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Coherent spin manipulations of spin-% color center ensembles in 6H-SiC crystal have been studied in high
magnetic fields using methods of pulsed electron paramagnetic resonance, Rabi oscillations, and pulsed electron-
electron double resonance under optical alighment conditions of the spin level populations. Rabi oscillation
experiments show room temperature coherent control of these spin-% color center ensembles in strong magnetic
fields. A sharp decrease of the spin-lattice relaxation time 7}, ~40 times, was observed in 6H-SiC at magnetic
field of ~3.5 T with increasing temperature from 100 to 300 K, while the spin-spin relaxation time 75 is only
shortened by ~1.3 times. With an increase in the magnetic field, the times 77 and 7, were shown to decrease. The
relaxation time 7 in the case of magnetic field directed along the axis of the spin-% center is ~2 times longer than
T in magnetic field perpendicular to this axis. Relaxation times of the spin center in crystal grown with a reduced
concentration of an isotope 2°Si are significantly longer than crystal, with the natural content of isotopes. With a
decrease in the 2°Si content in our experiments by a factor of ~3, the effective nuclear spin bath in SiC is reduced
by a factor of ~2. In a zero magnetic field resonance, transitions are allowed as magnetic dipole transitions with
frequency w, which correspond to the zero-field splitting. In zero magnetic field and in fixed magnetic fields, the
Rabi frequency was shown, using so-called “Feynman-Vernon-Hellwarth transformation,” to be wg = |y|B;. In
pulsed electron-electron double resonance experiments, a change in the intensity of the electron spin echo signal
corresponding to one of the spin-allowed fine structure transitions is recorded depending on the sweep of the
second frequency. The experiments show the possibility to coherently detect the optical spin alignment between
Mg = :I:% via optically pumped silent Mg = :I:% sublevels of the spin—% color centers, including a detection of

Rabi oscillations.

DOLI: 10.1103/PhysRevB.103.195201

I. INTRODUCTION

In recent years, silicon carbide (SiC) has attracted con-
tinuously growing interest as a technologically prospective
platform for spintronics [1-14] with an ability for single-spin
engineering and control [15-20]. Demonstrated spin proper-
ties of the color centers open avenues for quantum sensing
and quantum computing. The optically induced population
inversion of spin states leads to stimulated microwave emis-
sion, which can be used to implement solid-state masers and
extraordinarily sensitive radiofrequency amplifiers. Electron
spins of the defect center in SiC are excellent candidates for
quantum information processing and future spin-based quan-
tum devices.

One of the challenges in quantum information science is to
achieve long spin coherence time (73) for spin color centers
in SiC. We will consider vacancy-related color centers char-

acterized by the ground and excited spin states with S = %

(so-called “spin-% center”’). The spin-% centers in 6H-SiC are
designated as the corresponding zero-phonon lines (ZPLs):
V1, V2, and V3. The absorption and photoluminescence (PL)
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spectra of V1, V2, and V3 spin-% centers in SiC represent the
series of ZPLs accompanied by the sideband phonon replicas.
The number of ZPLs corresponds to the number of nonequiv-
alent positions in the lattice.

The electron paramagnetic resonance (EPR) spectra can be

fitted by a standard spin Hamiltonian for § = %

6]
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H:g:U«BB~S+D|:S%—w:|7
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where the first and second terms correspond to the Zeeman
interaction and fine structure splitting, respectively, up is the
Bohr magneton, and g is the electron g factor. Without an
external magnetic field (B = 0), the ground state (GS) is split
due to the presence of th% axial crystal field with fine-structure

parameter D. For § = 5 spin state, the zero-field splitting

(ZFS) between M5 = +1 and Ms = +3 sublevels A = 2|D|.
The EPR angular dependencies show that all the centers are
oriented along the ¢ axis of the hexagonal 6H-SiC polytype.
Previously, the main studies of relaxation processes in
spin—% centers were performed on 4H-SiC crystals [21] and
only on one type of center, the V2 center. Nevertheless, from a
fundamental point of view, studies of spin-% centers in 6H-SiC
crystals are of particular interest. We note the main reasons for
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the importance of such studies. (i) There are several spin-%
centers, V1, V2, and V3, with a difference in the ZFS: for
V1 and V3 centers, A = 28 MHz; for the V2 center, A =
128 MHz. (ii) The sign of D for the V2 center is positive, while
for V1/V3 centers, the sign of D is negative [22], which de-
termines the opposite order of arrangement of the energy spin
levels for these centers. (iii) There are significant differences
in the order of alignment of the populations of spin levels for
these centers. (iv) For V1/V3 centers, the nature of alignment
depends on temperature; moreover, at a temperature of ~30 K,
level populations equalize, and the EPR [electron spin echo
(ESE)] signal disappears.

Isotope engineering is often used to suppress the relaxation
mechanism caused by interactions with nuclear spins. The
electron spin coherence time 7, is inversely proportional to
the concentration of nuclear spins [17]. Two types of nuclear
spins, 3¢ and #Si with natural abundance pciz = 1.1% and
psizg = 4.7%, respectively, contribute to the decoherence of
spin centers. The electron spin decoherence in an applied
magnetic field B is caused by the magnetic fluctuations from
many nuclear spins. The decoherence mechanisms and a
longer coherence time in SiC were shown through numerical
calculations [23] to be a consequence of the suppression of
the heteronuclear spin pair flip-flop process. The suppression
of heteronuclear spin crosstalk can be achieved by applying
a strong magnetic field. Spin decoherence in strong magnetic
fields is mainly caused by flip-flop of nuclear spin pairs. It was
shown in Ref. [23] that, different from the homonuclear spin
pair cases (13C-'3C and ?Si-?°Si pairs), the heteronuclear
spin pair flip-flop (i.e., Si- 13C) is significantly suppressed
in strong fields, which is the key point for understanding the
longer 7, time of defect centers in SiC. For heteronuclear
spin pairs, the splitting also consists of the Zeeman frequency
difference due to the different gyromagnetic ratios y for '3C
and »’Si.

The electron spin relaxation times of spin-% centers in SiC
in different magnetic fields will be investigated. It will be
confirmed that spin centers in SiC are considerable candidates
for quantum information processing and future spin-based
quantum devices.

II. EXPERIMENTAL

All results reported here are obtained using three types
of 6H-SiC crystals with a natural content of isotopes and
enriched in 2Si isotope. We used neutron and electron irra-
diation to generate silicon-vacancy (Vsg;)-related spin-% color
centers.

(i) A crystal of 6H-SiC polytypes (sample #1) was grown
by the sublimation technique with nitrogen donor concentra-
tion of the order of 5 x 10'®cm™ (it was estimated by EPR
before the irradiation). It contains a natural abundance of 2°Si
(4.7%) and 3C (1.1%) nuclear spins (I = %). The crystal
has been irradiated with neutrons with energies of 3-5 MeV
and neutron fluence ®n = 10'® cm2. Typical concentration of
Vsi-related spin-% color centers was ~10% cm™.

