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Hyperfine and nuclear quadrupole splitting of the NV~ ground state in 4H-SiC
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Optically addressable spin-triplet defects in silicon carbide, such as divacancies and negatively charged
nitrogen vacancy (NV™) allow to develop modern quantum technologies operating in the near-infrared range
based on the well-developed semiconductor material. Here, by means of both high-frequency (94 GHz) pulsed
electron paramagnetic resonance (EPR) and electron-nuclear double Rresonance (ENDOR) techniques the
ground state properties of the negatively charged NV~ defect in 4H-SiC were studied. We experimentally
determined the ordering of the ground state spin sublevels and established the sign of the zero-field splitting
to be positive as predicted by theory. Analysis of nuclear magnetic resonance transitions in ENDOR spectra
allowed to determine the sign, symmetry, and absolute values of the hyperfine interaction of the NV~ defect
electron spin with '*N nuclear spin as A; = —1.142 MHz and A; = —1.184 MHz. The absolute value of the
nuclear quadrupole interaction constant reflecting an interaction between the '“N nuclear electric quadrupole
moment with the electric field gradient was determined to be |C,| = 2.44 MHz. This large value is compatible
with a threefold coordinated '“N nucleus with uniaxial symmetry and proves conclusively the existence of a
nearestneighbor N¢Vyg; pair in the material. For this NV~ defect, an ensemble (Hahn-echo) coherence time of
T, = 49 us was measured, a value which is in the range previously reported for silicon vacancy spin ensembles

and slightly longer than 7, = 40 s measured here on the divacancy spin ensemble.
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I. INTRODUCTION

Spin-carrying defects in wide-band-gap crystalline ma-
trices are playing an important role in the development of
modern quantum technologies [1-4]. The basic concept of
their use is that the high spin state (S > 1) of the defect already
splitted in zero magnetic field can be initialized, manipu-
lated, and subsequently read out by optical or radio frequency
means, providing an access to control the spin. This concept
has been developed and successfully tested on a negatively
charged nitrogen-vacancy (NV™) defect in diamond. Thanks
to the decades of intensive studies of the NV~ defect in dia-
mond (see Ref. [5] and references therein), quantum networks
and multi-qubit spin registers as well as quantum sensing and
room temperature operated masers [1,6-9] have been devel-
oped, thus stimulated a search of such kind defects in solids
more technologically friendly then diamond [10-12]. The
most prominent results in this direction have been achieved
on well-developed semiconductor material producing at the
wafer-scale, such as silicon carbide (SiC) [2,3,13,14]. Indeed,
a large variety of electron spin-triplet (S = 1) defects pos-
sessing optically addressable ground states with prominent
coherence properties have been uncovered and identified in
the most common SiC polytypes (3C, 4H, 6H) [12,15-18].
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Namely, they are silicon-carbon divacancies and recently dis-
covered the direct analog to the NV center in diamond, a
negatively charged nitrogen vacancy center in form of a sil-
icon vacancy (Vs;) with a nearest nitrogen atom substituting
one of the carbon dangling bond atoms (N¢) [17,19].

In 4H-SiC, there are two nonequivalent crystallographic
sites for Si and C, quasicubic (k) and hexagonal (h). This
gives rise to four different configurations of the N¢V; pair.
Two configurations are axial relative the hexagonal ¢ axis,
Nc(k)Vsi(k) and N¢(h)Vsi(h) (further denoted as NV, and
NV;i), while two other configurations are basal, N¢(k)Vg;(h)
and Nc¢(h)Vsi(k). The same notation logic applies to four
divacancy configurations denoted as VVyx, VVy,, VVy,, and
VVi. In this work, we focus on defect pairs in axial configu-
rations, namely on NV, VVy, and VVy,, as also illustrated
in Fig. 1(a). All these defects possess sharp zero phonon lines
in their optical recombination spectra close to the infrared
telecom S and O bands; they are characterized by the mod-
erate GHz value of the zero-field splitting (ZFS) in the ground
state and can be controled down to the single defect level
[15,17,18,20-22]. These all together make triplet defects in
SiC interesting candidates for quantum technologies. Since
their first observation and identification by means of elec-
tron paramagnetic resonance (EPR) technique in the early
80s’ [23], the divacancy centers have been intensively studied
[21,24-26], so to date, their properties are quite well estab-
lished. Unlike divacancies, NV~ centers in SiC have been
observed relatively recently [16—-18,20], so they still possess

