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Paramagnetic defects and nuclear spins are the major sources of magnetic-field-dependent spin relax-
ation in point-defect quantum bits. The detection of related optical signals has led to the development of
advanced relaxometry applications with high spatial resolution. The nearly degenerate quartet ground state
of the silicon-vacancy qubit in silicon carbide (SiC) is of special interest in this respect, as it gives rise
to relaxation-rate extrema at vanishing magnetic field values and emits in the first near-infrared transmis-
sion window of biological tissues, providing an opportunity for the development of sensing applications
for medicine and biology. However, the relaxation dynamics of the silicon-vacancy center in SiC have
not yet been fully explored. In this paper, we present results from a comprehensive theoretical investi-
gation of the dipolar spin relaxation of the quartet spin states in various local spin environments. We
discuss the underlying physics and quantify the magnetic field and spin-bath-dependent relaxation time 7.
Using these findings, we demonstrate that the silicon-vacancy qubit in SiC can implement microwave-free

low-magnetic-field quantum sensors of great potential.
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L. INTRODUCTION

Due to their robustness, sensitivity, and versatil-
ity, point-defect quantum bits exhibit enormous poten-
tial for quantum sensing. The stringent requirements
of emerging multidisciplinary applications, e.g., room-
temperature operation, sensing at low or zero magnetic
field, microwave-free and all-optical control, and bioinert-
ness, pose numerous challenges for such devices. Novel
point-defect sensors that can meet some or all of these
criteria are continuously sought after.

The nitrogen-vacancy (N-V) center in diamond [1] is
the leading contender in quantum sensing applications [2]
realized by optically addressable point-defect qubits [3].
Recent developments in N-V relaxometry [4-9], where

*meiles@pks.mpg.de
Ttien.son.nguyen@liu.se
tyiktor.ivady@liu.se

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOI. Funded by Bibsam.

2331-7019/23/19(3)/034006(10)

034006-1

the variation of the longitudinal spin-relaxation time is
detected by optical means, have made high-temperature
microwave-free sensing applications possible. Sensing at
low magnetic field with such sensors is, however, not
possible due to the large zero-field splitting of the triplet
ground state, which requires a bias field of approximately
100 mT to bring the spin states to near degeneracy. The
presence of the bias field is often undesirable, as it may per-
turb the sample and influence the measurement [10—13].

Relaxometry-based sensing has not been explored for
other point-defect qubits, such as the divacancy [14,15]
and the negatively charged silicon vacancy [16—18] in
silicon carbide (SiC) [15]. The latter defect is, however,
attractive for low-magnetic-field relaxometry applications
owing to its small zero-field splitting value and resulting
quasidegenerate electron spin states. For such applications,
a detailed understanding of the relaxation processes of this
defect is crucial.

The negatively charged silicon vacancy in SiC provides
an optically addressable point defect the quartet ground-
state spin [19] of which has a long room-temperature
coherence time [20,21]. The unusual high spin state has
been utilized in various applications, including quantum
sensing [18,22-24], room-temperature masers [25], and
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near-infrared quantum information processing [26—28]. In
recent years, considerable attention has been paid to exper-
imental characterization of the relaxation dynamics of the
quartet silicon-vacancy spin states in a broad temperature
range in various SiC samples [21,29,30]. Relaxometry-
based sensing schemes have also been proposed for tem-
perature sensing and magnetometry based on the behavior
at spin-level anticrossings [31,32]. However, the exter-
nal field dependence of the relaxation processes due to
environmental spin coupling has received little attention
thus far but must be understood in detail for various
relaxometry applications. Recent theoretical developments
have enabled parameter-free calculations of the two major
contributions to the longitudinal spin relaxation, namely
the temperature-dependent spin-lattice relaxation [33—35]
and the magnetic-field-dependent dipolar spin relaxation
induced by local environmental spins [15,36,37].