(i) A 6H-28SiC crystal (sample #2) was grown by the
sublimation technique with nitrogen donor concentration of
the order of 5 x 10'®cm™. A content of the 2%Si isotope with

a zero nuclear magnetic moment increased up to ~99% (the
natural content of 28Si is 92.2%). A content of the 2°Si isotope
having a nonzero magnetic moment was ~0.9%. The informa-
tion was obtained by simulating EPR spectra with hyperfine
(HF) interactions with 12 silicon atoms located in the second
shell relative to the silicon vacancy. The crystal was irradiated
with 2 MeV electrons. The concentration of spin—% color cen-
ters in the sample was estimated as ~3.2 x 10'* spins/cm?
by comparison with an EPR signal of the test sample. As a
result, the average distance between paramagnetic centers is
estimated at ~150 nm.

(iii) A commercial 6H-SiC wafer (sample #3) with a nat-
ural content of isotopes with nitrogen donor concentration
<1 x 107 ecm™ was irradiated with 2 MeV electrons. The
concentration of spin-% color centers in the sample was es-
timated as ~1 x 10'* spins/cm? (see Supplemental Material
[24]).

To study relaxation processes, we used the methods of
pulsed EPR at frequencies of 95 GHz (W band) and 9.5 GHz
(X band) and pulsed electron-electron double resonance (PEL-
DOR) at a frequency of 9.5 GHz. The ESE technique was
used for measurements of a spin-lattice (7;) and spin-spin
(T) relaxation times of spin-% color centers in silicon carbide.
The measurements were carried out on an ELEXSYS pulse-
EPR spectrometer 580/680 Bruker operating in two frequency
ranges (9.5 and 95 GHz) in stationary and pulsed modes at
temperatures of 5-300 K.

Rabi oscillation measurements were performed in a pulse-
EPR spectrometer working at the X band. The static magnetic
field has always been chosen to correspond to the middle
of the EPR line. A microwave pulse starts at # = 0 and co-
herently drives the magnetization. At the end of the pulse,
the magnetization is recorded. Because of the dead time of
the spectrometer (~80 ns), it is impossible to directly mea-
sure the magnetization right after the pulse. Two methods for
the detection were used. The first one is simply to record
the free induction decay (FID) emitted by the system when
the microwave field is shut down; the second method used the
ESE technique.

A diode laser operating at 785 and/or 808 nm was used
to excite all types of spin—% color centers through phonon-
assisted absorption at low and room temperature (RT). In
some experiments, we used irradiation by two lasers simul-
taneously with different wavelengths to increase the optical
pump power through phonon-assisted absorption of several
spin centers.

III. RESULTS

A. Electron spin-lattice relaxation time 7; and spin-spin
relaxation time 7,

Spin-lattice relaxation time 77 and spin-spin relaxation
time 7, were measured in two frequency ranges: the X band
(9.5 GHz) and the W band (95 GHz) at different tempera-
tures under conditions of optical alignment of the spin level
populations. We first measure the spin-lattice relaxation time
Ty, which determines the absolute limit for spin coherence.
To measure 7| the ESE signal intensity was monitored by
applying inversion-recovery pulse sequence w-AT-7 /2-1-7,
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FIG. 1. (a) Electron spin echo (ESE) detected electron paramagnetic resonance (EPR) spectra of spin—% color centers under 785/808 nm
optical excitation in the neutron-irradiated 6H-SiC crystal (sample #1), orientation B || ¢, temperatures of 300, 200, 150, and 100 K. The
optical excitation results in inverse populations of the spin levels and to a phase inversion for certain transitions. (b) The schemes of optically
induced alignment of spin level populations in zero magnetic field at room temperature (RT) for the V2 and V1/V3 spin—% centers in 6H-SiC
crystals (top). Energy level diagrams for V2 and V1/V3 centers according to Eq. (1) and light-induced inverse population of the spin levels in
magnetic field at RT (bottom). Optical transitions (absorption and emission) are represented in the optical excitation-emission cycle by solid

lines, nonradiative transitions by wavy lines.

where AT was varied from 900 ns up to the desired value
(5 to 10 Ty value, i.e., ~1 ms) and t was kept at 200 ns.
The first pulse creates a nonequilibrium population. The Hahn
echo generated by the second and third pulses monitors the
recovery to the thermal equilibrium population. Here, 7
measurements were done using Hahn echo decay sequence
7 /2-t-m, where T was incremented from 200 ns up to 40 us
by equal steps of 40 ns each. The values of 7} and 7, were
obtained from the fits of the measured ESE decay curves
by y =B x [l —exp(—AT/T})] and y = A x exp(—21/T»),

respectively.

B. Spin-% color centers in neutron irradiated 6H-SiC crystal

Figure 1(a) shows ESE-detected EPR spectra of spin-%
centers in neutron irradiated 6H-SiC crystal (sample #1) in
the W band (95 GHz). The spectra were measured at different
temperatures of 300, 200, 150, and 100 K under 808 nm
optical excitation and magnetic field orientation along the ¢
axis. Optical excitation leads to an inverse population of the
spin levels and, as a result, to phase inversion for certain

transitions. EPR signals of the three types of spin-% color

centers, V1, V3, and V2, are observed. The ZFS for the V1
and V3 centers 2|D| = 28 MHz and coincides within the ex-
perimental error; ZFS for the V2 center of 2|D| = 128 MHz.
In the central part of the spectra, one can see the EPR line of
a negatively charged silicon vacancy Vg;~ located in a regular
defect-free environment (see, e. g., Ref. [19]).

The schemes of optically induced alignment of popula-
tions of spin levels in a zero magnetic field for the V2 and
V1/V3 spin-% centers in 6H-SiC crystals are shown at the
top of Fig. 1(b). There is an inverse population of spin levels
in a zero magnetic field (maser effect) at RT. Energy level
diagrams for V2 and V1/V3 centers according to Eq. (1)
and light-induced inverse population of the spin levels in the
magnetic field at RT are shown at the bottom of Fig. 1(b). At
zero magnetic field, My = :i:% and :I:% sublevels of the GS
A split (ZFS). Under illumination, inverse population in the
GS is created due to the nonradiative spin-selective decay via

the 2A metastable state. Optical transitions (absorption into
sideband phonon replicas and emission) are represented in the
optical excitation-emission cycle by solid lines, nonradiative
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FIG. 2. Relaxation times 77 and 75 (as the rate 1/7} and 1/75)
measured at different temperatures in the W band (95 GHz) from the
high-field component of V2 centers, which corresponds to transition

1

Mg = —% — —3, indicated by the arrow in Fig. 1(a). Dashed line is

a guide for the eyes.

transitions by wavy lines. Lifetime in the excited state *E, t,
is of ~6 ns.

