrupole
splitting could be resolved. This indicates that the corresponding quadrupole coupling
constant is likely smaller than 10 kHz, rendering it indistinguishable within the natural
spectral linewidth.
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Figure 5. (a) X-band ENDOR spectrum at 50 K for the 14N isotope. The dashed line shows the
simulation. (b) The results of selective spin excitation by an additional radiofrequency pulse (triple
resonance) for specific NMR transitions are shown. The TRIPLE resonance spectra as a function of
the fixed pump pulse are presented.

Table 1. Experimentally established values of electron–nuclear interactions for different types of de-
fects in 6H-SiC (Nk1, Nk2, NVk1k2) based on EPR and ENDOR spectroscopy analyses. The table defines
the parameters of isotropic Fermi interaction (a), dipole–dipole coupling (b), and nuclear quadrupole
splitting (Cq) for N (nitrogen donor defects) in configurations k1 and k2 (Nk1: a = 33.23(3) MHz,
b ≤ 10 kHz, and Cq ≤ 10 kHz; Nk2: a = 33.55(3) MHz, b ≤ 10 kHz, and Cq ≤ 10 kHz). For compari-
son, the values of the parameter NV (nitrogen vacancy defect) in configuration k1k2 are given (NVk1k2:
a = −1.22(1) MHz, b ≤ 15 kHz, and Cq = 2.426(3) MHz).

Type of Defect a (MHz) b (kHz) Cq

Nk1 33.23(3) ≤10 ≤10 kHz
Nk2 33.55(3) ≤10 ≤10 kHz

NVk1k2 −1.22(1) ≤15 2.426(3) MHz

Even at the elevated magnetic field of 3.4 T, where the 14N Larmor frequency rises
to roughly 10 MHz, the spin system continues to operate within the strong coupling
regime. Under these conditions, the spectrum remains centered at 16.5 MHz but displays a
substantially increased line splitting of 20 MHz. As depicted in the X-band ENDOR spectra
(Figure 5a), only a single pair of resonance lines is detected. This observation is a direct
consequence of the selective microwave excitation targeting nitrogen donors specifically
at the k2 lattice sites. Consequently, the investigated system can be accurately described
as an electron spin (S = 1/2) coupled to a 14N isotope spin (I = 1). Given that the nitrogen
donor occupies a substitutional carbon site, its interaction with the adjacent silicon atoms
in the nearest-neighbor environment becomes a focal point of interest. Figure 5b shows
TRIPLE resonance spectra obtained using an additional RF pulse in the Mims sequence
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to drive nuclear transitions between adjacent levels. For a given crystallographic site,
an intensity redistribution occurs within a single nuclear multiplet. The small intensity
transfer observed between adjacent multiplets indicates dipole–dipole coupling between
nuclear spins located at different crystallographic sites of the nitrogen donors [4]. These
TRIPLE resonance experiments confirm that the signals in the ENDOR spectrum originate
from two inequivalent nitrogen donor centers, rather than from the quadrupole splitting of
a single spin defect.