©2021 American Physical Society
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FIG. 1. (a) Models of the divacancies VV,;, VV,, together with
NV, defect (highlighted by rectangles) in the 4H-SiC. Si and C
vacancies are shown with dashed circles. 1.89 A is the Si-C bond
length along the ¢ axis. 3.08 A is the distance between basal C atoms.
(b) (Top) Optically induced EPR spectrum of axial triplet centers
in the 4H-SiC sample measured at temperature 7 = 100 K. Arrows
show fine structure lines of the VV,;,, VV,, and NV, centers. The
inset demonstrates optically induced predominant population of the
mg = 0 in the triplet ground state. (Bottom) EPR signals of VV,; and
NV, centers (marked with the asterisks) now measured at 7 = 10
and 7 K in the dark. Red-dashed line shows the simulated amplitude
of the T =7 K fine-structure lines. White-dashed line stress the
difference in the EPR magnitudes. (c¢) Scheme of the Zeeman levels

population due to Boltzmann distribution. Thick arrows show the
mg = —1 — mg = 0 transitions, depending on the sign of D value.

blind spots in theirs ground state properties, in particular with
respect to the electron-nuclear interaction, that have to be
filled for technological application.

In this paper, we focus on electron-nuclear interactions,
in particular on the quadrupole interaction (QI) of the NV,
center and on its coherence properties in comparison with the

axial § =1 divacancies. Our experimental results are com-
pared with theoretical predictions for the ENDOR-relevant
spectroscopical data, namely, the hyperfine splitting and the
quadrupole coupling constants. Our results further confirm
the microscopic model of the NV centers as nearestneighbor
NcVsi pair defects in close analogy to the NV center in
diamond. Alternative explanations like divacancy-distant N¢
donor complexes have to be excluded: a large quadrupole
splitting above 2 MHz is clearly indicative for a threefold
coordinated '*N nucleus.

II. EXPERIMENTAL METHOD

The sample used in this study with spatial dimensions
0.8 mmx0.4 mmx0.2 mm was cut from a commercially
produced N-doped (2x 107 cm™3) n-type 4H-SiC bulk crystal
which has been irradiated at room temperature with 12-MeV
protons to a total dose of 1x10'® cm™2 in order to produce
the vacancy-type defects. The sample was then annealed at a
temperature 7 = 900 °C, previously identified to be optimal
for NV centers creation [17]. Electron spin echo-detected
(ESE) EPR spectra were measured at W-band frequencies
(794 GHz) on the Bruker Elexsys 680 spectrometer using
standard Hahn-echo pulse sequence. NMR transitions be-
tween NV defects’ nuclear spin sublevels were measured by
means of electron-nuclear double resonance (ENDOR) tech-
nique using Mims pulse sequence. Spin-spin (73) relaxation
curves were obtained using standard techniques to measure
spin-echo decay.

III. COMPUTATIONAL METHOD

In order to further analyze the experimental results, using
density functional theory (DFT) we have calculated from first
principles the relevant spectroscopical ENDOR data, hyper-
fine splittings and in particular the quadrupole splittings, for
reasonable N-containing spin-triplet (S = 1) defect models.
Besides the standard nearestneighbor NV pair we fully scan
the ensemble of distanct (V¢ Vs; )i divacancy N¢ donor com-
plexess up to a distance of 7 A (see also Table I and the
figure therein). For the sake of completeness we also include
the spin-triplet state of a minimum-distant V¢ Vg;Ne complex,
which can be described as a combined divacancy-NV pair.

