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Electron nuclear interactions in spin-3/2 color centers in silicon carbide:
A high-field pulse EPR and ENDOR study
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High-frequency pulsed electron paramagnetic resonance (EPR) and electron nuclear double resonance (EN-
DOR) were used to determine electron nuclear interactions on remote ligand shells of silicon and carbon in
spin-3/2 color centers with an optically induced high-temperature spin alignment in hexagonal 4H-, 6H-, and
rhombic 15R-silicon carbide (SiC) polytypes. The EPR and ENDOR experimental data relate unambiguously to
spin-3/2 centers in which the optically induced alignment of the spin-level populations occurs. The identification
is based on resolved ligand hyperfine interactions with carbon and silicon nearest, next-nearest, and the more
distant neighbors and on the determination of the unpaired electron spin densities. The hyperfine interactions
with °Si and '*C nuclei are unambiguously separated due to the selective population of the fine-structure levels
with certain values of Mg. The signs of these interactions and, as a result, the signs of oscillating spin density
at Si and '3C nuclei, are determined. On the basis of the EPR and optically induced ENDOR measurements,
signs of the fine-structure splitting for all the centers were demonstrated, which made it possible to establish
the character of optically induced spin alignment, including the inverse populations of the spin levels for these
centers. The values of hyperfine interaction with *Si and '*C nuclei, including those remote from the localization
of the spin-3/2 center, are tabulated, which can be used by a number of algorithms in quantum information

processing as long-term memory.
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I. INTRODUCTION

Silicon carbide (SiC) is a well-developed wide band-
gap semiconducting material widely used for applications in
high-frequency, high-temperature, high-power, and radiation-
resistant electronic devices. The primary defects in SiC are
vacancies, interstitials, and antisites. In contrast to silicon
[1] the primary defects in SiC are stable even much more
above room temperature, and can be found at various sites
in the different polytypes that arise from differences in the
stacking sequence of the Si-C bilayers. The cubic 3C-SiC,
hexagonal 4H-, 6H-SiC, and rhombic 15R-SiC polytypes are
the most common and most appropriate for applications. In
3C-SiC only one cubic sublattice site is present. In 4H-SiC
two nonequivalent crystallographic positions exist, one hexag-
onal and one quasicubic site, called & and k, respectively. In
6H-SiC three nonequivalent positions are formed, one hexag-
onal and two quasicubic ones, called 4, k;, and k,. In 15R-SiC
five nonequivalent positions are formed, two hexagonal and
three quasicubic ones, called Ay, hy, k1, k», and k3. The nearest
neighbors (the first shell) are nearly tetrahedrally oriented for
all sites, but the second shells are different for the hexagonal
and quasicubic sites. The quasicubic sites differ in the third
shell of neighbors.

Optically active defects, also referred to as atomic-scale
color centers in bulk and nanocrystalline SiC are promising
for quantum information processing, photonics, and sensing at
ambient conditions. Their spin state can be initialized, manip-
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ulated, and read out by means of optically detected magnetic
resonance (ODMR). Until recently, practical applications of
semiconductors have been associated with using defect en-
sembles. The unique quantum properties of the negatively
charged nitrogen-vacancy (NV™) center in diamond [2] have
motivated efforts to find defects with similar properties in SiC,
which can extend the functionality of spin color centers not
available to the diamond. Such systems are the most promi-
nent objects for applications in new generation of supersensi-
tive magnetometers, biosensors, single-photon sources [2-8].
The diamond NV defect is in many ways the ideal qubit,
but it is currently quite difficult to fabricate devices from
diamond. It remains difficult to gate these defects electrically.
A search to find defects with even more potential (“better than
excellent”) had been launched [9-14], manifested itself by the
great progress in understanding and exploiting color centers
in SiC. Unique chemical, electrical, optical, and mechanical
properties make this material very attractive for applications
under extreme conditions and can open up a whole new world
of scientific applications in spintronics.

A convincing point with SiC is that the stable spinless
nuclear isotopes guarantee long dephasing times. Unusual
polarization properties of various vacancy-related centers in
SiC (labeled as P3, P5, P6, and P7) were observed by
means of electron paramagnetic resonance (EPR) under op-
tical excitation and reported for the first time in the works of
Refs. [15,16], later in Refs. [9,10,17-22]. One of the main
questions was to establish whether the observed EPR spectra
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TABLE 1. Zero-phonon line energy/wavelength at 10 K; values of zero-field splitting A (A = 2|D|) and g factor of the each center at
room temperature for family of V1, V2, V3, and V4 spin-3/2 centers in the 4H-SiC, 6H-SiC, and 15R-SiC. Spin sublevels possessing optically
induced predominant population observed at room temperature in zero magnetic field (optically induced spin alignment) are shown in the last

row.

Polytype 4H-SiC 6H-SiC 15R-SiC

Zero-phonon line V1 V2 V1 V2 V3 V2 V3 V4

E, eV/i, nm 1.438/862 1.352/917  1.433/865 1.397/887 1.368/906  1.399/886.5  1.372/904  1.352/917

AMHz/10™* cm™ 7.1/2.4 [19] 66/22 27/9 128/42.7 27/9 139.2/46.4 11.6/3.87  50.2/16.7

D MHz/10™* cm™ 39/13 33/11 —13.5/-4.5 64/21.35 —13.5/-4/5  69.6/232  —-5.8/—1.94 25.1/8.35

g factor 2.0032 2.0032 2.0032 2.0032 2.0032 2.005(1) 2.005(3) 2.005(3)

Zero field at room +1/2 inverse £3/2 inverse +1/2 inverse =+3/2 inverse =+1/2 inverse
temperature optically +1/2 population  population  population  population  population +1/2

induced level alignment

belong to the ground or to the excited state. EPR experiments
performed at high frequency and at very low temperatures
in darkness excluded the possibility of thermal or optically
excited states and as a result it was proved that the EPR
spectra of P3, PS5, P6, and P7 defects belong to the ground
state for all the defects [9,10,22]. It has been shown that
there are at least two families of color centers in SiC, which
have the property of optical alignment of the spin levels and
allows a spin manipulation at ambient conditions. (i) Family
of spin-triplet (S = 1) color centers, widely represented in
SiC by silicon-carbon divacancies (covalently bonded clos-
est pair of silicon and carbon vacancies). The symmetry of
these centers is due to the direction of connection between
the silicon and the carbon; zero-field splittings for these cen-
ters as in the case of the NV~ center in diamond are in
the gigahertz range. (ii) Family of silicon-vacancy related
centers having quadruplet ground and excited states (S =
3/2). Recent experiments demonstrated [9,10,13,20,22—-49]
that several highly controllable defects exist in SiC, and some
of them can be spin manipulated at room temperature or even
higher.