In this paper, we study the magnetic field and local-spin-
environment dependence of the dipolar spin relaxation of
the V1 and V2 silicon-vacancy centers in the 4H polytype
of SiC (4H-SiC) [38]. We consider various environmen-
tal spin species, such as the naturally abundant '*C and
29Si nuclear spins and spin-1/2 and spin-1 point defects,
over a wide range of concentrations. We identify the most
relevant level anticrossings (LACs), where environmental
spins efficiently relax the quartet spin states, and quan-
tify the spin-relaxation time 7;. We find several narrow
resonances, where the spin-relaxation time can vary over
several orders of magnitude within a small magnetic field
interval close to B = 0. Utilizing these observations, we
propose quantum sensors for biological use and estimate
their sensitivity.

The paper is organized as follows. In Sec. I, we detail
the models and the simulation technique used. In Sec. I,
we present our computational results, while in Sec. IV we
discuss our proposal for low-field relaxometry with the
silicon-vacancy center in SiC. Finally, in Sec. V, we draw
our conclusions.

II. METHODOLOGY

We model the relaxation dynamics of many-spin sys-
tems consisting of a quartet silicon-vacancy electron spin
and a number environmental spins of different kinds. We
consider spin-1/2 *C and #’Si nuclear spins and doublet
and triplet electron spin environments. More information
on relevant paramagnetic defects in SiC can be found
in Ref. [15]. Nuclear and electron baths are considered
independently and calculated separately.

The spin Hamiltonian of the many-body system is given
by

H=Hy+Y H'+Y Hy+Y Hy, (1)
i i ij

where the Hamiltonian Hj of the quartet silicon-vacancy
spin includes the zero-field splitting (ZFS) and the Zeeman
term (ZE),

5
Hy = Hzps + Hzg = D (Szz — Z)

83 -85
+{ g.S: + g3 ST usB:. (2)

In Eq. (2), the ZFS parameter D =2.6 MHz (D =
35.0 MHz) for the V1 center (V2 center) in 4H-SiC [38].
The second term on the right-hand side of Eq. (2) accounts
for the linear and nonlinear Zeeman interactions of the
silicon-vacancy center, where g, = 2.0, g3 = 0.6, and up
is the Bohr magneton [18]. The nonlinear Zeeman term is a
direct consequence of the threefold rotation symmetry and
the high spin state of the defect [18,39].

The Hamiltonian A in Eq. (1) depends on the consid-
ered spin bath and, accordingly, x = {n, de, te}. For nuclear
spins, it includes only the nuclear Zeeman interaction term,

H' = —gnpnlizB:, 3)

where gy is the nuclear g factor of either the 13C or the 2°Si
isotope, uy is the nuclear magneton, and /; . is the doublet
nuclear spin z operator. For doublet electron (de) spins, the
Hamiltonian includes only the linear Zeeman term,

H®* = g,usS;.B., 4)

while for triplet electron (te) spins, the Hamiltonian
includes the ZFS and the linear Zeeman term,

1 E;
[-Iite =D (Slz,z — 5) + 5 (S_z._ + SZ_) +ge/'LBSi,sz; (5)

where D; and E; are the ZFS parameters of triplet spin
defect i. In our study, the triplet-spin bath consists of diva-
cancy defects, the ZFS parameters of which can be found
in Ref. [40].

The Hamiltonian Hj; terms in Eq. (1) account for the
interaction between the silicon-vacancy center and the
environmental spins. For nuclear spins, the coupling term
can be written as

H}, =S4, (6)

where S and I; are the quartet electron spin and spin-
1/2 nuclear spin vector operators, respectively, and 4; is
the hyperfine tensor determined from ab initio density-
functional-theory (DFT) calculations. The details of the
DFT hyperfine calculations can be found in Ref. [36]. For
an electron spin bath, the coupling Hamiltonian term is
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equal to the magnetic dipole-dipole coupling and can be
written as

 Mogeltp

Hi — gl —
0i 0i A7 }"3

(3(St) (Sit) = (SSD), (7

where ¢ is the vacuum permeability, S; is either the dou-
ble or the triplet electron spin operator vector of environ-
mental spin defect i, r is the distance vector of the silicon
vacancy and the paramagnetic defect, with » = |r|and =
r/r. Finally, the last term on the right-hand side of Eq.
(1) accounts for intra-spin-bath couplings. According to
our numerical tests, this term does not contribute signif-
icantly to spin-relaxation phenomena and it is neglected
hereinafter.