Following Ref. [17], we use supercells containing 432
atoms, standard norm-conserving pseudopotentials, a plane-
wave basis with an energy cutoff of 50 Ryd and the
spin-polarized PBE functional [27]. All defect structures have
been fully relaxed using 2x2x2 Monkhorst Pack (MP) k-
point samplings. Whereas the calculated g tensors and ZFS
parameters can be found elsewhere [16,17,28], we focus here
on the hyperfine splittings and in particular on the electric
field gradients (EFG) and quadrupole splittings [29]. All these
parameters are calculated in scalar-relativistic approximation
using the gauge-including projector augmented plane wave
(GI-PAW) approach [30] as implemented in the QUANTUM
ESPRESSO package [31,32].

More specifically, the hyperfine (hf) splittings are deter-
mined by the magnetization density m(7)—the probability of
the unpaired electron—in a small region around the nuclei
[33,34]. The tensor of the quadrupole coupling, on the other
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TABLE I. Hyperfine and quadrupole splittings calculated for the NV, and various divacancy-N¢ donor complexes. The positions of the
N-donor atom with respect to VVy, (shaded grey) are indicated in the sketch of the 4H-SiC lattice. Taking into account symmetry-related
multiplicity the table covers 63 configurations. The data calculated for the second axial nearest-neighbor nitrogen vacancy center, NV, are

also presented.

Quadrupole (MN) Hyperfine (*N), MHz
model C,, MHz n Ay A,y A, dE, eV
Expt. —2.44 0.000 —1.142 —1.142 —1.184
NV —2.313 0.000 —1.153 —1.153 —1.134
NV —2.427 0.000 —1.079 —1.079 —1.115
VVi+NO —1.957 0.058 4.369 4.161 9.291 0.000
NVV*?)
VVi+N1 —0.021 0.000 —2.642 —2.642 —3.686 0.995
VVi+N5 —0.219 0.685 2.067 2.044 3.182 1.078
VV+N3 0.146 0.574 —0.458 —0.605 —0.271 1.105
VV+N4 —0.157 0.363 0.672 0.666 1.148 1.106
VVi+N9 0.115 0.065 0.087 0.072 0.183 1.159
VVi+N12 0.105 0.073 —0.065 —0.085 —0.002 1.210
VVi+N10 0.060 0.856 —0.021 —0.031 0.039 1.225
VVi+N8 0.097 0.272 —0.021 —0.025 0.047 1.351
VV+N11 0.112 0.129 0.047 0.013 —0.012 1.352
VViu+N13 0.103 0.470 —0.046 —0.049 —0.012 1.341
VVi+N7 0.054 0.261 —0.023 —0.037 0.037 1.360
VV+N6 0.172 0.655 —0.306 —0.310 —0.270 1.470
VVi+N2 0.407 0.309 0.787 0.733 1.051 1.477

hand, is related to the electrical field gradient (EFG) V;; =

sz by (C)ij = eOx Vij/h, where On = 0.0204 barn is

the nuclear quadrupole moment of the '*N nucleus and & the
Planck constant.

IV. RESULTS AND DISCUSSION

First, we characterized the 4H-SiC sample by means
of pulsed EPR measuring field-swept ESE spectrum under
532 nm optical excitation in the orientation of static magnetic
field parallel to the hexagonal ¢ axis (B]c) of the crystal
[Fig. 1(b)]. The sample demonstrates a large variety of de-
fects responding by electron spin polarization on the optical
excitation manifesting itself in phase reversal character of
the EPR signals, corresponding to the emission/absorption
of the microwave power, as schematically depicted in the
inset in Fig. 1(b). They are spin-triplet divacancies with Cs,

symmetry, comprised the closest pair of the silicon and carbon
vacancies occupying hexagonal (hh) and quasicubic (kk) sites
in the 4H-SiC lattice [corresponding models of the centers
are denoted as VVy;, and VVy, in Fig. 1(a)]. Fine-structure
transitions related to these defects are denoted in Fig. 1(b) ac-
cording to the previously established values of their zero-filed
splitting (ZFS) parameter D to be 1337 MHz for the VV;, and
1306 MHz for VVy; [12,25].