Figure 6a,b display the ENDOR spectra acquired at a fixed EPR transition of the
nitrogen center, specifically targeting the Larmor frequency regions of 13C (νL = 35.8 MHz)
and 29Si (νL = 28.3 MHz). Remarkably, despite the low natural isotopic abundances of 13C
(1.1%, I = 1/2) and 29Si (4.8%, I = 1/2), their radiofrequency absorption signals remain
highly pronounced. Unlike the 14N ENDOR spectra, the resonant nuclear transitions
for 29Si feature a substantially greater number of components, characterized by a broad
distribution of intensities and hyperfine coupling values. Specifically, ten distinct spectral
features were resolved, with hyperfine coupling constants ranging from A(1) = 140 kHz
to A(9) = 2.79 MHz, all demonstrating relatively narrow linewidths of roughly 5–10 kHz.
Earlier X-band investigations utilized the Davies pulse sequence to map 29Si ENDOR
spectra across various coordination shells under intermediate electron–nuclear coupling
conditions, a regime where the Larmor frequency is comparable to the hyperfine coupling
constant [4]. Conversely, the present work obtained high-frequency ENDOR spectra in the
weak coupling regime, facilitated by a high magnetic field of 3.4 T and the application of the
Mims pulse sequence. The Mims sequence is particularly advantageous for probing nuclei
with small gyromagnetic ratios, such as 14N. Moreover, compared with the Davies method,
this non-selective stimulated spin echo detection scheme provides superior sensitivity to
the weak, closely spaced hyperfine interactions generated by distant nuclei.
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Figure 6. W-band ENDOR spectra at a fixed magnetic field for nitrogen donors in the region of
the Larmor frequencies of the 29Si isotope with a nuclear spin of I = ½ (a) and the 13C isotope with
I = ½ (b). The observed splittings arise from hyperfine interactions with different coordination shells
due to the delocalized spin density of nitrogen donors within the crystal.

The wide variety of observed spectral features strongly indicates that the spin density
of the nitrogen donor is highly delocalized throughout the unit cell. Indeed, estimations
of the spatial extent of this defect reveal that the spin density spreads to at least twice the
Bohr radius and beyond [38]. Rather than decaying monotonically with increasing distance
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r from the substitutional site, the donor wave function exhibits a complex spatial profile.
Furthermore, the electron spin density demonstrates pronounced anisotropy within the
specific coordination shells encircling the nitrogen donor, a factor that directly modulates
the hyperfine coupling constants. Such localized asymmetries, even at a constant electron–
nuclear separation, can generate multiple inequivalent nuclear positions. This proliferation
of distinct sites not only multiplies the observed spectral features but also adds considerable
complexity to the interpretation of the ENDOR data. Ultimately, the hyperfine coupling
constants identified in this study correspond to magnetic nuclei situated within a radial
distance of up to 5 Å from the donor center. Previous studies have shown that the electron
spin density of the nitrogen donor is distributed predominantly over silicon atoms in
4H-SiC and over carbon atoms in 6H-SiC [38,39].

In contrast with substitutional nitrogen donors, the spin Hamiltonian parameters
associated with the nitrogen vacancy (NV) center demonstrate a pronounced angular de-
pendence. As established in prior research [40], the zero-field splitting parameters were
precisely quantified by acquiring EPR spectra at both canonical and intermediate crystal
orientations relative to the external magnetic field, B0. Furthermore, the alignment of
the crystallographic c-axis within the B0 reference frame plays a critical role in dictating
the relaxation dynamics of the spin center, specifically its longitudinal (T1) and trans-
verse (T2) relaxation times. To accurately model the electron–nuclear interaction (Table 1),
three primary contributions were incorporated: the anisotropic dipolar coupling (b), the
isotropic Fermi contact interaction (a), and the quadrupole coupling constant. Here, the
quadrupole frequency Q is defined as Q = (3eQNVzz)/(4I(2I − 1)) = 3/(4I(2I − 1))Cq, with
QN representing the nuclear quadrupole moment. Specifically, the separation between RF
absorption lines 1 and 3 corresponds to 2Q = 3.795 MHz, which translates to a quadrupole
coupling constant of Cq = 2.53 MHz. This stands in stark contrast with the substitutional
nitrogen donor, where the corresponding value was previously reported to be merely
Cq = 7–9 kHz [39]. Given that quadrupole splitting originates from the local electric field
gradient, the principal source of this interaction in the NV center is the adjacent lattice
defect, namely, the silicon vacancy (VSi). The presence of this vacancy triggers a substantial
charge redistribution around the 14N nucleus, thereby generating an axially symmetric EFG
characterized by an asymmetry parameter η = (Qxx − Qyy)/Qzz = 0 (where Qjj denote the
diagonal components of the EFG tensor). Similar to the well-known nitrogen vacancy center
in diamond, the hyperfine coupling in this system is predominantly isotropic and carries
a negative sign (a = −1.22 MHz). This phenomenon is driven by the unique distribution
of electron spin density across the nearest-neighbor carbon atoms encircling the silicon
vacancy. Through a spin polarization mechanism, this density polarizes the core electron
shells at the nitrogen site, ultimately yielding an effective negative isotropic hyperfine
coupling constant. Mirroring the behavior of the nitrogen donor (4–9 kHz), the anisotropic
dipolar contribution here is exceptionally minor, measuring only 10–15 kHz, rendering it
negligible relative to the ENDOR spectral linewidth. Finally, the spin density distribution
of the NV center is highly delocalized; the residual spin density localized directly on the
14N nucleus is estimated to be ≤0.2%, a finding that aligns perfectly with prior assessments.