In the numerical simulations, we investigate the relax-
ation dynamics of a central electron spin by utilizing
a clustering-based computational method recently devel-
oped in Ref. [36] and summarized in Ref. [15]. This
method uses an extended Lindbladian to facilitate effective
interactions. In this work, we use first-order cluster approx-
imation, i.e., a system of NV spins is divided into N subsys-
tems. Each subsystem includes the quartet silicon-vacancy
electron spin and one spin from the surrounding spin bath.
The spin Hamiltonian of the first order subsystem can be
written as

A = Hy + H; + Hy. (8)

Our spin-bath models include either N = 31 (spin-1/2 or
spin-1) paramagnetic defects or N = 127 (1*C or ?Si)
nuclear spins. According to our previous calculations in
4H-SiC [15] and diamond [36,37], these values ensure that
our simulations are converged with respect to the bath size.
In order to obtain ensemble-averaged quantities, we carry
out averaging over different spin-bath configurations. In
all cases, an ensemble of 200 random spin-bath configura-
tions is considered. All configurations correspond to either
a given isotope abundance or a given defect-electron-spin
concentration. We note that in the nuclear spin-bath calcu-
lations, we do not consider those random configurations
that contain '*C nuclear spin in the first neighbor shell
of the defect. In the electron spin-bath calculations, we
exclude spins exceeding 100 MHz in coupling strength,
since in such cases the energy-level structure is completely
mixed by the strong interaction and the center does not
function as a regular silicon-vacancy qubit. These restric-
tions affect only a marginal part of the random ensemble.
For the different spin environments, we carry out two
different time-dependent studies. First, starting from a
highly polarized state of the quartet spin and a thermal
state of the bath, we simulate the time propagation of the
many-spin system over a short period of time, t = 1 s,
and study the amount of population transferred from the
initial state to the other states of the quartet silicon vacancy.

These qualitative studies shed light on the external param-
eter dependence of the silicon-vacancy—environment cou-
plings. Furthermore, the results of such calculations may
be compared with photoluminescence (PL) studies [15,37].
Second, starting from similar initial states, we carry out
long time-evolution simulations to quantitatively study the
spin-relaxation time 7). The simulation time ¢ is tested
and optimized for all the considered magnetic field val-
ues and spin-bath concentrations. Close to the LACs, we
use 0.1 ms, while far away from the LACs, we use up to
1-ms simulation time. Similarly to the simulation time, the
time step dt of the time propagation is also optimized. As
a general rule, dt is selected in such a way that even the
fastest coherent oscillation is well resolved in the simula-
tions. In a sufficiently large spin bath, the initial population
of the spin states relaxes as a sum of exponentially decay-
ing modes [29,32], from which the characteristic time scale
of the decay (7)) can be obtained. Here, we note that the
simulation time is often much shorter than the 7; time.
Due to the extrapolation, the uncertainty of the calculated
T, time is expectedly larger for a weakly coupled spin
bath, where the decay time may reach seconds. Ensem-
ble spin-relaxation times are obtained by averaging the
time-dependent population data over the random spin-bath
configurations and then fitting an exponential-decay curve
to the obtained ensemble-averaged population data.
Generally, the relaxation should be considered for each
mode separately. In the case of the spherical approximation
applied to a spin-3/2 spin, the spin density matrix may be
expanded into a basis set with separate relaxation rates,

o(t) = 1/4 + cpope™ /™ + cpope™10 + coope™0,
)

where the I, op, 0g, and gp form the diagonal part of
the spherically invariant multipole expansion basis [29],
with separate coefficients {c4, cp, co} and relaxation times
{Ta, Ty, To}. However, since we mainly simulate the initial
part of the decay, our results are likely to capture solely
the fastest relaxation modes. Therefore, for the calcula-
tions performed in this work, a single exponential-decay
model is deemed sufficient for quantitatively extracting
characteristic relaxation times.

For high spin defects, the dipolar spin relaxation
depends on the initial spin state [30]. For the silicon
vacancy, we calculate the spin-relaxation effect starting
from two different spin states. The initial population
is either evenly distributed in the mg = {—1/2,+1/2}
subspace or set completely in the mg = —1/2 state.
Since the quartet electron spin is polarized in the mg =
{—1/2,41/2} subspace in the optical excitation cycle, the
former initial state is natural for microwave-free applica-
tions. High-fidelity initialization in a selected spin state can
be achieved by applying a resonant microwave pulse [26].
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In all cases, the initial state of the bath spins is set to a
thermal state.