Additionally to the divacancies, another S = 1 defect with
axially symmetric ZFS equal to 1288 MHz and g value of
g = 2.00194 is observed. Previously, based on resolved '*N
hyperfine splitting this center was attributed to the nega-
tively charged nitrogen-vacancy, comprising nitrogen atom
substituting quasicubic (k) carbon atom (N¢) adjacent to
the silicon vacancy in quasicubic position (Vg;) [16-18,20],
i.e., the direct analogon to the NV~ center in diamond.
There it was also shown, that the ZFS of NV, centers
is temperature-dependent, varying with temperature between
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1270-1290 MHz [16]. As revealed by theoretical studies, the
single-particle level structure of axial NV centers in 4H-SiC is
analogous to that of the diamond NV~ [35]. It features one a,
orbital level and a degenerate e level deep within the band gap.
The other a, level is located within the valence band. Both a;
levels are fully occupied, whereas the degenerate e level is
occupied by two electrons with parallel spins, giving rise to
the triple ground state (*A,). As in the divacancy case, under
illumination, i.e., optical pumping of the Zeeman ground-state
spin levels through an electron spin-dependent intersystem-
crossing pathway the fine-structure EPR transitions undergo
phase reversal.

Here we focus on the axial NVy; center [cf. Fig. 1(a)],
which is less affected by superposition with other centers. It
thus allows a complete and robust analysis of the full spin
Hamiltonian. We would like to note that NV, centers are
characterized by a ZFS equal to D = 1331 MHz [18] very
close to that of VVy, centers. They are thus not directly
seen in the EPR spectrum, since their fine-structure transitions
interfere with those corresponding to the V'V, centers.

We then established experimentally the energetic order-
ing of the triplet sublevels in the NV centers’ ground state
determined by the sign of the ZFS, as schematically shown
in the inset in Fig. 1(c). To do so, the fine-structure EPR
transitions without optical excitation and at low temperature
(T =10 and 7 K) are measured. As seen from the Fig. 1(b)
especially for the spectrum measured at 7 K the magnitude
of the high-field fine-structure component is larger than that
of the low-field due to the thermal populations of the Zee-
man levels governed by Boltzman factor exp(—hv/kT). At
temperature 7 = 7 K and v = 94 GHz this factor is ~0.525
conforms to the population probabilities of triplet spin sub-
levels to be 0.153, 0.291, and 0.555 for the mg = +1, 0,
and —1, respectively. Since the magnitude of the allowed
magnetic dipole transitions is determined by the population
differences of the corresponding spin sublevels, the magnitude

of the mg = —1 — myg = 0 transition is expected to be twice
higher compared to the ms = 0 — mg = +1. In the case of
D > 0, the mg = —1 — mg = 0 transition is expected in the

high field, while in the case of D < 0 it is in the low field,
in accordance with the scheme in Fig. 1(c). The observed
magnitudes, together with their simulation using EASYSPIN
software [36] reproduce this ratio nicely. Thereby, we can
attribute the more intense high-field fine-structure component
to the mg = —1 — mg = 0 transition and deduce the positive
sign of the D. This experimental observation is consistent with
previously published theoretical results obtained by means of
first principles DFT calculations [17]. After establishing the
order of the Zeeman levels, we can identify that under optical
excitation, the mg = 0 sublevel is predominantly populated
as schematically shown in the inset in Fig. 1(b), since the
fine-structure line in the low magnetic field shows enhanced
absorption, while the line in the high magnetic field demon-
strates enhanced emission of the resonant microwaves.

We then use EPR spectrum measured without optical exci-
tation (see Fig. S1 in Ref. [37]) to estimate the upper possible
bound of the divacancies in our sample utilizing the NV
EPR signal as the reference. Indeed, in accordance with spec-
ification of the 4H-SiC crystal, the nitrogen concentration is
C(N) =2x10'7 cm~3. Based on this, we can make a rough

estimate of NV concentration upper bound in our sample
if considered that all nitrogen impurities are converted into
the NV centers during annealing. Taking into account four
possible configurations of NV centers, NV, concentration is
C(NVy) < 1/4x2x10'7 em™ = 5%10' cm™3. The inte-
gral intensity of EPR fine-structure lines for both VVy; and
VV,,;, is three times larger than that of the NVy,. Thereby the
upper bound of the divacancies concentration in our sample is
around 1.5x10'7 cm~3 for each V;; and VV,,;, configuration.