Figure 2 shows the relaxation times 77 and 7, (as the rate
1/T; and 1/T;) measured in the W band on the high-field
component of the V2 centers, which corresponds to transi-
tion Mg = —% — —% [indicated by the arrow in Fig. 1(a)] at
different temperatures. Dashed line is a guide for eyes.

An increase in temperature from 100 to 300 K leads to
a sharp decrease in the time 7}, ~40 times, from 1.7 ms to
42 ps, while the time 75 is shortened by ~1.3 times, from 7.2
to 5.6 us; that is, it can be argued that it is almost independent
of temperature. It should be noted that neutron irradiation
leads to the creation of many defects, of various types, which
in any case create additional relaxation mechanisms, that is,
lead to a shortening of relaxation times 7] and 75.

Figure 3 shows the ESE-detected EPR spectra measured
at RT. The upper spectrum is ESE-detected EPR recorded
in the W band; the bottom spectrum is the same measured
in the X band. Values of the measured 7; and 75 relaxation
times are indicated for corresponding transitions of V1/V3
and V2 spin centers. The measurements were provided on
the low-field and high-field EPR transition (Mg = :I:% <~ :t%)
of each center under 785 nm light illumination and magnetic
field applied parallel to the c axis.

A trend of the changes for times 77 and 75 in different
magnetic fields is visible in Fig. 3: an increase of the magnetic
field (when moving from the X to the W range) results in a
decrease of the times 77 and 7>, while at the same time, when
moving from V2 to V1/V3, there is a multidirectional change
in the times 7} and 75 : T; lengthens, and 7, shortens.

An analysis of the experimental results for 77 and 7, pre-
sented in Fig. 3 and Table I, gives grounds to draw several
conclusions of interest for applications. A tenfold increase
in the magnetic field leads to a comparatively insignificant
decrease in the relaxation times by <2 times. The ratio be-
tween 77 and 7, ranges from 10 to 20. Time 7 increases
with the transition from center V2 to centers V1/V3, while
time 7, changes in the opposite direction. Nevertheless, the
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FIG. 3. Room-temperature electron spin echo (ESE)-detected
electron paramagnetic resonance (EPR) spectra of spin—% color cen-
ters in sample #1 under 785 nm optical excitation B || ¢. The upper
figure shows the ESE spectra recorded in the W band; the bottom
figure is the same measured in the X band. Values of the measured
Ty and T, relaxation times are indicated for corresponding transitions
of V1/V3 and V2 spin-% centers. A slight difference in the splitting
of the fine structure in the X and W bands is due to the inaccuracy of
setting the orientation B || c.

relaxation times of optically aligned spin sublevels, measured
at RT, are long enough for quantum operations in the system.
Thus, the measurements have unambiguously showed that the
spin color centers based on Vg; are the closest competitors to
the negatively charged nitrogen vacancy center (NV center) in
diamond.

It seems appropriate to compare these values with the
relaxation times 7; and 7, in a zero magnetic field. In our
previous work, we studied RT relaxation times 77 and 7, of
the spin—% ensemble in 6H-SiC during free precession as well
as under the influence of different refocusing schemes [25].
From the fit, the RT T relaxation time for the V1/V3 centers
is 142.1 &+ 3.6 us and for the V2 centers 107 &+ 6.6 us.

The resulting values for 7, were 3.73 £ 0.13 s and 3.31 +
0.24 us for the V1/V3 and V2 centers, respectively [25].
It can be seen that the relaxation times 77 and 7, obtained
in zero magnetic field at RT [25] are comparable with the

TABLE I. RT relaxation times 7; and 7, in 6H-SiC crystal irradi-
ated with neutrons (sample #1), B || ¢, under light excitation 785 nm.
A low intensity of the V2 low-field signal did not make it possible to
reliably measure the relaxation times.

Line Ti,Xband 75, Xband 7;, Wband 75, W band
V2 high field 83 us 7.3 us 52 us 5.7 us
V2 low field - - - -
V1/V3 high field 110 us 5.8 us 66 us 4.9 us

V1/V3 low field 119 us 4.6 us 61 us 4.0 pus
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FIG. 4. (a) The continuous wave (CW) X band electron paramagnetic resonance (EPR) spectra (top line) and electron spin echo (ESE)
detected EPR spectra (bottom) of spin—% color centers in a 6H-SiC crystal (sample #2) measured in orientation of the magnetic field B || ¢
under optical excitation of 785 nm, which leads to phase inversion for certain transitions. V2 and V1/V3 centers are indicated. Hyperfine (HF)
interactions with the nearest neighbor four carbon atoms (Cyy) and the next nearest neighbor 12 silicon atoms (Siynn) relative to the silicon
vacancy. The inset shows the low-field line of V2 centers, with the decoding of HF interactions with Cxn carbon atoms and Sinnn silicon
atoms. (b) Comparison of the EPR signals recorded in a 6H-SiC crystal with natural 2’ Si isotope content and in a 6H-SiC crystal with depleted
2Si isotope content; solid line is experiment, modulation amplitude was of 0.05 G; dashed line is simulation.

corresponding times recorded in strong magnetic fields (see
Figs. 1-3).

Multiple refocusing pulses can extend the lifetime of the
coherence further by more than an order of magnitude com-
pared with the case of a single ESE. The lifetimes of the
coherence for multiple pulses are 56 & 11 us and 51 £ 4 us
for the V1/V3 and V2 centers, respectively [25].

C. Spin-% color centers in electron-irradiated 6H - SiC crystal

Figure 4(a) shows continuous wave (CW) X band
EPR spectra (top line) and ESE-detected EPR spec-
tra (bottom) of spin-% color centers in a 6H-28SiC
crystal (sample #2) measured in the orientation of the
magnetic field parallel to the c¢ axis of the crystal,
B || ¢, under 785 nm optical excitation; V2 and V1/V3 centers
are indicated. The optical excitation leads to phase inversion;
the energy level diagrams for V2 and V1/V3 centers and
the light-induced inverse population of the spin levels are
the same as previously shown in Fig. 1(b). HF interactions
with the nearest neighbor four carbon atoms (Cyy) of the first
coordination sphere and the next nearest neighbor 12 silicon
atoms (Sinnn) of the second sphere relative to the silicon

vacancy are indicated by arrows. The inset shows the low-field
line of the V2 centers, with the decoding of HF interactions
with Cny carbon atoms and Sinny silicon atoms.

Two types of HF interactions were directly observed in
the EPR spectra [Fig. 4(a)]. The first type of HF interaction
occurs with the '3C nucleus located in the nearest neighbor
shell to the Vg;™ site. They are strongly anisotropic and reflect
the tetrahedral symmetry of the nuclear spin locations. Figure
4(a) displays also almost isotropic HF structure for the Sinnn
atoms with respect to the negatively charged silicon vacancy
Vi~ Here, '3C; denotes the interaction with the carbon atom
oriented along the c axis, and '3C,_4 denotes the interactions
with atoms located in the basal plane with the bonds inclined
by the angle ¥ = 71° relative to the c axis.