Spin-3/2 silicon-vacancy related centers in SiC are demon-
strated to be a promising quantum system for single-spin and
single-photon spectroscopy. It is assumed that these centers
are designated as the corresponding zero-phonon lines: V1,
V2, V3, and V4. Their basic spectroscopic parameters, deter-
mined for the main SiC polytypes, namely 4H, 6H, and 15R,
are presented in Table 1.

Zero-field ODMR shows the possibility to manipulate of
the ground-state spin population by applying radio-frequency
(rf) field which is compatible with NMR techniques and using
the infrared optical pumping which is compatible with optical
fibers and band of transparency of living matter. These alto-
gether make spin-3/2 Vg;-related defects in SiC very favorable
candidate for spintronics, quantum information processing,
magnetometry, and thermometry.

Recently, the existence of NV~ centers in SiC with § = 1
has been demonstrated in Refs. [S0-53] and can be expected
to hold similar promising properties as the NV~ centers in
diamond and divacancies in SiC. The Nc-Vg; centers have
been identified in different (3C, 4H, 6H) polytypes of SiC.
In the negative charge state, they are spin S = 1 centers with
optical properties shifted to the near-IR region (around 1200-
nm wavelength).

At the initial stage of the radiation defect study, EPR spec-
tra of silicon vacancies in the negatively charged state (Vs; ™)
were found [49]. An important circumstance was that the pa-
rameters of the spin Hamiltonian of these vacancies depended
little on the polytype of silicon carbide (cubic, hexagonal, or
rhombic) and the vacancy position (cubic or hexagonal) in
the crystal lattice. It should be emphasized that the zero field
splitting for these vacancies, which have an electron spin
S =3/2, is practically zero. Careful studies of g factors by
the high-frequency EPR method [22] discovered an extremely
small difference in g factors for hexagonal and cubic vacancy
positions in 4H-SiC which clearly demonstrated the presence
of two positions for the Vg;™.

The purpose of this work is to determine hyperfine (HF)
interactions with surrounding silicon (*°Si) and carbon (3C)
atoms for silicon-vacancy related S = 3/2 centers in which
the optically induced alignment of the spin-level populations
occurs, and thereby find the distribution of the spin density at
these atoms. It is important to emphasize that in a number
of algorithms on the application of spin centers in SiC in
quantum processing, the possibility of using nuclear spins
of 2°Si and 3C as a long-term memory is considered. For
these purposes, naturally, information is needed on hyperfine
interactions with these nuclei, including remote nuclei from
the site of the localization of the spin center. This informa-
tion was obtained using the electron nuclear double-resonance
(ENDOR) research in this paper.

II. EXPERIMENT

4H-SiC, 6H-SiC, and 15R-SiC crystals were grown by
the sublimation technique [54] in vacuum at temperatures
between 1700 and 1750 °C and with concentrations of uncom-
pensated nitrogen (N) donors in the range 10'°-10'7 cm™.
These samples were irradiated with fast neutrons to a dose
up to 10" cm2 or electrons with the energy of 1-2 MeV with
doses ranging from 10'3 to 10'® cm~. No annealing treatment
was applied. Typical concentration of the Vg;-related color
centers was of ~10'> cm™. The epitaxial SiC layers as well
as samples of high crystalline quality grown by the Lely
method were also investigated. In some ENDOR experiments
13C isotope-enriched (12%) neutron-irradiated 6H-SiC single
crystals were used.
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The EPR and ENDOR spectra were detected at X- (9.4
GHz) and W- (94 GHz) bands on a continuous wave and pulse
(electron spin echo, ESE) spectrometers in the temperature
range of 1.2-300 K. The samples, in the shape of platelets,
had dimension of about 3 x 4 x 0.4mm? for X-band and sizes
of 0.3 x 0.4 x 0.4mm?> for W-band EPR experiments. The
orientation study was facilitated by the possibility to mount
the crystal with a high precision owing to the fact that the
crystal was cut perpendicular to the ¢ axis and to the fact
that the cleaved edge of the sample allowed for a precise
rotation in the {11-20} plane. Diode lasers operating at 780
or 808 nm were used to excite the samples directly in the
spectrometer cavity through phonon-assisted absorption. All
numerical simulations of measured data were made using VI-
SUAL EPR software which performs numerical diagonalization
of the spin Hamiltonian matrix [55].

III. RESULTS

The family of vacancy-related spin-3/2 centers has the ax-
ial symmetry along the ¢ axis of hexagonal or orthorhombic
SiC polytype. The hyperfine structure parameters arising from
such interactions according to the EPR results [56] are pre-
sented in Table II. For spin-3/2 centers, optical excitation leads
to alignment of the electron spin in the ground state through
an effective spin-dependent intersystem crossing pathway.

The fine-structure parameter D differs from zero, and has
both a positive and a negative sign for different centers.
EPR experiments at low temperatures and at a high operating
frequency give information about the sign of D parameter
[22,57]. See Supplemental Material [58] (Fig. S1) for EPR
spectra of V2 and V1/V3 centers observed at X band in 6H-
SiC. For several spin-3/2 centers in 15R-SiC, as shown below,
the signs of the corresponding fine-structure splitting were
determined from the ENDOR data.

A. Spin-3/2 color centers in 6H-SiC single crystal

Figure 1 shows ESE-detected ENDOR spectra at W band
of the V2 and V1/V3 centers in 6H-SiC, recorded in orien-
tation B||c measured in a wide frequency range. The ENDOR
magnetic fields correspond to the high-field (hf) transitions in-
dicated in optically induced ESE-detected EPR spectra shown
at the right.