A. Electron-nuclear interactions from ENDOR

The central part of our work deals with an as deep as
possible analysis of the electron-nuclear interactions between
optically polarised electron spins with the spin of the in-
volved nitrogen nucleus. For this purpose, we induced nuclear
magnetic resonance transitions associated with nitrogen. The
transitions subsequently readout as changes in the ESE signal
magnitude under NMR conditions by means of the Mims-type
pulsed ENDOR technique [38]. The pulse sequence used in
the experiment is the following. The first two 7 /2 mw pulses
invert the electron spin population; the third 7 /2 pulse stim-
ulates the ESE for signal detection. Between the second and
the third mw pulses, a radio-frequency (RF) pulse is applied to
invert the population of the nuclear spin sublevels for inducing
NMR transitions.

In the following analysis and discussion of the EPR
and ENDOR experiments, we consider an axially symmet-
ric spin-Hamiltonian with nuclear quadrupole, hyperfine and
fine-structure tensors all collinear having the ¢ axis as the
principal z axis:

H =gugB-S+D(S?+ 185+ 1)
— gniwB T+ AL + AL (S, + S,1,)
+P(I2+ 31T+ 1)), ey

where B is the external static magnetic field, S is the elec-
tron spin operator with § = 1 the electron spin of the NV
defect. g and pup are the Landé g-factor and Bohr magneton,
respectively, gy = +0.40376 is the '*N nuclear g factor [39],
uy is the nuclear magneton. / is the nuclear spin operator
of the '*N nuclear spin (I = 1). The electron-nuclear hyper-
fine interaction parameters are denoted as A, A, and can
be given in terms of the isotropic part represented by a and
anisotropic part represented by b (Aj =a+2b, A} =a—
b). P = % = mcq is the axial nuclear quadrupole
splitting parameter reflecting an interaction between the N
nuclear electric quadrupole moment eQy with the largest prin-
cipal component of the electric field gradient V... The energy
level scheme described by Eq. (1) is shown in Fig. 2(a) for the
(B||c) orientation.

The corresponding resonance conditions for nuclear spin
flips in ENDOR experiments governed by the selection rules
Amg = 0 and Am; = 1 are given by [40]

v = |—gnunB + ms(a+ b3 cos* 0 — 1))
+m,P(3cos*6 — 1)|/h, 2)

where m, = 1/2(m; + my) is the average value of the two
nuclear spin manifolds between which NMR transitions
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FIG. 2. (a). The scheme of the NV, ground state energy levels
including nuclear Zeeman, hyperfine and quadrupole interactions
with one N nuclei. Expected ENDOR transitions for the fine-
structure components mg = 0 — +1 (left panel) and mg = 0 — —1
(right panel) are shown with red and black bars, respectively. (b) EN-
DOR spectrum detected on the mg =0 — +1 component, v;-vy
transitions denoted in correspondence with the left panel of the
scheme. Insets show the transitions in the enlarged scale, arrow
indicates transitions due to the quadrupole splitting. (c) ENDOR
spectrum detected on the mg = 0 — —1 ESE line, vs-vg transitions
denoted as on the right panel of the scheme.

(denoted vi_g) take place. For I = 1, there are two m, val-
ues: +1/2 and —1/2. 6 is the angle between static magnetic
field and hexagonal ¢ axis and v, = gyuyB/h is the nuclear
Larmor frequency.