To confirm the isotopic composition of the crystal, i.e., the
decrease in the concentration of the isotope with the nuclear
magnetic moment, we compared the HF structure of the two
samples. Figure 4(b) shows a comparison of the EPR signals
recorded in a 6H-SiC crystal with natural >Si isotope content
and in a 6H-SiC crystal with depleted *°Si isotope content;
solid line indicates the experiment; modulation amplitude was
0.05 G; dashed line indicates the simulation. HF interaction
with 2°Si nucleus for 12 Siyyy atoms in the next nearest
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TABLE II. Spin-lattice relaxation time 7} of spin—% centers mea-
sured in a 6H- 28SiC crystal (sample #2). The empty cells in the table
correspond to the low intensity of the EPR signals, which did not
make it possible to reliably measure the relaxation times.

Line T.,B|c, 100K T,,B 1L ¢, 100K T}, B ¢, 300 K
V2 high field 6.7(1) ms 3.7 ms 0.1 ms

V2 low field 7.0(2) ms 3.4 ms -
V1/V3 high field 5.2(2) ms 3.3 ms 0.15 ms

V1/V3 low field 6.2(4) ms - -

neighbor shell of Si vacancy is well resolved. It is immediately
evident that the line of the V2 center for an 2Si isotopically
enriched sample and a sample with a natural abundance of nu-
clei is different. The satellites belonging to the interaction with
Sinnn atoms sharply decrease in intensity in a 6H-SiC crystal
with depleted 2°Si isotope content. The width of the individual
lines remains practically unchanged. This is because the width
of these individual lines is mainly determined by a rather
strong HF interaction with '3C nuclei in the third coordination
sphere. This interaction, as follows from our electron nuclear
double resonance (ENDOR) research, is about several Gauss.
Note that, in sample #2, isotope content of *C (1.1%) and
298i (0.9%) is approximately the same. Thus, the general EPR
line can be substantially narrowed by changing the content of
the 2°Si isotope. Further narrowing of the EPR line requires a
decrease in the concentration of the '3C isotope.

The T; times measured in 6H- 22SiC crystal (sample #2) at
the X band at 300 and 100 K in B || ¢ and B L c orientations
under 785 nm optical excitation are presented in Table II.

An orientation dependence of the relaxation time is ob-
served, and the relaxation rate in the case of magnetic field
directed along the axis of the defect (crystal ¢ axis) and
perpendicular to it differs by a factor of two. The relaxation
times 7} are significantly longer than 6H-SiC crystal, with the
natural content of isotopes, considered in the previous section.

D. Rabi oscillations

A Rabi cycle and the inverse of its duration as a Rabi fre-
quency is the cyclic behavior of a two-level quantum system
in the presence of an oscillatory driving field. Any two-state
quantum system, e.g., a spin—% system with magnetic moment
1 placed in a magnetic field B, can be used to form a qubit.
Rabi oscillations or transient nutation are the basic processes
used to manipulate qubits and have crucial importance in
quantum computing. These oscillations are obtained by ex-
posing qubits to periodic magnetic or electric fields (driving
field) during suitably adjusted time intervals.

To detect transient nutation (Rabi oscillations), as a rule,
two types of experiments are used: FID and ESE. The objec-
tive of the transient nutation experiment is twofold. Firstly, it
allows one to establish the fact that coherence can be created.
Secondly, from the transient nutation experiment, the duration
of /2 and & pulse can be established, which is necessary for
ESE experiments.

1. FID-detected Rabi oscillations

Figure 5(a, top) shows a pulse sequence for the measure-
ment of Rabi oscillations with FID detection of transient
nutation after a nutation pulse of variable duration ¢,; the dead
time of the spectrometer is denoted by 7.

FID is most clearly seen after the /2 pulse. It is a
short-lived sinusoidal electromagnetic signal appearing im-
mediately following the 7 /2 pulse. The decay of the FID
after the /2 pulse is determined by 7%, i.e., by the total
inhomogeneous linewidth. In Fig. 5(b), the resulting inhomo-
geneous resonance line with linewidth Awiphom = 25 s
presented. In the inhomogeneous line, the homogeneous line
with linewidth Awpom = 27" is indicated. Thus, FID is a
destruction of the phase coherence of the spin ensemble due
to inhomogeneous broadening. Usually, the FID is very fast
and obscures all other dynamical processes which give rise to
dephasing.

The FID decays exponentially with a time constant of 75"
according to [sinwgt] x exp(—t/T>*). We used the simplest
approximation, when 75* demonstrates a decay in signal in-
tensity by a factor of e. The more complex approximations are
usually used when the nature of relaxation processes is being
investigated. Note that, in our case, the relaxation processes
proceed simultaneously with the optical alignment of the spin
level populations; that is, in the kinetic equations describing
changes in the populations of spin levels, it is necessary to
add optically induced effects. In practice, part of the FID is
inaccessible due to dead time ;. The EPR FID signal often
decays within the dead time of the spectrometer. To over-
come this limitation, two-pulse ESE is used. The effect of
inhomogeneous broadening can be circumvented by applying
microwave pulses in special pulse sequences.

2. ESE-detected Rabi oscillations

The dead time problem in the FID-detected Rabi oscilla-
tions can be solved by observing an ESE (or Hahn echo). ESE
detection of longitudinal magnetization after a nutation pulse
of variable duration #; is shown in the bottom of Fig. 5(a).
A delay time T is inserted after a nutation pulse of variable
duration #;. T is much longer than #; and 75*, but smaller
than 77, such that the perpendicular magnetization component
has vanished and electron coherence decays completely. Then
after the waiting time 7, a standard two-pulse ESE sequence of
duration 7 is used to measure the longitudinal magnetization
component Mz(t). The change in polarization induced by the
nutation pulse is then detected by ESE. An ESE produced by
a 7 pulse following a 7 /2 pulse appears as a back-to-back
FID where the signal increases exponentially to the middle
of the signal then decreases exponentially like the FID. The
refocusing of the magnetization of the individual spin packets
only works if the “fast” spins remain fast and the “slow”
spins remain slow. If there are random jumps in the resonance
frequency of the spin packets in the time interval 27, then this
effect will be observed as a decay of the ESE with increasing
time 2t. The decay function of ESE intensity as a function
of 27 gives the rate of irreversible loss of phase coherence,
i.e., the relaxation time 7,. In other words, whereas the decay
of the FID after a 7 /2 pulse is determined by T5*, i.e., by
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FIG. 5. (a) Pulse sequences for the measurement of Rabi oscillations: (top) free induction decay (FID) detection of transient nutation after
a nutation pulse of variable duration f;; (bottom) electron spin echo (ESE) detection of longitudinal magnetization after a nutation pulse of
variable duration #,. A waiting time 7 much longer than 75, but smaller than 7;. After time 7, a standard Hahn echo sequence of duration 7 is
used to measure the magnetization component Mz(¢). The dead time of the spectrometer is denoted by #,. (Inset) Definition of different spin
states on the Bloch sphere, which is a geometrical representation of the pure state space (points on the surface of the sphere) of a two-level
quantum mechanical system (qubit). The north and south poles of the Bloch sphere are typically chosen to correspond to the standard basis
vectors |0) and |1), respectively, which in turn might correspond, e.g., to the spin-up and spin-down states of an electron. The qubit oscillates
between the |0) and |1) states. (b) The resulting inhomogeneous resonance line with linewidth Awiypem = 275*~". In the inhomogeneous line,
the homogeneous line, “spin packet”, with linewidth Awhom = 277! is indicated.