Because the nuclear charge distribution is inherently non-spherical, the nuclear energy
levels exhibit a distinct orientation dependence relative to the local electric field gradient.
As a highly localized property, the EFG is governed primarily by the charge distribution in
the immediate vicinity of the nucleus [41]. For light nuclei like nitrogen, the Townes–Dailey
model is routinely utilized to elucidate the mechanisms underlying EFG formation [42].
Within this simplified theoretical framework, the EFG is postulated to originate from un-
compensated valence p-orbitals centered on the nucleus [43]. Since each valence p-orbital
represents a non-spherical electron density distribution (or population imbalance), it con-
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tributes to the overall field gradient in direct proportion to its electron occupancy. Given
that the chemical bonding in the 6H-SiC lattice is predominantly covalent (~90%) with
only a minor ionic component (~10%) [44], the pristine host matrix does not produce a
substantial EFG at the defect site. As a result, quadrupole features in the spectra remain
unresolved, obscured by inhomogeneously broadened lines. However, a striking contrast
emerges when examining the NV center within the same crystal: its quadrupole coupling
constant is two orders of magnitude larger than that of the substitutional nitrogen donor,
despite both sharing the same nuclear charge and spin (I = 1). This profound disparity in Cq

is directly attributable to a significant alteration of the principal EFG tensor component Vzz,
which is induced by the adjacent silicon vacancy (VSi) neighboring the substitutional nitro-
gen atom. Furthermore, this VSi-driven asymmetric redistribution of charge is precisely
what dictates the observed axial symmetry of the spin Hamiltonian tensors.

Experimental ENDOR spectra of beryllium centers in 6H-SiC, recorded in the W-band
(95 GHz), exhibit a resolved multiplet structure, with observed hyperfine interaction (HFI)
values ranging from 5.5 to 5.7 MHz (see Figure 7a). This value determines the degree of
localization of the electron spin density of the paramagnetic center and is consistent with
the off-center acceptor model BeSi [9,10]. Additional splitting of the resonance lines into
components with a characteristic interval of about 220 kHz is interpreted as the contribution
of the nuclear quadrupole interaction (NQI) for the 9Be isotope (I = 3/2). Such a small
value of the quadrupole splitting (Q = 220 kHz) indicates a moderate asymmetry of the
local electric field at the defect location. A comparative analysis of the obtained HFI
and NQI constants with known literature data for shallow beryllium acceptor states in
hexagonal silicon carbide polytypes allows us to attribute the center under study to one of
the quasicubic positions (k1/k2) or a shallow axial center [10]. The high spectral resolution of
the W-band allowed us to reliably separate the isotropic and anisotropic contributions to the
spin Hamiltonian, minimizing the effects of inhomogeneous line broadening characteristic
of measurements in the standard X-band [45].
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Figure 7. (a) W-band ENDOR spectra in the region of the Larmor frequency of the 9Be
(A = 5.5–5.7 MHz; Q = 220 kHz) with I = 3/2 and a 100% natural abundance. The results of ex-
citation by an additional radiofrequency pulse (TRIPLE resonance) for specific NMR transitions are
shown. (b) TRIPLE resonance measurements of the RF resonant absorption signals in the region of
the 29Si Larmor frequency.