II1. RESULTS

First, we report on spin-relaxation effects caused by the
surrounding nuclear spin bath of the V1 and V2 centers in
4H-SiC. In order to understand the results of this section,
we briefly discuss the magnetic field dependence of the
quartet energy levels beforehand. As shown in Fig. 1(a) for
the V2 center, the doubly degenerate mg = {—1/2,41/2}
and mg = {—3/2,3/2} subspaces are split by 2D at B = 0,
due to the ZFS interaction of the C3, symmetric quartet
ground state. The magnetic field applied along the three-
fold rotation axis of the defect lifts the initial degeneracies
and gives rise to nearly linear Zeeman shifts. For a pos-
itive magnetic field, the mg = —3/2 level crosses both
the mg = +1/2 and the mg = —1/2 levels. Inclusion of
a weakly coupled spin-1/2 nuclear spin does not under-
mine the depicted level structure but, most importantly, its
hyperfine interaction gives rise to LACs at the crossings
of electronic spin states of Amg = £1. The positions of
these LACs are labeled by LAC A and LAC C in Fig. 1(a).
Furthermore, second-order effects due to couplings that
include two nuclear spins, or a nuclear spin and the nonlin-
ear Zeeman terms, enable quantum jumps of Amg = £2.
Such second-order effects give rise to an additional LAC
midway between LAC A and LAC C, which is labeled
as LAC B in Fig. 1(a). At all of these LACs, enhanced
electron spin relaxation is expected due to the nuclear spin
couplings.

In order to qualitatively study the magnetic field depen-
dence of nuclear-spin-bath-induced spin relaxation, we
carry out time-evolution simulations up to a fixed time
and investigate the amount of population transferred from
the initial state to the rest of the electron spin states.
Figure 1(b) depicts the magnetic field dependence of the
obtained population variations for the V1 and the V2
centers for two different initialization conditions denoted
by “1/2 ss” and “-1/2 0.” The former means initializa-
tion in the mg = {—1/2,+1/2} subspace, while the latter
means initialization in the mg = —1/2 state only. In all
cases, the population lost from the initial state is poly-
nomially reduced as the magnetic field exceeds Byacc.
Note that different initialization conditions give rise to
different relaxation pathways. In fact, since initialization
in the mg = —1/2 enables relaxation to the mg = +1/2
state also, at larger magnetic fields the corresponding pop-
ulation transfer is twice as large as for 1/2-ss-subspace
initialization.

For low magnetic field values, the decay of the initial
population is sizable due to the presence of several LACs
in the fine energy-level structure in this region. In case of
the V2 center, the ZFS parameter of which is D = 35 MHz,
all three LACs can be identified in the population transfer
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FIG. 1. The energy levels of the V2 center and the nuclear-

spin-bath-induced population transfer between the electron spin
states of the silicon vacancy. (a) The spin energy levels of an
isolated V2 center in 4H-SiC as a function of the external mag-
netic field. Due to the zero-field splitting (2D) and the Zeeman
shift of the states, three crossings can be observed, labeled as
LAC A, LAC B, and LAC C. The hyperfine interaction with
nearby nuclear spins opens a gap between the crossing states
and gives rise to LACs, which enable fast spin flip flops at the
corresponding magnetic field values. (b) The population transfer
from the initial spin state to the rest of the silicon-vacancy elec-
tron spin states. The inset in (b) depicts a close-up of the zero
magnetic field region. The electron spin is initialized either in
the mg = {+1/2, —1/2} subspace with equal population (labeled
as “1/2 ss”) or solely in the mg = —1/2 spin state (labeled as “-
1/2 0”). The LACs induce efficient spin relaxation that rapidly
weakens with increasing magnetic field beyond the positions of
the LAC C. The depicted population transfer curves are obtained
after a 1-pus-long time evolution of our model system.