Figures 2(b) and 2(c) shows the ENDOR spectra measured
on both mg = —1 — 0 and mg = 0 — +1 fine-structure EPR
transitions. Each spectrum contains a set of all four frequen-
cies, labeled following the diagram of Fig. 2(a). It should be
noted, that for the mg = +1 and mg = —1 electron manifolds
the ENDOR transitions are expected at v, 4 = v — |A| £ |P|

and vg 7 = vy + |A| & |P|, respectively. So one can establish
the sign of the hyperfine constant A to be negative, since
the highest frequency (v4) is measured on the mg = 0 — +1
fine-structure EPR line. The absolute value of A is found as
[v2 +vg — v |/2 = 1.14 MHz, close to the 1.12 MHz pre-
viously determined from the X-band continuous wave (cw)
EPR experiments [17,20] and is in the excellent agreement
with A = —1.15 MHz determined from the DFT calculations
presented in the same references. A small and negative HF
coupling with '*N indicates that the spin density distribution
is subject of a very specific situation, where the minority
spin channel becomes locally dominating. While this delicate
peculiarity has been theoretically established, the experimen-
tal evidence of the HF interaction negative sign, has been
remained elusive, since the sign can not be determined by
means of cw EPR experiments used in the previous works.
For the mg = 0, manifold hyperfine interaction is absent and
only quadrupole interaction induces additional splitting of the
nuclear spin sublevels manifesting itself in the ENDOR spec-
tra at the frequencies placed symmetrically relative to the '*N
Larmor frequency. The corresponding doublets are labeled as
v13 and vsg on the Figs. 2(b) and 2(c), respectively. Thus,
the absolute value of the quadrupole splitting is derived as
half of a difference between the frequencies, e.g., v; and vs,
|P| = 1.81 MHz.

In order to determine the symmetry of the quadrupole and
hyperfine interaction and to justify the collinearity of the all
spin Hamiltonian terms, we measured the angular dependence
of the ENDOR frequencies for different directions of the
magnetic field relative to the symmetry c axis, presented in
Fig. 3. All frequencies are described by Eq. (2) with parame-
ters a = —1.14 MHz, b = 0.014 MHz, and P = 1.81 MHz,
thus reveal axial anisotropy of the QI and HFI relative to
the ¢ axis. The quadrupole-coupling constant for the NVy; in
4H-SiC is determined to be |C,| = %|P| = 2.44 MHz. After
the symmetry of the QI was determined, it can be concluded
that the absolute value of the quadrupole parameter P is equal
to 3/2P, and quadrupole interaction tensor components are
P, =1.206 MHz and P, = P, = —0.603 MHz.

B. Comparison with literature and DFT

In the following, we will discuss the implication of the
experimentally observed electron-nuclear interaction onto the
microscopic origin of the center. In particular, the quite large
quadrupole coupling constant of |C,| = 2.44 MHz provides a
characteristic fingerprint.

In literature, values for the quadrupole coupling of '“N
nuclei in molecules are typically reported in the range of
1 and 4 MHz (see Refs. [41,42]). Whereas threefold co-
ordinated N (like NH, groups) give values between 1 and
2.7 MHz; for larger values up to 4 MHz twofold coordinated
nitrogen is required. Fourfold coordinated N, like isolated
N donors in SiC, are more or less limited to incorporation
in semiconductor matrices. In silicon, in particular in case
of ionized donors strain is required to induces nonvanishing
coupling constants [43]. Otherwise, the incorporation within
Ty symmetry leads to almost isotropic electric field gradients,
and by this vanishing quadrupole coupling constants. The
situation in the cubic polytype 3C-SiC is similar. Nonzero,
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FIG. 3. ENDOR spectra detected in the (B||c) (bottom, 8 = 0°)
and B_Lc (top, & = 90°) orientations represented in high-resolution
coordinates, i.e., f—v,. Measured angular dependence of the EN-
DOR frequencies is shown in between by rad and gray balls together
with its fit obtained using Eq. (2) with parameters a = —1.170 MHz,
b =0.014 MHz, and P = 1.81 MHz. Quadrupole splitting parameter
P and hyperfine interaction constant (A;) are shown by arrows.

but still quite small quadrupole splittings are observed in the
hexagonal polytypes. In 4H-SiC, for the ionized N donor at
the hexagonal site (NEr )i, we calculate C; = 0.110 MHz; for
(Né’ )i a slightly smaller value of 0.080 MHz is predicted.
These values are reflected by the “far” VV + N complexes
(see Table I). Less distant configurations show considerable
deviations from the ideal values, but with maximum absolute
values of +0.41 MHz (N2) and —0.22 MHz (N5) they are still
much smaller than the experimentally observed value.