The EPR spectra of the spin centers in SiC can be described
by a spin Hamiltonian of the form [59,60]

N IR A 1
H =g.ugB- S+D|:SZZ — §S(S + 1)]

+ Z (§ -A; Z - gNilLNE : it)- (H

Here, § is the electron spin operator with § = 3/2 for color
centers, g is the isotropic electronic g factor of the spin-3/2
center, and pp is the Bohr magneton. The first term describes
the electron Zeeman interaction and the second term reflects
the fine structure for spin-3/2 center with the axial symmetry.
The HF structure in EPR and ENDOR spectra of the color
centers in SiC can be described by the last terms in the spin
Hamiltonian. Here, I; represents the nuclear spin operators for

PSi (Isi = 1/2) or 3C (Ie = 1/2) nuclei located at different
neighbor shells of the Si sites and C sites, gn; is a g factor
of nucleus i (gn is negative for 2°Si and positive for '3C),
and py is the nuclear magneton. The first term reflects the

hyperfine interaction where A; is the tensor of this interaction,
which describes the HF interaction with the ith Si or C atoms,
located at different neighbor shells of the spin color center.
HF interactions in the first and the second shells of the Si
vacancy are partly resolved in the EPR spectra. The second
term describes the nuclear Zeeman interaction for °Si and '3C
nuclei. All calculations of the spin Hamiltonian (1) were made
using the VISUAL EPR computer package, written by Grachev
[55], which performs numerical diagonalization of the spin
Hamiltonian matrix.

ENDOR transition frequencies determined by the selection
rules AMg = 0 and Amy = %1 are given by [59,60]

venpori = i [Mslai + bi(3cos?0 — 1)] — gniunBl,  (2)

where a; and b; are isotropic and anisotropic parts of the
HF interaction with the ith nucleus, 6 is the angle between
the external magnetic field B and the HF interaction tensor,
gniunB/h is the Larmor frequency fi. The HF interaction
tensor components can be expressed in terms of the isotropic a
and anisotropic b components as A =a + 2band A = a—b
with axial symmetry around the p function axis. Here, a =
(87 /3)germenin|Was(0)* and b = (2/5) gepmgnin(ryy ),
where g. is the electronic g factor, and W is unpaired-electron
wave function.

In Fig. 1, ENDOR lines with the strongest HF interactions
(in absolute value) are marked. There is a mirror reflection
of the HF interaction lines with different coordination spheres
of silicon relative to the Larmor frequency of 2°Si for V2 and
V1/V3 centers, which unambiguously indicates opposite signs
of fine-structure splitting. The inset shows one EPR line of
the V2 center in 6H-SiC crystal with a natural isotope silicon
content and with a modified isotopic composition of silicon
(0.7% of *Si isotope). The satellite lines observed in the EPR
spectra are due to the HF interactions with 12 Si atoms located
in the next-nearest neighbor (NNN) of a silicon vacancy Vg; ™.
These lines correspond to the maximum hyperfine interactions
with silicon nuclei and labeled as Siyyy in ENDOR spectra.
Almost isotropic hyperfine interaction with the 2°Si are visible
both in EPR and in ENDOR. In EPR spectra the interaction
with different Siyny atoms of the second shell is not dis-
tinguishable, whereas in the ENDOR spectra these lines are
resolved and are isotropic within the widths of the ENDOR
lines. It follows from formula (2) that the HF interaction con-
stant is positive and corresponds a negative spin density (as
the nuclear g factor gy is negative for 2°Si). This observation
agrees with the results of the theoretical calculation for iso-
lated silicon vacancy in regular defect-free environment Vg;~
[49]. Signals for silicon atoms are visible with HF structure
constants designated as A;.

Figure 2 shows W-band angular dependence ESE-detected
EPR [Fig. 2(a)] and corresponding ESE-detected ENDOR
[Fig. 2(b)] spectra of the optically aligned V2 color centers
in single 6H-SiC crystal. The expanded-scale ESE-detected
ENDOR spectrum from Fig. 2(b) is presented in Fig. 2(c). The
EPR transitions for the low-field (If) and high-field magnetic
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TABLE II. Ligand hyperfine parameters for interaction with *C atoms surrounding a spin color center of V1, V2, V3, and V4 in three
polytypes of SiC: 6H-, 15R-, and 4H-SiC. The HF interaction with four C atoms located in the NN of a silicon vacancy has axial symmetry
along the bonding direction; therefore, parameters are given parallel to the bond (4))) and perpendicular to the bond (A, ), from EPR data [56].
The isotropic spin density (s) and anisotropic spin density (p) on C atoms surrounding spin-3/2 centers in three polytypes of SiC: 6H-, 15R-,

and 4H-SiC.
Crystal Center Atom position HF interaction for 2°Si, '*C (MHz) a and b (MHz) Spin density (%)
6H-SiC V2 Can(1—4) Along the ¢ axis (1) A) = 80.1, a=>51.7 s=1.34
[Cy] A =375 b=14.2 p=134
From EPR [56] Off the c axis (2-4) A; = 80.1,A; =30.8 a=472 s=1.22
b=164 p=155
¥ =+4649
CI] B||C: 2.5
Bllc: 1.9, 1.5
Crr Aj = 0.562, 0.542, a = 0.39-0.38 s =0.01
A =0.31 b =0.087 p=0.82
Cry —0.48, —0.18 almost isotropic a=—0.48, —0.18 s = —0.012,—0.005
Cy 0.278, 0.257 a=0.28,0.26 s =0.007
V1/V3 Cnn(1-4) Vi
[C1] Along the ¢ axis (1) A =71.7,A; =31.9 a=452 s=1.17
From EPR [56] Off the ¢ axis along the bonding b=133 p=12.6
direction (2-4) A) = 80.1,A; =30.2 s=1.21
a=46.8 p=157
b=16.6 Y =4645
V3 s=1.20
Along the ¢ axis (1) Aj = 80.1,A; =29.7 a=46.5 p=159
off the ¢ axis along the bonding direction “z” (2-4) b=16.8 s=1.20
Ajp =748, A1y11-20) = 26.9,A1, =37.5, a=464 p=134
Al =(AL,+A1)/2=322 b=14.2 ¥ =+460.9
Ci B||c:4.3,4.2
Bl|c: 2.5
Bl|c: 1.6, 1.5
Crr 0.5
Crv Bl|c: —1.0 s = —0.025
—0.47, a=-047 s = —0.012
—0.28 (almost isotropic) a=-0.28 s = —0.007
15R-SiC V2 Cnn(1-4) A =84.6,A1 =33.6 a=50.6 s =131
[Cr] b=17.0 p=16.1
¥ =469.6
V3 CnN(1—4) [Cq] From EPR as for V2
V4 Cnn(1—4) [Cq] From EPR as for V2
4H-SiC V1 Cnn(1—4) Along the ¢ axis (1) a=452 s=1.17
[C1] A =717,AL =319 b=13.3 p=12.6
From EPR [56] Off the c axis (2-4) A) = 78.4, a=47.1 s=1.22
A =314 b=15.7 p=149
¥ =+62.1
V2 Cnn(1—4) Along ¢ axis A = 82.9, a =50.8 s = 1.31
[Cy] A =347 b=16.1 p=152
EPR [56] Off caxis A =75.6,A; =29.1 a=44.6 s=1.15
b=155 p=14.6
¥ =463.8
Cn 4.5-1.5
Cm 0.6, 0.5 a=0.6,05 s =0.015
Crv Low-intensity signals s <0