the total inhomogeneous linewidth, the decay of the spin echo
signal as a function of 27 is determined by 73, i.e., by the
homogeneous linewidth [see Fig. 5(b)]. The inhomogeneous
linewidth is caused by both instrumental effects and local
fields: the individual spins not only feel the externally applied
magnetic field but also the local fields produced by their
neighbors. There is a spread Awy in the values wy of the
individual spins in the sample. The result is a resonance line
with an inhomogeneous linewidth that is determined by the
field gradient over the sample. The homogeneous linewidth
Awhom then is only a fraction of the experimentally observed
inhomogeneous linewidth [Fig. 5(b)]. One usually describes
the homogeneous linewidth (“spin packet”) by a relaxation
timesz to indicate that the homogeneous linewidth is roughly
27,

The inset in Fig. 5(a) shows a definition of different spin
states on the Bloch sphere. The Bloch sphere is a geometrical
representation of the pure state space (points on the surface
of the sphere) of a two-level quantum mechanical system or
qubit. The north and south poles of the Bloch sphere are
typically chosen to correspond to the standard basis vectors
|0) and |1), respectively, which in turn might correspond, e.g.,
to the spin-up and spin-down states of an electron. The qubit
oscillates between the |0) and |1) states. The maximum am-
plitude for oscillation is achieved at w = wy = |y |By, which
is the condition for resonance. At resonance, the transition
probability is given by Py_ () = sin’(wgt/2), where Rabi
frequency wgr = |y |B;. The equilibrium magnetization M in
external magnetic field, which at time r = 0 is parallel to the
constant magnetic field B, = By, starts a precession under the
influence of the resonant microwave field with amplitude B,
in a frame rotation in the zy plane at the resonance frequency.
It is assumed, e.g., that the microwave field is polarized along
the x axis. The result is that the magnetization M, oscillates
in time according to Mz(t) = Mycoswgt with Rabi frequency

wg, which depends on microwave power. To go from state |0)
to state |1), it is sufficient to adjust the time 7 during which
the rotating field acts such that t = 7w /w;. This is called a
pulse. For t = 7 /2w;, we have a 7 /2 pulse, which acts as
|0y — (]0) + i|1))/+/2. This operation has crucial importance
in quantum computing.

Observed Rabi nutations persist for tens of microseconds
at RT and evidence that the probed spin ensemble can be pre-
pared in a coherent superposition of the spin states in resonant
magnetic fields at RT. In addition, the electron spin of the spin-
% centers can be manipulated by low-frequency microwave
field 30-130 MHz, which is compatible with nuclear magnetic
resonance imaging. The accent is made on the spin color
centers, which are optically active in the near-infrared spectral
region, which is preferential for potential in vivo biological
applications due to the deepest tissue penetration and which is
compatible with fiber optics.

To clearly demonstrate the relaxation processes, experi-
ments were performed to measure the Rabi oscillations and
establish the dependence of the Rabi frequency on the am-
plitude of the oscillation magnetic field B;. We study the
decay time of the Rabi oscillations for spin centers at two
temperatures 300 and 100 K. Figure 6 shows long-lived Rabi
oscillations measured in the X band as an ESE intensity vs nu-
tation pulse length (Ar) at a temperature of (a) 300 K and (b)
100 K in a 6H- 28SiC crystal (sample #2). Thus, we have RT
coherent spin manipulation of the spin—% center ensemble in
6H-SiC. Figure 6(c) shows measured Rabi frequencies (wg =
27 fr) extracted from Rabi oscillation [Figs. 6(a) and 6(b)]
and converted microwave field (B;) strength vs the square
root of the total microwave power applied to the sample. For
conversion, fgr = ﬁg,uBBl /h is used.

The observed oscillatory behavior demonstrates that the
probed spin center ensemble in SiC can be prepared in
a coherent superposition of the spin states at resonant
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FIG. 6. Electron spin echo (ESE)-detected Rabi oscillations in the X band at a temperatures of (a) 300 K and (b) 100 K in a 6H-2SiC
crystal (sample #2). (c) Measured Rabi frequencies (wg = 27 fz) in 6H-22SiC crystal on high-field (hf) transition of the V2 center, extracted
from Rabi oscillation [Figs. 6(a) and 6(b)] and converted microwave field (B,) strength vs the square root of the total microwave power applied
to the wire. For conversion, fz = ~/3gusB; /h is used. The dependence is linear both at 100 K and at room temperature (solid lines are linear
fit); the slope of two approximating straight lines coincides within the error limits.

magnetic fields at RT. A population difference of the spin
states becomes modulated in time with the Rabi frequency.
Rabi oscillations decay with a characteristic time constant
that depends on the microwave power. The oscillation of M,
damps because of the spread in B; values over the sample
because of the inhomogeneity of the microwave field. This
leads to a fanning out of the ensemble of spins in the zy
plane (rotating frame B is directed along the x axis). When
this fanning out covers the whole disc, the resulting value of
Mz = 0. One will conclude that the transition is saturated be-
cause, macroscopically seen, the two spin states have the same
population.

E. Pulsed ELDOR in r-irradiated 6H-SiC

Here, we discuss results of the PELDOR experiments on
spin-% color centers in n-irradiated 6H-SiC (sample #1). For
the system with S = % in accordance with the selection rule
AMg = :I:l three resonance transitions should occur (—% —

—1. (=3 > 4D, and (+1 — +3).

Flgure 7(a) shows ESE detected Rabi oscillations at a
temperature of 300 K on high-field transition of V1/V3
centers in neutron irradiated 6H-SiC crystal (sample #1).

(b) Measured Rabi frequencies extracted from Rabi oscil-
lation [Fig. 7(a)] and converted microwave field B; are
depicted in Fig. 7(b). The dependence is linear (solid lines
are linear fits). In Fig. 7(c), evidence is presented that
the decay of Rabi oscillations of spin qubit ensembles
depends noticeably on the microwave power and more pre-
cisely on the Rabi frequency, an effect known as “driven
decoherence” [26].