Obviously, the experimentally observed value of C, =
(—)2.44 MHz is clearly indicative for a threefold coordinated
4N nucleus. Although other, more complicated configura-
tions than the nearest-neighbor pair are in principle possible
(like the VcVgiNe complex), they are not able to explain the
small and nearly isotropic hyperfine interaction. They are fur-
thermore less probable due to symmetry arguments. Only the
Nc Vg, pair is able to explain all the experimentally observed
electron-nuclear data simultaneously.

C. Comparison with NV in diamond

After conclusively establishing the microscopic origin of
the NV, centers in 4H-SiC, we now further illustrate this
assignment by a rational discussion of the spin-interaction
parameters in comparison with those of the NV~ center in
diamond. By this we will underline the strong similarity be-
tween these two centers. Particularly, we would like to stress
that the lattice parameter can explain most of the difference in
the spectroscopic characteristics between NV centers hosted
in the two different crystal matrices, diamond and SiC.

We start from an analysis of the ZFS value. In diamond
and overall also in SiC, it is known to be induced by the
dipole-dipole interaction between two unpaired electron spins
predominantly [28,44]. The positive sign of the D value indi-
cates the oblate distribution of the NVs’ spin density. Thus,
ZFS can be expressed in the form D = 136‘;°h (guB)zﬁ. Using
this simple approximation and previously established D =
2.88 GHz of the NV~ center in diamond [45,46] one can
derive the average distance between the unpaired electrons to
be (r) ~ 2.4 A, comparable to the 2.43 A—the distance be-
tween tetrahedron basal carbon atoms surrounding the carbon
vacancy. This intercarbon distance is much larger in SiC and
equals to 3.08 A [see also Fig. 1(a)]. That is one would expect
for the SiC NVs’ the ZFS splitting smaller in 3.08°/2.433
times, i.e., roughly 1.4 GHz. The experimentally obtained
D = 1.288 GHz nicely reflects this scaling coefficient. The
same approach can be applied to the '*N hyperfine interac-
tion and quadrupole coupling constants. In diamond, a small
anisotropy can be derived from previously measured values of
Ajand A as b= (A)—A_)/3, ranging from 0.06 MHz [46,47]
up to 0.17 MHz [48,49]. Taking into account the difference
of bond lengths in diamond (C-C bond = 1.54 A) and SiC
(Si-C bond = 1.89 A) one can estimate the dipolar part of the
hyperfine interaction in the case of the NV center in SiC to be
approximately 30 kHz, not too far from the 14 kHz resolved
in our experiments, having in mind the indirect charcter of
this hyperfine interaction. Last but not least, the absolute value
of the quadrupole coupling constant, established to be in the
range of 6.4-6.8 MHz [46—49] for the NV~ center in diamond,
is a factor of about 2.6 smallelr for the NV, center in 4H-SiC,

again roughly reflecting an o scaling behavior with respect

to the lattice constants.

D. Relaxation times 7,

Both hyperfine and quadrupole interactions are irremov-
able sources of decoherence for the NV~ centers. Since in
SiC they are smaller than in diamond, a longer 7; time in SiC
crystals with low concentration of magnetic moments of any
kind is expected.

Recently, Hahn-echo coherence time of the isolated single
VVix divacancy in high purity 4H-SiC single crystal with
natural isotope content (abundances of 2°Si and '3C isotopes,
both with I = 1/2 are 4,68% and 1.1%, respectively) has
been measured to be 7, = 1.3 ms [50]. This coherence is even
longer compared with the Hahn-echo coherence 7, = 0.8 ms
measured on the single negatively charged silicon vacancy
defect in 4H-SiC [51]. That is VVy,; seems to possess one of
the longest Hahn-echo coherence achieved so far on defects in
a naturally isotopic crystal [50]. Here we have used the ability
to probe the coherence of spin ensembles of both divacancies
and NV centers (in 4 configuration) incorporated in the same
crystalline matrix. They are thus characterized by the same
environment of paramagnetic species and magnetic isotopes
(¥Siand Q) ie., they reside in the same decoherence bath.