fields are indicated in optically induced ESE spectra. The
dotted lines in Figs. 2(b) and 2(c) correspond to the signals
recorded in the additional 6H-SiC sample under the changed
experimental conditions. Intense ENDOR lines are visible in
Bl|c, weakly manifested in the main sample because of a
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blind spot effect [61-63]; see Supplemental Material (Fig.
S2) [58]. The angular dependencies of the ENDOR lines
are highlighted in gray. Two types of HF interactions were
directly observed in the ESE-detected EPR spectra. The first
type of the HF interactions occurs with the '3C nuclei located
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FIG. 1. ESE-detected ENDOR spectra at W band of the V2 and V1/V3 centers in 6H-SiC, B||c, recorded with a scan in a wide frequency
range, for the hf transitions indicated in optically induced ESE-detected EPR spectra shown at the right. The ENDOR lines with the strongest
HF interactions (in absolute value) are marked. There is a mirror reflection of the HF interaction lines with different coordination spheres of
silicon relative to the Larmor frequency of 2°Si, which unambiguously indicates opposite signs of fine-structure splitting. The inset shows one
EPR line of V2 center in 6H-SiC crystal with a natural isotope silicon content and with a modified isotopic composition of silicon (0.7% of

»Si isotope).

in the nearest-neighbor (NN) shell to the Vg;~ site. They are
strongly anisotropic and reflect the tetrahedral symmetry of
the nuclear spin locations. The inset in Fig. 2(a) displays
the corresponding anisotropic hyperfine structure. Almost
isotropic hyperfine structure induced by the NNN Si atoms
with respect to the negatively charged silicon vacancy Vg;~ is
also shown. 13C; denotes the interaction with the carbon atom
oriented along the ¢ axis and 13C,_4 denotes the interactions
with atoms located in the basal plane with the bonds inclined
by the angle 6 = 71° relative to the ¢ axis. The HF structure
parameters arising from such interactions with '3C nuclei are
presented in Table II according to Ref. [56].

There are two types of main HF interactions with silicon
2Si nuclei, which differ in magnitude, sign, and anisotropy.
In Fig. 2(b), the signals at fi — 1/2]Asinan| and fp —
3/2|Asinnn| correspond to HF interactions with the NNN Si
atoms with respect to the negatively charged silicon vacancy
Vi~ . All the lines are grouped together because of the almost
isotropic hyperfine interaction. The light-induced inverse pop-
ulation of the spin sublevels of V2 centers is shown in the
inset. The HF structure parameters arising from such interac-
tions with 2Si nuclei are presented in Table III.

Figure 3 shows an angular dependence of W-band ESE-
detected ENDOR for the V2 color centers in single 6H-SiC
crystal. Hyperfine interactions with the surrounding silicon
nuclei 2°Si (the left-hand side) and carbon '3C (the right-hand
side) are presented. The angular dependencies of the ENDOR

lines are highlighted in gray and by dashed lines. If the spin
density ps = E(I\I/SM2 — |Wq, |?) is the same in sign (for ex-
ample, ps < 0 as in 12 Siyyn atoms), then the HF structure
constant Agoogn (?°Si) > 0 and Ag('3C) < 0since gn(*°Si) =
—1.1106 < 0 and gN(13C) = 1.404 82 > 0. As a result of ex-
pression VENpor = h'MsA — gnunB|, for the same sign of
the spin density, the ENDOR lines of 2’Si and '*C are shifted
to the same side with respect to the Larmor frequency. For
the upper spectrum in Fig. 3, anisotropic signal for '*C (about
0.5 MHz) to the right of Larmor frequency '*C corresponds
to a positive spin density, as well as an anisotropic signal
for 2Si (about 2.5 MHz) to the right of Larmor frequency
29Si. The signals to the left of the Larmor frequency of 2°Si
and the Larmor frequency of '>C correspond to negative spin
density and partly refer to Sinnn (Vsi ). See Supplemental
Material [58] for W-band angular dependence ESE-detected
EPR spectra of the V2 color centers in single 15R-SiC crystal
[64].

Figure 4 shows W-band angular dependence ESE-detected
EPR [Fig. 4(a)] and ESE-detected ENDOR [Fig. 4(b)] spec-
tra of the optically aligned V1/V3 color centers in single
6H-SiC crystal. In the B||c orientation, the ESE-detected EN-
DOR spectrum is additionally presented, recorded from the
low-field EPR line under conditions of optical pumping in
a 6H-SiC crystal enriched with the '3C isotope (12%). As a
result, the concentration of '3C nuclei is increased by about an
order of magnitude and the transitions associated with hyper-
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FIG. 2. W-band angular dependence ESE-detected EPR (a) and corresponding ESE-detected ENDOR (b) spectra of the optically aligned
V2 color centers in single 6H-SiC crystal. (c) Expanded-scale ESE-detected ENDOR spectrum from (b). The EPR transitions for the If
and hf magnetic fields are indicated in optically induced ESE spectra. The dotted lines in (b), (c) correspond to the signals recorded in the
additional 6H-SiC sample. The angular dependencies of the ENDOR lines are highlighted in gray. (b) The signals at fi, & 1/2|Asinnn| and
fi £ 3/2|Asinan| correspond to HF interactions with the NNN Si atoms (with 2°Si nuclei) with respect to the negatively charged silicon vacancy
Vs; ™. The light-induced inverse population of the spin sublevels of V2 centers is shown in the top inset. Bottom inset displays EPR spectrum
demonstrating resolved anisotropic hyperfine structure originates from NN carbon atoms (with '3C nuclei) with respect to negatively charged
silicon vacancy Vg;~; and almost isotropic hyperfine structure for the next-nearest neighbors Si atoms (with 2?Si nuclei) with respect to the
negatively charged silicon vacancy VSi Vg; ™.
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TABLE III. Ligand hyperfine parameters for interaction with *’Si atoms surrounding a spin color center of V1, V2, V3, and V4 in three
polytypes of SiC: 6H-, 15R-, and 4H-SiC. The HF interaction with the 12 Si atoms located in the next-nearest neighbor of a silicon vacancy
(NNN shell) is almost isotropic (EPR data [56]). The isotropic spin density (s) and anisotropic spin density (p) on Si atoms surrounding
spin-3/2 centers in three polytypes of SiC: 6H-, 15R-, and 4H-SiC.