plot in Fig. 1(b). Note that LAC A is observed exclusively
for the mg = —1/2 initialization condition, while LAC B
is observed exclusively when the mg = +1/2 state is also
populated. Since the ZFS is 2D = 5.2 MHz for the V1 cen-
ter, the LACs can be found very close to B = 0 for this
center. Due to the width of the LACs, the individual peaks
in the population transition curve cannot be resolved.
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FIG. 2. The magnetic field dependence of the ensemble-
averaged spin-relaxation time 7; of the V1 and V2 centers in
4H-SiC due to hyperfine coupling. The '3C and ?°Si nuclear-
spin-bath-induced relaxation are provided separately for the V1
center. The solid and dotted lines depict relaxation time curves
that correspond to different initialization conditions. For the '3C
nuclear spin bath, the spin is initialized in the mg = —1/2 state
only (labeled as “-1/2 0”), while for the 2°Si nuclear spin bath
the spin is initialized in the mg = {1/2, —1/2} subspace, with
equal population in the two states (labeled as “1/2 ss”). The inset
highlights relaxation times near zero magnetic field.

In order to quantitatively analyze the relaxation mecha-
nism of a silicon-vacancy qubit in the nuclear spin bath of
natural and ?°Si-depleted 4H-SiC, we carry out large-scale
numerical simulations to determine the corresponding T
times. Figure 2 summarizes the results of these calcula-
tions. For natural samples of 4.68% %°Si and 1.07% '*C
isotope content, the relaxation time is determined by the
29Si nuclear spin and the contribution of the paramagnetic
13C spins can be neglected. Indeed, the latter gives rise to
a relaxation time that is 2 orders of magnitude larger than
that of 2°Si, which is the majority nuclear spin source in the
sample. Consequently, depletion of the ?°Si isotope may
give rise to a substantial increase in the relaxation time,
when no other relaxation generators, such as electron spins
and spin-phonon coupling, are present.

The magnetic field dependence of the T time clearly
shows that the LACs drastically reduce the lifetime of the
quartet spin in the B = 060 G interval for both the V1
and the V2 centers. Within this critical region, the 7} time
expectedly limits the coherence time, while outside of this
region the 7 time exceeds 1 ms, and the dipolar spin
relaxation no longer limits the coherence time.

Next, we investigate spin-relaxation effects induced by
spin-1/2 electron spins (the case of the spin-1 defect envi-
ronment is briefly discussed in the Appendix). In SiC,
there are several different common paramagnetic defects,
the concentration of which is determined by the growth
conditions and after-growth treatments. The most relevant
defects and their expected concentrations in connection

with the spin-relaxation processes of the divacancy qubits
in 4H-SiC are summarized in Ref. [15].

As depicted in Fig. 3(a), the fine energy-level structure
of a quartet-doublet electron spin pair reveals important
differences compared to the energy-level structure seen in
Fig. 1(a) for the quartet electron spin system. Since both
electron spins exhibit Zeeman splittings with g ~ 2 and
the zero-field splitting value of the silicon-vacancy qubit is
already suppressed at small magnetic field values, the mag-
netic field dependence of the energy levels of the coupled
pair can be interpreted as the sum of a quintet (spin-2) and
a triplet (spin-1) subspace. The triplet subspace is nearly
degenerate with the three innermost states of the quin-
tet subspace [see Fig. 3(a)]. To be able to keep track of
the quartet silicon-vacancy spin states, hereinafter we use
the |mgmg ) notation to label the states. Due to the small
but nonzero ZFS of the silicon-vacancy center, four LACs
(LAC 1-4) can be found in the vicinity of B =0 [see
the inset of Fig. 3(a)]. Furthermore, an additional LAC is
found at larger magnetic field values (LAC 5). It occurs
due to the nonlinearity of the quartet spin states of the sil-
icon vacancy. We note that the position of LAC 5 may not
be well defined in a natural sample, as any inhomogeneity,
e.g., due to the local hyperfine fields of the two electron
spins, may significantly shift the position of LAC 5.

Our qualitative study for spin-1/2 electron-spin-bath-
induced spin relaxation is summarized in Fig. 3(b).
When the silicon-vacancy spin is initialized in the mg =
{1/2,—1/2} subspace, three narrow resonance peaks cor-
respond to LAC 2—4, while a wide peak at around B =
380 G marks the position of LAC 5. The oscillations
observable on the sides of the resonance peak of LAC
5 are a side effect of the finite simulation time and the
slow coherent oscillations between states |—3/2,+1/2)
and |—1/2,—1/2). For the V1 center, all LAC-related
resonances occur much closer to B = 0.