The microscopic interaction between the co-doped nitrogen and beryllium impurities
within the 6H-SiC matrix is governed by structural relaxation, site selectivity, and charge
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compensation. Nitrogen acts as a shallow donor and preferentially substitutes for carbon
atoms, causing a small, symmetric inward relaxation of the surrounding silicon coordina-
tion sphere due to its smaller atomic radius [38,46]. Beryllium functions as an acceptor
and primarily occupies the silicon substitution sites or locates in interstitial spaces [47,48].
Owing to its small ionic radius, substitutional beryllium undergoes a pronounced off-center
displacement along the crystal c-axis driven by a strong Jahn–Teller distortion, which stabi-
lizes the defect into distinct shallow axial or quasi-cubic configurations. At the atomic and
spin level, mutual charge compensation between the opposing donor and acceptor species
plays a major role in shifting the Fermi level position. This electronic transfer directly
controls the relative populations of the paramagnetic neutral donor and neutral acceptor
states, which determines the intensity of the observable electron paramagnetic resonance
profiles. Furthermore, the Coulombic attraction between the positively charged nitrogen
donors and the negatively charged beryllium acceptors promotes the formation of spatially
correlated donor–acceptor pairs. This close proximity modifies the local wave function
overlap, establishing distinct spin–spin interactions and modulating the local hyperfine
and quadrupole parameters resolved via high-field magnetic resonance techniques [49].

To probe the coordination shells surrounding the impurity centers, TRIPLE resonance
experiments were additionally conducted (Figure 7b). The TRIPLE resonance results
demonstrate intensity redistribution within a single spin multiplet. Selective radiofrequency
excitation at a fixed RF frequency leads to a pronounced redistribution of intensities in
the ENDOR spectrum. The observed behavior indicates an indirect coupling between
inequivalent nuclei mediated by the delocalized spin density. The mechanisms underlying
this population transfer between nuclear spin sublevels require further study. To validate a
comprehensive model of the defect electronic structure in the 6H-SiC matrix, it is instructive
to compare the spin Hamiltonian parameters of the studied beryllium centers with those
of the classical nitrogen donors. While the investigated Be centers exhibit a hyperfine
interaction of 5.5–5.7 MHz and a significant nuclear quadrupole splitting of approximately
220 kHz, the 14N donor centers residing at the quasicubic lattice sites (Nk1 and Nk2)
demonstrate a substantially larger HFI constant (about 33 MHz) accompanied by a strongly
suppressed quadrupole splitting of only about 10 kHz. This pronounced divergence in both
magnetic and electric interactions originates from the fundamentally different physical
nature of the donor and acceptor ground states, as well as their respective local lattice
relaxation mechanisms. The significantly higher HFI value of 33 MHz for the nitrogen donor
is primarily driven by the Fermi contact interaction term, which is directly proportional to
the unpaired electron spin density |Ψ(0)|2 at the nucleus. Nitrogen substitutes for carbon
(NC) as a shallow donor, and its wave function retains a distinct s-like character with a
high degree of localization on the central site. In contrast, the beryllium impurity acts
as an acceptor, typically substituting for silicon (BeSi). Although the ionic radius of Be2+

(r = 0.27 Å for tetrahedral coordination [50,51]) is close to that of Si4+ (r = 0.26 Å [50,51]),
the ion undergoes a substantial off-center displacement from the regular silicon site. This
off-center relaxation forces the unpaired hole density to localize predominantly on the
dangling p-orbitals of the neighboring carbon atoms rather than on the beryllium nucleus
itself, thereby strongly reducing the isotropic Fermi contact contribution to 5.5–5.7 MHz.