Crystal Center Atom

HF interaction for Si, '3C (MHz) a and b (MHz) Spin density (%)
6H-SiC V2 Sinnn (1-12) A=1784 a="17.84 —0.18
[Sif] EPR [56] —0.17
A~a=28.31,792,7.71 a=28.31,7.92, —0.16
ENDOR 771 =8.0 Y =-2.0
Siyr A = —2.33; -2.32, -2.31, a=-1.72,-1.71, —1.68; s =0.037 — 0.036
A] = —1.42;—-1.40; —1.36 b= -0.32,-0.31,-0.3 p=0.28-0.26
Sim A =0.71,A1 =040 a=05b=0.1 s =—0.011
A =0.65,A; =0.39 a=0.48b=0.09 -—0.010
A =0.61,A; =0.38 a=0.46b=0.08 p=-0.01
A =0.58,A; =0.38 a=0.45b=0.07 -—0.007
A =057,A1 =0.38
Sipy A~ a:—0.34,-0.22 a~ —0.34, —-0.22 s = 0.007-0.005
Remote Si shells 0.26, 0.18, 0.12 a=~0.26,0.18,0.12 s = —0.006- — 0.003
V1/V3 Sinnn (1-12) V1
[Sif] A = 8.15 EPR [56] a=28.15 s =—0.21
V3 r=-252
A = 8.4 EPR [56] a=284 s=—0.18
T =-216
A = 8.58, 8.38 ENDOR a = 8.58, 8.38 s=-0.22
s =—0.21
~-26
Siyp A =-2.22;-2.15 a=—1.64, —1.62; s =0.035
A =-1.35 b= -0.29, -0.27 p=0.25
Sim Bl|c, 0° s~—0.02-—0.015,
0.664, 0.635, 0.567, 0.38
20° s~—0.013-—0.008
0.735, 0.702, 0.659, 0.629,
0.582, 0.548, 0.522, 0.493,
0.417,0.371, 0.341, 0.313
(small anisotropy)
Sipy —0.47, —0.33 a=-047, s =0.01
Anisotropy less 0.5% —-0.33 s = 0.007
Remote Si shells —0.05 s < 0.001
15R-SiC V2 SinnN A =8.35,8.03,7.92,7.75,7.69 a~ 8.35,8.03,7.92,7.75, 7.69 s =—0.18,
(Siy) Almost isotropic —0.17,
—0.16
T =-2.04
Sinr A= 234 a=-1.72,-1.71; s = 0.036,
Al =—-1.43,1.40 b= -0.3,-0.31 p=0.26-0.27
Sim A =0.71,A; =042 a=0.52b=0.097 s = —0.011--0.010,
A =0.64,A) =042 a=0.49b=0.07
A =0.58,A =041 a=0.47b=0.06 p = —0.087-—0.061
A =0.57,A1 =041 a=0.47b=0.06
Sirv A = —0.34, —0.23 (almost isotropic) a~ —0.34, —0.23

Remote Si shells
V3 SINNN

(Sir)
Siyy

Sim

0.26, 0.18, 0.12 (almost isotropic)

From EPR approximately as
for V2
~10°
—2.33, —2.21, —2.13, —1.49,
—1.46, —1.41
(A) = —-2.22-2.22,-2.20, —2.10;
A = —1.40—-1.40, —1.35)
~10°0.68, 0.66, 0.64, 0.62, 0.59,
0.55,0.54,0.51,0.4

a=0.26,0.18, 0.12

a~ —1.67,-1.6;
b~ —0.27, -0.25

s =0.007, 0.005
s = —0.005--0.002

s =0.035
p=0.23
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TABLE IIl. (Continued.)

Crystal Center Atom HF interaction for *Si, '*C (MHz) a and b (MHz) Spin density (%)
Siry A~ —0.44, -0.33, —0.32 a~ —0.44, —0.33, —0.32 s = 0.009, 0.007
Remote Si shells 0.2 s = —0.003

V4 SinnN From EPR approximately as for V2
Siqr ~10°: —2.3, 2,13, -2.11 Spin density >0
Sim ~10°: 1.3, 0.70, 0.67, 0.65, Spin density <0
0.62,0.55,0.53
Siry ~10°: —0.50, —0.47, —0.34, —0.32 Spin density >0
Remote Si shells 0.28,0.12 Spin density <0
4H-SiC V1 Sinnn (Vsi™) A=8.15 a=238.15 s=-0.21
From EPR [56] x=-252
V2 SinnN A = 8.34 EPR [56] a=834 s =—0.215
(Sip) A =8.81, 8.74, 8.62,7.90 a~8.8,87,86,79 ¥ =-258
ENDOR
s =—0.23, —0.225, —0.22,
—0.20
Y~ =26
Siy A =-23,-214 a=-1.77,-1.71 s =0.037-
Al =-15 b=-0.27,-0.21 0.036;
p=~0.23
Simn A =1.307,1.292,0.743, 0.719, a=1.307,1.292, s = —0.034,
0.702, 0.671, 0.620, 0.605, 0.743, 0.719, 0.702, —0.034,
0.569, 0.524, 0.521 0.671, 0.620, 0.605, —0.019-
(small anisotropy) 0.569, 0.524, 0.521 —0.018,
—0.017-
—0.016,
—0.015-
—0.013
Siry A =-0.5,-0.468, —0.447, a~ —0.5, —0.468, s =0.01-
—0.367,—0.32 —0.447, —0.367,—0.32 0.007
Remote Si shells 0.11 a=0.1 s = —0.003

fine interactions with 13C are sharply enhanced, which made
it possible to reliably register ENDOR and determine the
constants of this interaction (see Table II). The expanded-scale
ESE-detected ENDOR spectrum from Fig. 4(b) is presented in
Fig. 4(c). The EPR transitions for the low-field and high-field
magnetic fields are indicated in optically induced ESE spectra.