When the initial population is set in the mg = —1/2 state
only, we observe an unexpectedly high nearly magnetic-
field-independent population transfer to the empty states
[see the dashed lines in Fig. 3(b)]. To understand this
observation, we refer to Fig. 3(a), which shows a degener-
ate pair of states at the zero value of the energy scale. This
magnetic-field-independent degenerate subspace includes
the |[4+1/2,—1/2) and the |—1/2,+1/2) states, which can
be coupled by the spin flip-flop operator of the dipole-
dipole interaction. Since the states are degenerate, even a
weak coupling between the two electron spins can give
rise to a sizable population transfer within the doublet
manifold, which explains the constantly high value in
Fig. 3(b). We note that recent measurements have demon-
strated fast |—1/2) <> |+1/2) relaxation [30] in accor-
dance with our findings. The phenomenon of efficient spin
relaxation between the |£1/2) states and its effects on
the decoherence of the V2 center is further investigated
in Ref. [41].
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FIG. 3. (a) The energy levels of a quartet-doublet two-electron

spin system. The inset shows a close-up of the zero magnetic field
region. Altogether, five level anticrossings, marked by LAC 1-5,
can be found at distinct magnetic field values. The solid pink and
dashed black lines indicate the up and down states of the spin-1/2
defect. (b) The electron-spin-defect-induced population transfer
from the highly polarized initial state to the empty quartet spin
states of the V1 and V2 centers. The solid and dashed lines depict
curves that correspond to different initialization conditions. For
the former, the spin is initialized in the mg = —1/2 state only
(labeled as “-1/2 0”), while for the latter the spin is initialized
in the mg = {1/2,—1/2} subspace, with equal population in the
two states (labeled as “1/2 ss”). The concentration for the spin-
1/2 defect is set to 10'® cm™ and an overall simulation time of
1 s is used.

Next, we quantitatively investigate the magnetic field
dependence of the longitudinal spin-relaxation time of
quartet silicon vacancies surrounded by spin-1/2 param-
agnetic defects. Figure 4 presents the calculated relax-
ation time of the V1 and the V2 centers for various
spin-bath concentrations. As can be seen, the relaxation
time ranges from 100 s to 20 s, depending on the

concentration of the defects and the magnetic field. As
expected, the LACs drastically shorten the lifetime of
the silicon-vacancy spins; however, the 7} time increases
rapidly beyond LAC 5.

IV. DISCUSSION

The careful examination of the most relevant spin-
relaxation mechanisms of the silicon-vacancy qubit pre-
sented in Sec. III allows us to propose a low-magnetic-field
relaxometry application, relying on the variation of the
spin-state lifetime due to environmental couplings of the
silicon-vacancy center in SiC measured through its fluores-
cence intensity. Such a microwave-free sensor is desirable
for various biological applications. Furthermore, the V1
and V2 silicon-vacancy centers with 862-nm and 917-nm
zero-phonon photo luminescence emit in the first near-
infrared transmission window of biological tissue (650 nm
and 950 nm) and thus such a fluorescence silicon-vacancy
sensor would also be suitable for in vivo applications.

Since the photoluminescence signal of the silicon
vacancy depends on the population of the spin states,
spin-relaxation-induced population transfers have a direct
signature in the optical signal. Under continuous opti-
cal excitation, the silicon vacancies are probabilistically
excited and the time ¢ spent in the ground state between
two excitations follows an exponential distribution. When
the center is in the ground state, the initial high degree of
polarization in the mg = £1/2 state exponentially decays.
Therefore, the PL signal of an ensemble of silicon-vacancy
centers is equal to

S =CT f or,(H e Mar, (10)
0

where o7, (#) is the probability density function of expo-
nential distribution, 7, is the average dwell time in the
ground state for a given excitation power, C is the spin-
dependent contrast of the optical signal, and Z; is the
fluorescence intensity of the defect. Here, we assume that
the initialization of the spin state through the optical cycle
requires negligible time in comparison with T,. After
integration, the continuous wave signal is equal to