To begin with, we measure the reference ESE-detected
EPR spectra of V2 and V1/V3 centers in 6H-SiC.
Figure 8(a) shows the ESE spectrum recorded at RT under
785 nm optical excitation; magnetic field is parallel to the
¢ axis. The inset shows a pulse sequence for detecting ESE.
Two pairs of the outer resonances correspond to (—i—% — —}—%;
emission of the resonant microwaves) and (—3 — —1; ab-
sorption) transitions between the spin sublevels of V2 and
V1/V3 centers. In accordance with the results of several
experiments, Mg = :i:l are equally populated under optical
excitation. Thus, (—5 —> +5 ) cannot be detected due to the
absence of the resonant microwave absorption-emission be-
tween these two states. In addition, we cannot ascribe the
central line to the (—% — +%) because it is hidden and mixed
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FIG. 7. (a) Electron spin echo (ESE)-detected Rabi oscillations

Pulse length (ns)

at a temperature of 300 K on high-field transition of V1/V3 center in

neutron-irradiated 6H-SiC crystal (sample #1). (b) Measured Rabi frequencies extracted from Rabi oscillation [Fig. 7(a)] and converted

microwave field B;. The dependence is linear (solid lines is linear fit).

(c) Evidence that the decay time of Rabi oscillations of ensembles of spin

qubits depends noticeably on the microwave power and more precisely on the Rabi frequency, an effect recently called “driven decoherence”

[26].

with the signal of the negatively charged silicon vacancy
(Vsi7) in regular defect-free environment.

The essence of the PELDOR method is that a change in
the intensity of the ESE signal corresponding to one of the
spin-allowed transitions is recorded depending on the sweep
of the second frequency. With a resonant coincidence of the
sweep frequency with another allowed transition associated
with the former, a change in the intensity of the latter is ob-
served. PELDOR, a double-resonance technique, gives us an
opportunity to detect existence of the (—% — —I—%) transition.

This can be done if the population differences between —i—%

or —% sublevels are enough to detect what can be achieved
by applying the second microwave pulse (mw?2) which is
resonant to the (—3 — —3) and (+3 — +3) transitions. We
performed experiments to measure the FID signal when scan-
ning the additional microwave frequency. Such an approach
is like the ENDOR technique, but in PELDOR, the detection
is done by monitoring the fine structure transitions instead of
HF transitions in ENDOR.

Figure 8(b) shows the PELDOR spectrum of the V1/V3
centers. Here, we are measuring the changes in the FID signal
intensity at the resonant conditions for the (—% — +%) tran-
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FIG. 8. (a) Electron spin echo (ESE) spectrum of V2 and V1/V3
centers in 6H-SiC (sample #1) recorded at room temperature (RT)
when the magnetic field was oriented parallel to the hexagonal axis
(c axis) of the crystal under optical excitation at A = 785 nm; (inset)
pulse sequence for detecting ESE. (b) RT coherent control of V1/V3
spin—% centers in 6H-SiC: pulsed electron-electron double resonance
(PELDOR) spectrum detected at RT at magnetic field B = 343.7 mT
and microwave frequency mwl = 9.647 GHz by sweeping the fre-
quency mw?2 of the second microwave pulse; (inset) pulse sequence
for detecting PELDOR by the measuring of the free induction de-
cay (FID). Arrows indicate positions of two resonance transitions:
(=2 - —3) and (+3 — +2); central line is due to coincidence
between mw1 and mw2 pulses. The inset shows the V1/V3 spin-
% splitting with growing magnetic field. The circles represent the
pumped Mg = :I:% (depleted Mg = :I:%) states. The vertical arrows
indicate the microwave frequency-induced spin transitions.

sition between spin sublevels of the V3 center: magnetic field
is set at By = 343.7mT, and resonant microwave frequency
(mwl) at vy = 9.647 GHz is applied. We sweep the frequency
of mw2 in the range of several hundred MHz. The pulse
sequence of frequencies for detection of the PELDOR spectra
is shown in the inset in Fig. 8(b). Two well-pronounced reso-
nance transitions at frequencies vy = 9.619 and 9.673 GHz
appear. The energy separation between these transitions is
54 MHz, equal to the doubled ZFS of the center (2 x 27 MHz
for V1/V3). This is expected when magnetic field is parallel
to the quantization z axes of the fine structure tensor (B||c and
cllz).

At vy = 9.619 GHz, we detect a low energy (—3 — —1)
transition. At vy = 9.673 GHz, higher energy (+3 — +3)
transition is observed. The signal at vy = 9.647 GHz is due
to the resonant coincidence of mwl and mw?2 pulses. All
lines are detected by monitoring the resonance conditions of
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FIG. 9. Electron spin echo (ESE)-detected Rabi oscillations at a
temperature of 300 K on high-field transition of V1/V3 centers in
neutron-irradiated 6H-SiC crystal (sample #1) using a modified pulse
sequence, shown in the top. The decay time of the Rabi oscillations
becomes shorter when the first microwave pulse mw1 excites a lat-
eral transition |%) — |%) rather than a center transition |—%) — |%).
Thus, the measurements presented in Figs. 7-9 demonstrate the
possibilities for spin manipulations using several frequencies, which
cause resonance transitions between different spin levels.

“hidden” (—% — +%) transition and can be observed only
if such a transition exists. Moreover, this experiment shows
the possibility to coherently detect the optical spin alignment
between Mg = :I:% via optically pumped silent Mg = j:% sub-
levels of the V1/V3 centers. Similar PELDOR spectra were
recorded at the V2 center in 6H-SiC.

To manipulate the spin states of the spin—% center, we used
a modified pulse sequence for recording the Rabi oscillations
indicated in Fig. 9. Figure 9 shows ESE-detected Rabi oscil-
lations at a temperature of 300 K on high-field transition of
V1/V3 centers in neutron-irradiated 6H-SiC crystal (sample
#1). A modified pulse sequence, shown at the top, was used.
The decay time of the Rabi oscillations becomes shorter when
the first microwave pulse mwl excites a lateral transition
|3) — |2) rather than the center transition [—1) — |1). Thus,
the measurements presented in the Figs. 7-9 demonstrate
the possibilities for spin manipulations using several frequen-
cies, which cause resonance transitions between different spin
levels.

IV. DISCUSSION

As shown above, a sharp decrease of the spin-lattice re-
laxation time 7;, ~40 times, was observed in high magnetic
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field with increasing temperature from 100 to 300 K, while the
spin-spin relaxation time 73 is only shortened by ~1.3 times;
that is, it is almost independent on temperature.

Comparison of the values of 71 and 7, at different temper-
atures shows that the mechanism that determines spin-lattice
relaxation time 77 differs significantly from the mechanism of
spin-spin relaxation time 7,. We did not conduct a detailed
study of the temperature dependences of relaxation processes,
including low temperatures, since the main goal of this paper
was to demonstrate high coherent properties of spin centers at
temperatures close to RT. Nevertheless, the performed fitting
of the temperature dependences for the rate 1/7; leads to
the conclusion that a Raman process plays the main role. It
should be noted that all relaxation processes take place under
conditions of optical alignment of the spin level populations.
Moreover, the relaxation characteristics are measured at EPR
transitions with both the absorption of resonance microwave
energy and its emission.