As in the previous figures, in Fig. 4(b) the signals at fi +
1/2]Asinnn| and fi + 3/2]Asinnn| correspond to HF interac-
tions with the next-nearest neighbors Si atoms with respect
to the negatively charged silicon vacancy Vg;~. The light-
induced inverse population of the spin sublevels of V1/V3
centers (D < 0) is shown in the top inset. Bottom inset dis-
plays expanded-scale ESE-detected ENDOR signals due to an
almost isotropic hyperfine interaction with carbon atoms (with
3¢ nuclei).

B. Spin-3/2 color centers in 15R-SiC single crystal

Figure 5 shows ESE-detected ENDOR spectra at W band
of the V2 centers in 15R-SiC, B ~ ||c for the low-field and
high-field transitions in optically induced ESE-detected EPR
spectra. In Fig. 6, the ESE-detected ENDOR spectra at W
band on an enlarged scale of the V2, V3, and V4 spin-3/2
centers in 15R-SiC are presented (the ENDOR spectra for V2

centers are given for comparison). The spectra are measured
at orientation 6 & 10° for the If and hf transitions indicated in
optically induced ESE spectra shown at the right. The insets
show the schemes of energy levels and their optically induced
populations for the studied spin-3/2 centers. It is seen that
the levels with Mg = £3/2 are predominantly populated; that
is, taking into account the positive sign of the fine structure
(D > 0), an optically induced inverse population of the spin
sublevels is observed at room temperature even in a zero
magnetic field.

Let us consider in more detail the ENDOR spectra of the
V3 and V4 centers. On the basis of the ENDOR research,
taking into account that only the sign of the fine structure for
V2 centers is known from the EPR studies, the scheme of the
energy levels and population of these levels under the action
of optical pumping can be constructed. As a basis, we take
the similarity of the ENDOR spectra for hyperfine interac-
tions with silicon nuclei >Si surrounding the silicon vacancy.
These interactions are characterized by a positive sign of the
hyperfine structure constant (i.e., a negative spin density on
silicon nuclei), as was shown on the basis of studies of V2
centers. Thus, Mg for EPR transitions in high and low fields
are identified, which are included in Eq. (2) for determining
the frequencies of the ENDOR lines.
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the surrounding silicon nuclei ?°Si (left-hand side) and carbon '>C (right-hand side) are presented. The angular dependencies of the ENDOR
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First, we compare the relative position of the EPR lines
in the magnetic field and the position of the ENDOR lines
with respect to the Larmor frequency for the V2 center on
one side (which is known) and the V3 and V4 centers under
consideration (the V1 center is not considered, since we did
not find the EPR spectrum corresponding to the zero-phonon
line V1). This information in the future, after establishing
the order of energy levels (sign D), will make it possible to
find populations of spin sublevels under the action of optical
pumping. Figure 6 shows that the low-field lines V2 and V4
correspond to ENDOR signals for interaction with silicon
nuclei with a positive HF constant located in the frequency
range above the Larmor frequency, whereas for V2 and V3,
the ENDOR signals correspond to the interaction with silicon
nuclei with a positive HF interaction constant, located in the
range above and below the Larmor frequency. This gives us
reason to state that for V2 and V4 low-field and high-field
transitions correspond to the same values of Mg; that is, in
both cases the sign of D is the same (D > 0). For V3 centers,
the opposite situation is observed; that is, the D sign is nega-
tive (D < 0). These results are reflected in the corresponding
insets, where the energies of spin sublevels in a magnetic field
for the V4 and V3 centers are given. A population of the spin
sublevels is obtained on the basis of the EPR-signal position
with an inverted phase in the magnetic field, that is, the signal
of microwave radiation (Fig. 6).

C. Spin-3/2 color centers in 4H -SiC single crystal

Figure 7 presents ESE-detected ENDOR spectra at W band
of the V2 color centers in 4H-SiC measured at orientation
6 ~ 0° for the low-field and high-field transitions indicated
in optically induced ESE spectra shown at the right. The
inset shows the ground-state energy levels diagram for the V2
center in 4H-SiC. In the central part of the EPR spectrum, a
spin-3/2 center with D = 0 absorption signal is seen, which is
not optically active. The ENDOR of these centers in 4H-SiC
was presented in Ref. [49], where a theoretical description
of hyperfine interactions with Sinnn(Vsi) was given and it
is shown that the spin density on silicon is negative. To
determine the sign of the HF interaction, it is necessary to
unambiguously select one of the electronic transitions. For op-
tically active spin-3/2 centers, this results from the alignment
of the populations of the spin levels.

The EPR spectra of the spin-3/2 centers with D = 0 were
studied in all the main polytypes of silicon carbide, including
cubic. Based on the study of HF interactions with the 12 Si
atoms in the NNN shell in 4H-SiC, it was found that the spin
is 3/2 [49]. Figure 8 shows ESE-detected EPR [Fig. 8(a)] and
ENDOR [Fig. 8(b)] spectra at W band of the spin-3/2 centers
with D = 0in 15R-SiC. It can be seen that these ENDOR lines
are symmetrical with respect to the Larmor frequency; that is,
they do not have optical alignment and these spectra differ
significantly from those shown in Figs. 1-7 which belong
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FIG. 4. W-band angular dependence ESE-detected EPR (a) and ESE-detected ENDOR (b) spectra of the optically aligned V1/V3 color
centers in single 6H-SiC crystal. (c) Expanded-scale ESE-detected ENDOR spectrum from (b). The EPR transitions for the low-field and
high-field magnetic fields are indicated in optically induced ESE spectra. The signals at fi & 1/2|Agsinan| and fi £ 3/2|Asinan| (b) correspond
to HF interactions with the next-nearest neighbors Si atoms (with 2°Si nuclei) with respect to the negatively charged silicon vacancy Vs;~.
(inset) The light-induced inverse population of the spin sublevels of V1/V3 centers (D < 0). In the B||c orientation, the ESE-detected ENDOR
spectrum is additionally presented, recorded from the low-field EPR line under conditions of optical pumping in a 6H-SiC crystal enriched
with the 13C isotope (12%). As a result, the transitions associated with HF interactions with '3C are sharply enhanced. The spectra for the
perpendicular orientation (B_Lc) are given for demonstrating a small orientation dependence for some ENDOR signals.
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to anisotropic spin S = 3/2 color centers with D+0. Note
that the spin-3/2 centers with D = 0 seem to be manifested
in spin-dependent recombination in experiments on electrical
detection of magnetic resonance [65].