T,

S =CI,
n+1,

(11)

and hence its derivative with respect to the spin-relaxation

time is
dS T
—=CIO<— —— + ) (12)
dT, (T +1y) T+ Ty

which takes its maximal value at 77 /7T; — 0. It is there-
fore advisable to set the parameters of the silicon-vacancy
sensors, the excitation laser power, and the spin-defect
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FIG. 4. The magnetic field and electron-spin-defect concentration dependence of the ensemble-averaged spin-relaxation time 7' of
(a) the V1 center and (b) the V2 center. The quartet spin state is initialized in the mg = {1/2, —1/2} subspace. The dashed horizontal

line in (b) highlights the typical coherence time for the V2 center.

concentration in such a way that the 7; < T, relation is
ensured.

Following this model, upon applying a bias field B.,
at the LAC B or C magnetic field regions, monitoring
the change in photoluminescence intensity will give an
estimate for the relaxation time, which will correspond
to a unique value for the external field in the respec-
tive monotonous regions of the relaxation time around
the LACs. However, to utilize the full LAC region, one
may introduce a small oscillating field B, ,, = B, sin(w?)
in addition to the bias, where w may be well below radio
frequency [18]. The external field oscillation will produce
an oscillating photoluminescence intensity, with an ampli-
tude and phase difference to the B. , field corresponding to
the relaxation time and its derivative, according to

T 1 dT, dB.
CIy (— —— ) —
(T + Ty) T+ T;) dB dt

ds _
dt

(13)

which can be captured via lock-in measurement. This
method will have increasing accuracy with increasing
magnetic field sensitivity of the relaxation time and will
enable highly sensitive low-field magnetometry in a range
of £0.3 G according to our predictions (see Fig. 5). To
achieve a quantitative accuracy, however, the mapping
between PL variation and magnetic field needs to be cali-
brated for the specific sample and orientation in relation to
the ¢ axis of the lattice. Our calculations assume alignment
of the external field with the ¢ axis and deviation from this
is expected to broaden the relaxation rate peak around each
LAC, which could be one way of tuning the sensing range,
at the cost of sensitivity [18].

Works using lock-in measurements around the ground-
state LAC of the silicon vacancy have reported an accu-
racy of order 0.1 pwT/ /Hz at room temperature when

applied to a silicon-vacancy concentration of 2 - 10'4 cm™3

[18,32], which may be limited by the inherent spin con-
trast and intensity of the silicon-vacancy zero-phonon line.
However, this measurement technique is applied in the
defect-ensemble setting and increasing the concentration
of silicon vacancies would be one way of improving the
accuracy. Furthermore, creating silicon vacancies by irra-
diation will create other defects in the local environment,
such as carbon vacancies, in a proportional amount, which
will be beneficial in maximizing the LAC relaxation rate
due to the electron spin-bath concentration.

Magnetic field sensing can therefore be realized utiliz-
ing the magnetic field dependence of the spin-relaxation
time 77(B) studied in this paper. It is important to
note, however, that the spin-lattice relaxation induced by

100 1 1 1
i ) » -
dTy/dB=-03ms G 41, 48=—06ms G [
- ] L
] i L
~ 50 L
= ] i
1 LAC C r

0 T T T
0.0 0.5 1.0 1.5 2.0

Magnetic field (G)
FIG. 5. The spin-relaxation curve of the V1 center at room

temperature (77 (300 K) = 100 ps) fora C = 10'7 cm~ spin-1/2
point-defect concentration in an isotope-purified 4H-SiC sample.
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the magnetic-field-independent spin-orbit and electron-
phonon interactions needs to be taken into consideration
as well, especially at room temperature. The net relaxation
rate can be written as a sum of the two terms,

1 1 1
LB.T) T 1B

(14)

Based on recent low-magnetic-field measurements on the
silicon-vacancy center in SiC, the spin-lattice relaxation
time 77(7), withT being the temperature, is in the
range of 100 ps at room temperature [21,42]. In order
to obtain a measurable magnetic-field-dependent signal,
the dipole-dipole-interaction-induced spin-relaxation time
T1(B) needs to be at least in the same order of mag-
nitude. For the V1 (V2) center, this can be achieved at
low magnetic field strength by using C = 10'7 ecm™ (C =
3 x 107 ¢cm~3) spin-1/2 defect concentration in the host
material.