The rate 1/7; is slightly temperature dependent. A general
case following the Ref. [27] behavior of the spin-spin relax-
ation time 75 in a form of the resulting spin decoherence rate
can be described by the following equation:

1 1 1 1
— X + + .
L T Td) Tsl)

It is believed that the first term 1/7>(n) is a result of
nuclear spins >C and *’Si flip-flopping; the second term
1/T,(d) is due to an interaction with paramagnetic defects:
irradiation-induced defects, paramagnetic impurities, among
which shallow nitrogen donors (substitutional nitrogen in the
neutral charge state § = %) play an important role. The third
term 1/7;(slr) is due to the influence of spin-lattice relaxation
T, on 7.

The impact of the first two terms is temperature inde-
pendent, until very extreme conditions with high Boltzmann
factors such as low temperatures and high magnetic fields
at which sufficient electron-nuclear spin polarization occurs
(see Ref. [28]). Thus, only one term 1/7;(slr) in Eq. (2) is
temperature dependent. As follows from the above equation,
since for the spin-% centers in SiC sample under study 7} =
42.4 us is much longer than 7, = 5.6 us even at RT, we do not
expect strong 7T temperature dependence to induce sufficient
increment of the 75.

As noted above, the electron spin coherence time 7, is
inversely proportional to the concentration of nuclear spins
[17], so two types of nuclear spins '3C and *’Si contribute
to the decoherence of spin centers in SiC [1/T(n) term
in Eq. (2)]. Following Refs. [17] and [23], it is reasonable
to use nitrogen-vacancy centers in diamond as a simplest
reference point with which we will compare the spin bath
concentration. The effective nuclear spin bath concentration
of SiC, considering two independent nuclear spin baths,
is estimated as psic = 0.5 x nv(pci3 + psiz0 X 0y ), where
1y, = (¥sig/ yc13)2 = 0.63; the unit cell volume expansion of
SiC comparing with diamond can be expressed as the ratio
ny = (dC—C/dSi—C)3 = 055, where dSi—C = 1881& and dC—C =
1.54 A are the Si-C and C-C bond lengths in SiC and diamond,
respectively. Smaller gyromagnetic ratio of 2°Si (ysipo =
—2m x 0.85kHz/G) compared with that of BC (yeis = 27 x
1.07 kHz/G) reduces the nuclear spin bath flipping rate of the

(@)

298 bath. Thus, the effective nuclear spin concentration of SiC
is like that of diamond, i.e., psic/Pdiamond = 1. Consequently,
the nuclear spin bath in SiC with natural isotope content
should cause similar electron spin decoherence rate as '3C
in diamond with natural isotope content. Thus, even though
the natural abundance of 2°Si is ~4 times larger than that of
e, the T time of spin color centers in SiC is not reduced
significantly. A decrease in the 2°Si content by a factor of ~5,
Psic/ Pdiamond 18 reduced by a factor of ~2: with psiz9 = 0.9%
in our experiments, the ratio psic/Odiamond 1S of 0.46.

According to Ref. [29], the spin-lattice relaxation time T}
remains constant up to high irradiation densities, regardless of
the type of irradiation. This is expected, since the dominant
effect that determines the time 7; is spin-phonon scattering,
which as an intrinsic property of the crystal does not de-
pend on the fluence up to a certain level. These findings give
grounds to the claim that the temperature dependences of the
times 77 can be compared in crystals under study (samples
#1, #2, and #3) irradiated with both neutrons (sample #1) and
electrons (samples #2 and #3). 7} and T, of spin—% centers
in neutron-irradiated 6H-SiC crystal (sample #1) are equal to
1.7 ms and 7.17 us, respectively. Comparison with the cor-
responding times in electron-irradiated commercial 6H-SiC
crystal (sample #3), 7} = 3.4ms and 7, = 44 us (see Sup-
plemental Material [24]), gives grounds to assert that neutron
irradiation leads to shorter relaxation times of spin-% centers
than electron irradiation. Note that the concentration of spin-%
centers in both samples is approximately the same.

In contrast to 77, the spin-spin relaxation time 75 is sen-
sitive to the type and fluence of irradiation particles, which
indicates a much higher 7, sensitivity with respect to inter-
actions between defects than the time 7. Thus, 7; is longer
under electron irradiation; the shortest 7> is observed in
neutron-irradiated samples due to irradiation-induced defects.

One of the main problems of using spin centers in systems
of quantum calculations and sensorics is the control of the
concentration of paramagnetic nitrogen donors, spin interac-
tions which cause the loss of the coherent properties of spin
centers [1/7>(d) term in Eq. (2)]. Furthermore, this problem
is even more serious in SiC than NV centers in diamond since
nitrogen donors in diamond are characterized by deep levels
in the band gap, i.e., are rather highly localized. In contrast,
nitrogen donors in SiC are characterized by shallow levels;
as a result, their wave functions are strongly delocalized. The
“effective Bohr radius” a* for the electron wave function in
4H-SiC is a* ~ 13 A and in 6H-SiC is a* ~ 7.2 A [30,31].
For many applications, the effect of the spin system of donor
nitrogen on coherent properties of spin-% centers should be
minimized. It was found [30,31] that the spin density of
the nitrogen donor electron propagates mostly over silicon
atoms in 4H-SiC. In contrast, the spin density of the nitrogen
donor electron propagates mostly over carbon atoms in 6H-
SiC. Since carbon atoms are nearest to the silicon vacancy,
it can be assumed that exactly these atoms will mainly con-
tribute to spin relaxation of unpaired electrons of the silicon
vacancy-related spin-% center. Thus, paramagnetic centers in
the 4H-SiC polytype can be more stable to interactions with
unpaired donor electrons since electrons are not localized on
the coordination sphere nearest to the paramagnetic center in
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this case. From this point of view, 4H-SiC has advantages over
6H-SiC, but it should also be considered that the Bohr radius
of an electron in 6H-SiC is almost two times smaller than that
in 4H-SiC, which gives some advantage to 6H-SiC. Thus, it
is important to emphasize that it is necessary to reduce the
concentration of nitrogen donors. Unlike diamond, nitrogen
is not a building base for spin color centers, which have an
intrinsic structure in SiC. Thus, the nitrogen concentration can
theoretically be reduced to the technologically possible limit.