IV. DISCUSSION

We will consider the main features observed in the ESE-
detected ENDOR spectra common to all spin-3/2 centers with
unique properties of high-temperature optically induced align-
ment of the spin-level populations (optically active spin-3/2
center) in all silicon carbide polytypes: hexagonal 4H-, 6H-,

and rhombic 15R-SiC. The most intense ENDOR lines are
observed in the Larmor frequency region of *Si and *C
nuclei, with signals visible on both sides of the Larmor fre-
quency. The ENDOR signals in optical alignment conditions
registered over the low-field and high-field EPR lines have
mirror symmetry with respect to the Larmor frequency with
phase inverting. A small shift of the ENDOR lines is due
to a difference in the Larmor frequency owing to different
magnetic fields for the EPR transitions.

The position of all the ENDOR lines in one spectrum
is not symmetric with respect to the Larmor frequency. An
interaction with each ith °Si and '3C nucleus induces two

m
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FIG. 8. ESE-detected ENDOR spectra at W band of the negatively

29

charged silicon vacancy in regular environment, Vg;~ center, in 15R-SiC

(for two orientations), which are characterized by zero-field splitting D = 0. Inset shows the spin-level diagram and ESE-detected EPR for

spin-3/2 centers with D = 0 (optically not active) in 15R-SiC.
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sets of ENDOR transitions located at the distances of 1/2A;
and 3/2A; from the Larmor frequency fi . Thus, in all spec-
tra it is possible to distinguish pairs of lines located at a
distance of 1/2A; and 3/2A; from the Larmor frequency on
either side of the Larmor frequency. A remarkable feature of
the spectra for spin-3/2 is the fact that the distance between
the two transitions allows one to determine with high accu-
racy both the HF interaction constant (including HF-constant
sign) and the ?°Si and '3C Larmor frequency at a fixed
magnetic field.

Some of the positions of the ENDOR lines depend on the
orientation of the crystal in the magnetic field (angle 9); that
is, the lines are anisotropic [see Eq. (2)], and some of the
lines are almost isotropic. An important task is to compare
the HF interactions and identify those that are observed, both
in the EPR spectra and in the ENDOR spectra. Such binding
research allows, as a rule, to exclude erroneous interpretation
of the ENDOR spectra.

The positive sign of the parameter D for V2 centers in
4H-SiC, 6H-SiC, and 15R-SiC and the negative sign for
V1/V3 centers in 6H-SiC were established from EPR spec-
tra (see Supplemental Material). The ENDOR measurements
confirmed the EPR data and made it possible to determine the
signs of the D parameter for other spin centers that were not
found in the EPR studies. Using this information it was possi-
ble to identify the transitions observed in the EPR spectra and,
ultimately, from the position of the signals with the inverted
phase in the magnetic field to find optically induced popula-
tions of spin sublevels in the ground S = 3/2 state. Attention
is drawn to the similarity of ENDOR signals for different
centers and polytypes: there are always signals with maxi-
mum interactions with 2°Si nuclei belonging to the second
shell around the silicon vacancy—-the next-nearest neighbors
NNN (Sinnn). These signals correspond to almost isotropic
satellites that appear in the EPR spectra. In contrast to the
EPR spectra, there is a set of interactions seen in the ENDOR
signals with closely related parameters, since 12 NNN silicon
atoms in this shell are slightly nonequivalent.

In accordance with the identified EPR transitions for the
V2 centers, due to the known parameter D, for these interac-
tions the HF interaction constant is positive; that is, the sign
of the spin density on the silicon nuclei is negative (in view of
the negative nuclear g factor for silicon, 2Si). HF interactions
with positive HF constants also correspond to a whole set of
lines located on the same side relative to the Larmor frequency
2Si as the lines responsible for interactions with 12 silicon
atoms Sinnn. These lines are attributed to the interaction with
the farther silicon spheres.

The next stage is a consideration of the ENDOR lines
located on the opposite side of the 2°Si Larmor frequency,
therefore having the opposite sign of the HF interaction with
28i nuclei: in other words, a negative HF interaction value
(A;) corresponding to a positive spin density on the silicon
core. A distinctive feature of this interaction is its relatively
large magnitude and sharp anisotropy.

Unfortunately, the ENDOR angular dependences were not
measured for all orientations, since the ESE-detected EN-
DOR signal intensity drops with an increase in the angle
between the direction of the magnetic field and c-axis orienta-
tion. In addition, the EPR lines of different spin-3/2 centers

are overlapped for angles approaching 55°. Therefore, for
anisotropic spectra, the HF structure tensor quantities were
roughly estimated, but, nevertheless, the experimentally found
frequencies are accurate and open up wide possibilities for
controlling the nuclear spins of °Si and '3C in qubits based
on spin-3/2 centers in SiC. The experimentally discovered
opposite signs of hyperfine interactions on 2’Si and '*C nuclei
are of particular importance for applications (for example, in
gYroscopes).

The starting point of our research was to obtain EPR
and ENDOR experimental data, unambiguously related to the
spin-3/2 centers with unique properties of optically induced
alignment of the spin-level populations. The spin-3/2 color
centers are defects with deep levels in the band gap; therefore,
the wave functions of these centers are quite strongly localized
in comparison with shallow donors and shallow acceptors (see
Refs. [66-73]). The spin-3/2 centers in polytypes 4H-SiC,
6H-SiC, and 15R-SiC show very similar hyperfine structure.
V2 centers have common properties in the three polytypes:
zero-field splitting is maximum and the splitting parameter
D > 0. Tables II and III show ligand hyperfine parameters for
interaction with carbon atoms (*3C) and silicon atoms (*°Si)
surrounding a spin-3/2 color center in three polytypes of SiC:
6H-, 15R-, and 4H-SiC. To consider the distribution of s and
p character, the observed HF interactions were translated into
spin density using the table of Morton and Preston [74]. The
isotropic HF interaction (a) gives a measure of the s spin
density (s), whereas the anisotropic HF interaction (b) is a
measure for the p density (p). The s and p spin densities
of the unpaired electron connected to the spin-3/2 centers in
SiC with the nuclei surrounding the center are presented in
Tables II and III.