In order to achieve the highest sensitivity, the deriva-
tive of the relaxation time with respect to the magnetic
field dT;(B) /dB should be maximal. In this respect, the
hyperfine interaction that gives rise to local inhomo-
geneities, variation of the LAC positions, and broaden-
ing of the resonance signal is undesirable. Therefore, for
high-performance sensing applications, *°Si- (and 3C-)
depleted samples are needed. In our calculations, we con-
sider relaxation mechanisms in nuclear and electron spin-
bath environments separately; thus our results for spin-1/2
electron spin environments correspond to isotope-purified
samples.

The highest gradients can be found close to zero mag-
netic field at the sharp resonances of the spin-relaxation
curves that are associated with LACs in the energy-level
structure. In Fig. 5, we depict the T7(B,300 K) curve of
the V1 center close to zero magnetic field for a C =
10'7 cm~3 spin-1/2 defect concentration in a paramagnetic
isotope-purified 4H-SiC sample. The largest derivative
of 0.6 msG™! is obtained at an external magnetic field
value of 1.75 G. Inserting this gradient into Eq. (10), we
obtain the variation of the PL signal through the following
formula:

1

C1,

as =42G™".

dB (13)

This implies that the PL signal changes by 4.2% of the
spin contrast C for AB =1 uT at B = 0.175 mT external
field. Such a high gradient may lead to the realization of
sensitive dc magnetic field sensors in SiC at very small
magnetic field values.

V. CONCLUSIONS

In summary, we comprehensively investigate the
dipolar spin relaxation of quartet silicon-vacancy qubits in

4H-SiC. The observed relaxation phenomena significantly
differ from the case of triplet qubits in wide-band-gap
semiconductors, such as the N-J center in diamond and the
divacancy in SiC. Due to the small zero-field splitting, the
LACs and most of the strong relaxation processes squeeze
into a small magnetic field interval close to B = 0. While
this region is generally avoided in experiments due to the
strong couplings, here we show that one may utilize these
effects in room-temperature microwave-free magnetic field
sensing applications. Based on our results, we propose that
the most suitable 4H-SiC sample for this purpose is a para-
magnetic isotope-purified sample that contains spin-1/2
defects in approximately 10'7 cm= concentration.
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APPENDIX: SPIN RELAXATION DUE TO SPIN-1
DEFECTS

In this appendix, we qualitatively investigate the cou-
pling of the quartet silicon-vacancy spin states to a bath
of divacancies. The concentration of these spin-1 defects
is not substantial in commonly studied 4H-SiC samples;
thus their contribution to the spin-relaxation time may
be negligible in most cases. On the other hand, when
the electron spin states are resonant, even a few neigh-
boring divacancy centers can give rise to sizable relax-
ation effects that may be undesirable from the application
point of view. To reveal the magnetic field values of the
enhanced relaxation due to divacancy spins, we study spin-
bath-coupling-induced polarization transfer between the
initially polarized and initially empty states over a 1-us
simulation time [for the V1 and V2 centers, see Figs. 6(a)
and 6(b)]. Note that the spin bath includes all four possible
divacancy configurations; thus Fig. 6 shows the integrated
effect of all the different divacancies. As can be seen in
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FIG. 6. Population transfer between a silicon vacancy and a
bath of divacancy qubits in 4H-SiC. (a),(b) The cases of the V1
and V2 centers, respectively. The dark- and light-color curves
show different spin-initialization conditions. In both cases, the
figure integrates the contributions from all of the four different
divacancy configurations.

Fig. 6, there are numerous resonances due to the multiple
crossings between electronic states and the variance of the
D; and E; ZFS parameters. Furthermore, the relative ampli-
tude of certain resonance peaks may vary depending on
the initial spin state of the silicon-vacancy and divacancy
qubits.

As can be seen in Fig. 6, the number of resonance
peaks drops as the magnetic field increases. In particu-
lar, for 300 G < B < 400 G and 500 G < B, no resonance
peaks can be found. These magnetic field regions may be
advantageous for silicon-vacancy applications when both
silicon vacancies and divacancy defects are created by
positive-ion implantation and subsequent annealing.
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