An inverse hierarchy is observed for the nuclear quadrupole splitting, which reflects
the interaction of the nuclear electric quadrupole moment with the local electric field gradi-
ent tensor. For the 14N donor (I = 1; Q = 0.020 × 10−28 m2), the near-vanishing quadrupole
splitting (about 10 kHz) is a direct consequence of the highly symmetric, nearly tetrahedral
distribution of the donor electron density and the minimal distortion of the surrounding sil-
icon shell. In contrast, the 9Be acceptor nucleus (I = 3/2; Q = 0.053 × 10−28 m2) experiences
a drastically enhanced EFG. This enhancement is doubly driven: first, by the intrinsically
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larger nuclear quadrupole moment of the beryllium isotope, and second, by the severe axial
or lower-symmetry crystalline distortion induced by the off-center position of the BeSi ion.
The resulting strong local lattice relaxation destroys the local cubic symmetry, generating
a substantial EFG at the nucleus that manifests as a well-resolved 220 kHz quadrupole
splitting in the W-band ENDOR spectra. These findings unambiguously demonstrate that
high-frequency ENDOR spectroscopy serves as an ultrasensitive probe of local atomic
displacements and wave function symmetries in wide-bandgap semiconductor crystals.

The distinct contrast between the nitrogen and beryllium centers highlights the unique
complementary nature of the 6H-SiC platform for next-generation technologies. The highly
localized and symmetric nitrogen donors, with their stable spin states, represent excellent
candidates for quantum information processing and quantum sensing, where protecting
spin coherence from electric field fluctuations is crucial. Simultaneously, the high sensitivity
of the beryllium acceptor to its local electrical environment provides a deep understanding
of semiconductor doping and lattice relaxation at the atomic scale. Harnessing both types
of defects unlocks the full potential of silicon carbide, paving the way for advanced hybrid
quantum–semiconductor devices where robust quantum memories and precise electronic
control are integrated into a single, high-performance crystal platform.

4. Conclusions
In this work, a comprehensive high-frequency EPR and ENDOR investigation of a

6H-SiC single crystal simultaneously co-doped with nitrogen and beryllium was performed,
yielding the following key findings:

• The structurally non-equivalent positions of nitrogen and beryllium spin centers were
established, revealing a fundamental dichotomy in their physical nature. The nitrogen
donor exhibits a highly symmetric, localized wave function with long spin coherence
times (T2), making it ideal for robust quantum memory. In stark contrast, the beryllium
acceptor undergoes significant off-center distortion, leading to a highly delocalized hole
density and shorter-lived states, rendering it exquisitely sensitive to local lattice strain.

• High-frequency (W-band) ENDOR spectroscopy enabled the mapping of the local
atomic environment with sub-nanometer resolution. The observed hyperfine struc-
tures reflect the distinct spin density distributions: a localized density for the N center
and a highly distributed spin density over neighboring carbon coordination spheres
for the Be center. This confirms the massive local electric field gradient generated by
the structural distortion of the Be center.

• Triple-resonance (TRIPLE) spectroscopy revealed coherent internuclear dipole–dipole
interactions mediated by the defect spin density. The successful mapping of inter-
connected nuclear spin subspaces from different coordination spheres demonstrates
the high quantum control potential and allows for the creation of multi-level energy
architectures for quantum manipulation.

Ultimately, the distinct contrast between the environmentally stable nitrogen donors
and the highly sensitive beryllium acceptors highlights the unique, complementary nature
of the dual-doped 6H-SiC platform. Harnessing both types of defects within a single crystal
matrix paves the way for advanced hybrid quantum–semiconductor devices, seamlessly
integrating robust quantum information processing with nanoscale quantum sensors.
Combined with the advanced technological maturity of silicon carbide and the exceptional
spectral resolution achieved in this work, 6H-SiC is established as a versatile and robust
platform for next-generation scalable quantum technologies.
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