In the ENDOR spectra (Figs. 1-7), several groups of
lines with similar properties are distinguished, which can be
attributed to silicon (*°Si) and carbon ('3C) atoms occupy-
ing close positions (coordination spheres of the same type
at approximately the same distances) relative to the central
position of a spin-3/2 defect in the form of a negatively
charged silicon vacancy Vg;~. These groups are located on
both sides of the corresponding Larmor frequencies of '*C and
29Si, unambiguously demonstrating the opposite signs of HF
structure constants. As mentioned above, the wave function
of the spin-3/2 defect should rapidly decrease in amplitude
with increasing distance from the negatively charged silicon
vacancy.

One of the tasks is an assignment of lines in the '*C and
2Si ENDOR spectra to specific C and Si atoms up to ten bond
lengths away from the silicon vacancy Vg;~. In Tables II and
IIT the groups of C and Si atoms, respectively, are sorted on
the basis of the value of the HF interaction. Roman numerals
in the form of indices for C and Si indicate the coordination
sphere, while only the C or Si spheres are counted. The groups
of atoms are divided into subgroups, sometimes containing
only one atom. Cj, Cy, Cyyp, and Cpy correspond to carbon
atoms located, respectively, at a distance of one, three, five,
and seven molecular bonds from the center of the spin-3/2
defect in the form of a negatively charged silicon vacancy. Sij,
Siy, Sip, and Sipy, correspond to silicon atoms located, re-
spectively, at a distance of two, four, six, and eight molecular
bonds from the center of the defect in the form of a silicon
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vacancy. Groups of C and Si nuclei indicated by Cyn(1—4)
and Sinnn (1—12) correspond to the C nearest neighbors (NN)
and the Si next-nearest neighbors (NNN) according the sil-
icon vacancy Vg;~. Distance from Vg~ to Cyn(1—4) [(]
in 6H-SiC is of 1.88-1.89 A, that to Sinnn(1—12) [Sij] is
of 3.07-3.09 A, that to Cy(n) is of 4.41, 4.75 A, etc. (see
Refs. [66,67]).

We will take as a basis the positive spin density, starting
from the first coordination sphere of carbon. As can be seen
from Table II, this sphere accounts for about 65% of the posi-
tive spin density. In the second coordination sphere of carbon,
spaced from the silicon vacancy by two bonds, indicated as
C1, there is a large number of atoms; we assume that they also
account for a part of the positive spin density (Table II). The
atoms designated as Cyy are geometrically differently located
in the crystal. This arrangement depends on the position of the
silicon vacancy in the lattice, therefore, the values of the HF
structure constants substantially depend on these positions.
A more complicated situation is observed with 2°Si, since
already in the first shell of silicon (the second coordination
sphere, if the first C shell is taken into account), the spin
density is negative; that is, the core polarization mechanism
is realized [75]. Further, we have groups of lines with pos-
itive and negative spin densities, with hyperfine interactions
decreasing in absolute value. It turned out that part of the
lines was more anisotropic than expected on the basis of a
dipole-dipole interaction with the spin density on the silicon
vacancy Vg; . This leads to the conclusion that there is also
a direct spin density in the p orbitals on the neighboring Si
atoms, and that the z axis of each HF tensor should be parallel
to the bonds.

The extensive ENDOR data for many shells in this paper
(Tables II and III) are considered as an experimental demon-
stration of spin-density oscillations on different coordination
spheres of silicon and carbon near the spin-3/2 color center
in wide band-gap semiconductors with deep levels in the band
gap. The spin-density oscillations were theoretically predicted
in the NV~ center in diamond where the hyperfine interac-
tions were obtained by first-principles calculations [76]; the
negative spin density for isolated silicon vacancy in the sec-
ond Si shell was theoretically predicted in 4H-SiC [49,77].
In our work, the oscillations of the spin density on ligand
atoms in a wide-band semiconductor are demonstrated ex-
perimentally. This result can be of fundamental importance
for applications.

The experimental HF interaction constants presented in
Tables II and III largely correspond to the results from ab
initio theoretical calculations of the HF interaction constants
performed in Refs. [77,78] for a negatively charged silicon
vacancy in SiC. Moreover, when identifying various coor-
dination spheres, we took into account the results of these
calculations. Thus, the experimental ENDOR data confirm
that the core of the spin-3/2 center is a negatively charged sil-
icon vacancy. A more detailed discussion of possible models

+3/2 _ +1/2 -
E ., D>0 42D B30, D<0 A i
~6 ns NGA 1 p-eeeee- +3/2-00006-
V2 4H-SiC V1,V3 6H-SIiC
Pk 808 M g 15R SIC
/
/ B=0, T=300 K
. / +1/2-eecee- -
A D<0 A MASER
32— effect
V1,V3 6H-SIiC
V2 15R-SiC V3 15R-SiC

FIG. 9. Optically induced level spin alignment of V1, V2, V3,
and V4 centers in 4H-, 6H-, and 15R-SiC.

of spin-3/2 centers appeared in a theoretical paper which was
published during the review period of this work (see Ref. [79]
and references therein).

On the basis of the EPR and ENDOR investigations,
signs of the fine-structure splitting for all the centers were
demonstrated, which made it possible to establish the form
of optically induced spin alignment, including the inverse
populations of the levels for a number of the spin-3/2 cen-
ters. Figure 9 demonstrates the optically induced level spin
alignment at room temperature and B = 0. For V1 and V3
centers in 6H-SiC optically induced level spin alignment is
also shown at 30 K, B = 0.

Summarizing, a number of spin-3/2 color centers differ-
ing in the parameters of the fine structure and hyperfine
interactions in the ground state have been investigated in
4H-SiC, 6H-SiC, and 15R-SiC single crystals by pulsed
high-frequency EPR and ENDOR techniques. The EPR and
ENDOR experimental data relate unambiguously to spin-
3/2 centers in which the optically induced alignment of the
spin-level populations occurs. The hyperfine interaction con-
stants with silicon (*°Si) and carbon (}3C) nuclei located
both in the nearest and distant coordination spheres are
determined by the method of high-frequency ESE-detected
ENDOR under conditions of optically induced alignment of
the spin-3/2 center. The hyperfine interactions with 2°Si and
13C nuclei located in different coordination spheres are un-
ambiguously separated due to the selective population of the
fine-structure levels with certain values of Mg. The signs of
hyperfine interactions with 2°Si and '*C nuclei and, as a re-
sult, the signs of oscillating spin density, are determined. The
form of the optically induced spin alignment, including the
level population inversion for a number of spin-3/2 centers,
is established.
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