We first estimate the limit of the coherence time of VVy
and NV spin ensembles if only limitation trough homodefect
spin-spin interaction is considered using the following equa-
tion Tp = hr? /271/@ [52], where r is the distance between
the defects of the same type. In the case of NV, centers
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FIG. 4. Coherence times 7, measured on the ensemble of opti-
cally polarized spins of VVy, divacancies (green squares) and NV
centers (orange cicles). Single exponential fit of the experimental
relaxation curves (black solid lines) with characteristic decay times
T, =40 ps and T, = 49 us for the VVy, and NV, centers, respec-
tively. Inset illustrates the mw pulse sequence used in the current
experiment. Relaxation curve measured on the VV,,, centers follows
roughly the same exponential decay with 7, = 41 us as for the VVy,
(not shown for clarity).

the r ~ /1/5x10716 cm® = 27 nm what corresponds to

T, = 241 us. For VVy, centers such estimated coherence time
is T, = 82 us.

Using standard Hahn-echo pulse sequence the 75 relaxation
curves were measured as a function of the time delay t be-
tween mw pulses and are plotted on a logarithmic scale (see
Fig. 4). It is seen, though negatively charged NV,; centers in
SiC comprises two additional sources of the decoherence (hy-
perfine and quadrupole interactions) induced by the presence
of "“N nuclear spin, its coherence time is comparable with
the divacancy centers and even a bit superior (20% larger). A
possible reason for this is the electron spin density of the NV
center is characterized by slightly higher localization that in
the divacancy case, protecting the NVs’ electron spin from
interactions with remote magnetic moments. The resulting
relaxation times of about 50 us look quite promising and
are comparable with the 7, times of the NV~ centers in di-
amond ranging from a few microseconds [53,54] up to 10 us
[55], obtained on the nonoptimized samples. Measured here
Hahn-echo coherence of the NV~ spin ensembles is pinned
in the range of the silicon vacancy spin ensemble Hahn-echo
coherence time since the latter demonstrating the spread from

4 psup to 130 us depending on the irradiation procedure and
crystal type of SiC [56-58].

The measured values of 7, are significantly shorter than
estimates accounting for homo-defect spin-spin interaction
exclusively. The latter means, that we probe “diluted” spin
ensembles, and their coherence determines mainly by in-
teractions with other paramagnetic species since at the
experimental temperature an influence of spin-lattice relax-
ation is negligibly small.

V. CONCLUSIONS

To summarize, in the present paper we investigated all
terms of the NV centers’ spin Hamiltonian in 4H-SiC by
means of high-frequency (94 GHz) pulsed EPR spec-
troscopy. We experimentally determined the sign of the
ground state zero-field splitting to be positive. Driving nuclear
magnetic resonance transitions associated with '*N nuclear
spin (I = 1) with RF pulses, we established both the sign of
the corresponding hyperfine interaction with the NV-centers’
electron spin as well as an absolute value and symmetry of
nuclear quadrupole interaction above 2 MHz. The latter is
indicative for a threefold coordinated N atom, confirming con-
clusively the attribution of the observed spectrum to a nearest
NcVsi- pair. This attribution can be further illustrated: The
established terms of the Hamiltonian allowed us to produce
comparative analysis of the NV centers in SiC and NV cen-
ters in diamond in order to underline the apparent significant
similarity of their ground states; almost all parameters of the
NV-center in SiC can be obtained by rescaling of the dia-
monds’ NV center parameters by appropriate lattice constants.

In the 4H-SiC sample under study, both divacancy centers
and NV centers were observed that allowed us to measure
and compare the coherence times of the centers found in
the identical environmental conditions. The Hahn-echo co-
herence time measured on the ensemble of the NV, centers
is T, =49 us, slightly longer than that measured for the
divacancies ensemble 7, = 40 us. The latter shows a poten-
tial of the NV centers in SiC for applications in quantum
technologies.
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