The spin-echo experiments are not specific for the preces-
sion of spins in a magnetic field. They apply to any two-level
system in interaction with a coherent radiation field. Using the
logic of magnetic resonance, it is not a priori clear whether it
is possible to describe transient phenomena in zero magnetic
field, using the model of precession of the magnetic moment
in a magnetic field [32]. In zero magnetic field, there is no
Zeeman interaction, and the anisotropy of the interactions of
the spin system with the microwave field is determined by the
symmetry of the crystal field causing the ZFS. The resonance
in spin-% is due to a nonzero matrix element of the transition
between, e.g., |+%) and |+%) levels caused by interaction
with a resonant microwave field. Since the two GSs |—|—%) and
|+%) are assumed to have an identical electron distribution,
the transition cannot be induced by the electric component of
the radiation field; however, it is allowed as a magnetic dipole
transition.

A simple, rigorous geometrical representation for the
time-dependent Schrodinger equation was developed [33] to
describe the behavior of an ensemble of two quantum-level,
noninteracting systems which are under the influence of a per-
turbation. This transformation (so-called “Feynman-Vernon-
Hellwarth (FVH) transformation”) has several advantages:
First, it is possible to make a pictorial representation of an
evolution of any two-level quantum system. Second, inspi-
ration can be drawn from the various transient phenomena
known in magnetic resonance to describe similar experiments
with coherent microwave or light sources. It can be shown
[32,33] that the evolution of the two-level system, formed, for
instance, by the |+%) and |+%) sublevels in interaction with a
resonant microwave field V(¢) = gugB Scoswt(gupg = yh),
can be described by an equation of motion in the form of
the real three-dimensional vector equation that is identical
in form to the equation of motion of a magnetic moment
in a magnetic field dM/dt = —yB x M and, when suitable
relaxation terms are added, is identical to the Bloch equations.
This equation is dr/dt = £ x r, where the components of
the vector r uniquely determine the wave function W(z) =
a(t)W¥, + b(t)¥, of a given two-level system and the com-
ponents of 2 represent the perturbation. Here, ¥, and W,
are the two eigenstates of interest of the Hamiltonian for
the single system ¥, = |+%) and ¥, = |+%) for the GS of
spin—% center. In this case, the presence of the other lev-
els may be neglected, simplifying the spin-% system to a
two-level system. The vector r can be considered as a “pseu-
domagnetization” precessing about a “pseudofield” 2. Then
r1 = ab* + ba*, r, = i(ab* — ba*), and r; = aa* — bb*; and
Q1 =V +Ve)/h, Q2 = Vaw — Vi)/h, and Q3 = wo;
andV,, = =V, = (+% + V()| + %). Equivalently, here the

pseudomagnetization vector r precesses around the quasifield
2. The component r3 represents a normalized population dif-
ference of the |+%> and |+%) sublevels; the magnitude of ry
and r, is a measure of the amount of coherence.

In the case of high-field magnetic resonance of spin-%
particles, r space reduces to physical space; 23 turns out to
be proportional to the static field, while €2; and €2, are propor-
tional to the oscillation microwave magnetic field components
perpendicular to the static field. In the zero magnetic field
two-level system (e.g., +| %), +| %) levels) of spin center €23 is
simply frequency wy, which corresponds to the ZFS A = fhiwy,
while €2; and 2, is proportional to the microwave perturba-
tion. It is important to emphasize that both in experiments
in zero magnetic field and in fixed magnetic fields, the Rabi
frequency is of wg = |y |B;.

V. SUMMARY

The coherent spin manipulations of spin-% ensembles in
6H-SiC crystal in high magnetic fields have been demon-
strated over a wide temperature range, including RT. A sharp
decrease of spin-lattice relaxation time 77, ~40 times, from
1.7 ms to 42 us, was observed in magnetic field of ~3.5
T with increasing temperature from 100 to 300 K, while
the spin-spin relaxation time 75 is only shortened by ~1.3
times, from 7.2 to 5.6 us; that is, it is almost independent of
temperature.

Comparison of 7 and 7, for spin-% centers in neutron-
irradiated 6H-SiC crystal, 1.7 ms and 7.17 us, respectively,
with the corresponding times in electron-irradiated crystal
(commercial 6H-SiC wafer, see Supplemental Material [24]),
Ty =3.4ms, T, = 44 us, gives grounds to assert that neu-
tron irradiation leads to shorter relaxation times than electron
irradiation. The neutron irradiation leads to the creation of
many paramagnetic defects, which results in a sixfold de-
crease in time 7> and twofold decrease in time 7;. However,
the relaxation times were concluded to be long enough for
applications. An increase in the magnetic field leads to a
reduction of the times 7] and 75. An orientation dependence of
the relaxation time 7; was observed: 7} in the case of magnetic
field directed along the axis of the spin—% center (crystal ¢
axis) is about two times longer than 77 in magnetic field
perpendicular to the crystal ¢ axis. When going from spin-%
center V2 to V1/V3, there is an opposite change in the times
Ty and 7 : Ty lengthens, and 75 shortens.

A decrease in the concentration of a silicon isotope 2Si
with a nuclear magnetic moment leads to a significant length-
ening of the relaxation times. This is because a reduction in
the #Si content by a factor of ~5 (in our experiment), the
effective nuclear spin bath pg;c in SiC is reduced by a factor
of ~2.

The transient nutation (Rabi oscillation) experiments al-
lowed us to establish the fact that spin coherence can
be created at RT. Evidence was presented that the de-
cay time of Rabi oscillations of ensembles of spin qubits
depends distinctly on the microwave power and more pre-
cisely on the Rabi frequency, so-called driven decoherence
[26,34].
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It was experimentally demonstrated that an ESE can be
observed both for a spin-% ensemble in zero magnetic field
and in strong magnetic field. Moreover, the Rabi frequency
in both cases is equal for the same amplitude of B;. In
zero magnetic field, there is no Zeeman interaction, and the
anisotropy of the interactions of the spin system with the
microwave field is determined by the symmetry of the crystal
field causing the ZFS. Resonance transitions are allowed as
magnetic dipole transitions with frequency wy which cor-
respond to the ZFS of spin-% center A = hiwg. So-called
Feynman-Vernon-Hellwarth transformation [33] can be used
to describe a behavior in time of both systems. It was in-
troduced in equation dr/dt = 2 x r, which is isomorphic
with the torque equation dM/dt = —yB x M from magnetic
resonance, which describes the time dependence of a magnetic
moment in the presence of a magnetic field. Equivalently,
here, the pseudomagnetization vector r precesses around the
quasifield €. The component r; represents a normalized pop-

ulation difference; the magnitude of r; and r; is a measure of
the amount of coherence.

Experiments have demonstrated that spin manipulation in
a spin-% ensemble can be effectively performed using several
close frequencies, that is, using the PELDOR method under
optical excitation. A change in the intensity of the FID signal
corresponding to one of the spin-allowed fine structure tran-
sitions was recorded depending on the sweep of the second
frequency. The possibility to coherently detect the optical
spin alignment between Mg = :i:% via optically pumped silent
Mg = :I:% sublevels of V1/V3 or V2 centers, including the
observation of Rabi oscillations, is demonstrated.
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