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Although various defect centers have displayed promise as either quantum sensors, single photon emitters or
light-matter interfaces, the search for an ideal defect with multi-functional ability remains open. In this spirit, we
study the dichroic silicon vacancies in silicon carbide that feature two well-distinguishable zero-phonon lines
and analyze the quantum properties in their optical emission and spin control. We demonstrate that this center
combines 40% optical emission into the zero-phonon line showing the contrasting difference in optical
properties with varying temperature and polarization, and 100% increase in the fluorescence intensity upon the
spin resonance, and long spin coherence time of their spin-3/2 ground states up to 0.6 ms. These results single

out this defect center as a promising system for spin-based quantum technologies.



I. INTRODUCTION

Quantum technologies based on solid-state devices can take advantage of well-established fabrication and
control methods developed over the past century. Among several quantum systems, color centers in
diamond [1-3] have gained prominence as quantum-enhanced nanoscale sensors[4], coherent spin-
photon/phonon interfaces [5—7] and quantum registers [8]. Despite their success, the limited emission rate of
indistinguishable photons of e.g. the nitrogen vacancy (NV) center and the difficulties of diamond nano-
fabrication currently inhibit the progress towards efficient and scalable spin-photon interfacing devices [9]
which is a prerequisite for building quantum networks and network-based quantum computing devices. Defect
spins in silicon carbide (SiC) have been studied as an analog to diamond color centers, due to their promising
complementary properties and the established technologies in growth, doping and device fabrication [10]. As in
diamond, defect spins in SiC exhibit long coherence times [11-13] and optically detectable spin signals at room
temperatures [14—16], down to the individual spin level [17,18]. SiC hosts several defects with addressable

electronic spins, including silicon vacancies [13,18], divacancies [12,17], and transition metal impurities [19,20].

I1. DICHROIC SILICON VACANCY

The silicon vacancy (Vs;) in SiC is one of the naturally occurring point defects [21] and can be created by
kicking out silicon atoms using accelerated particles [14]. There have been two competing models for their
atomic structure, an isolated negatively charged Vg;[21,22] and a Vg bonded to a neutral carbon
vacancy [16,23], for the precise identity of Vg. While most defects in semiconductors used in quantum
technology host a S=1/2 or 1 electronic spins [3,20,22,24], the silicon vacancy (Vg;) in hexagonal SiC features a
$=3/2 electronic spin in uniaxial crystal lattices. Its ground state was assigned as S=1 [14] but identified as
S=3/2 by many experimental evidences [23,25-27]. According to Kramers’ theorem [28], the degeneracy of a
half-integer spin system can only be broken by magnetic fields, making it insensitive to fluctuations in strain,
temperature, and electric field. Furthermore, the same Landé g-factor of ground and excited states makes the

optical transitions corresponding to different spin states spectrally indistinguishable, for any applied magnetic



field [21]. These factors have led to a theoretical proposal, by Soykal et al. [29,30], of a robust interface between
spin and photon polarization, which is not perturbed by environmental noise. Additionally, while other defects
exist in several different orientations in the crystal lattice [31,32], Vy; at each inequivalent lattice exhibit only
one single spin orientation along the c-axis of the crystal [14,16]. This can allow deterministic orientation,
enhancing scalability in devices. In this work, we demonstrate that the V1 center, one of the two Vg; centers
residing at two inequivalent lattice sites of in 4H-SiC [21], features a large fraction of radiation into the zero-
phonon-lines (ZPL) of up to 40%. In addition, two sharp ZPLs exhibit contrasting polarization properties which
may pave a new way for quantum control. To discriminate the V1 center with the V2 center whose ZPL is
known to be monochromatic, we call it “dichroic silicon vacancy” through this report. These properties can form
the basis of the robust spin-photon interface [29]. We also demonstrate efficient spin polarization and readout
resulting in nearly 100% relative increase in optically detected spin signal allowing the high-fidelity spin state
readout, and long spin coherence time into the millisecond range. We conclude with some considerations about
the prospects to realize a robust spin-photon interface [29,30]. While the V2 center has been intensively studied
in the context of quantum applications [13,18,23,27,33-35], there are only a small number of prior studies for

V1 center mostly due to the absence of spin resonance signals at the elevated temperatures [14,21,33].
II1. MATERIALS AND METHODS

All measurements were performed on a commercially available high purity 4H-SiC substrate. The sample
was electron irradiated (2 MeV) with a dose of 5x10" electrons/cm”to create a high density of Vs defect
centers. The sample was placed in a closed-cycle cryostat from Montana instruments, at a temperature around
5K. A static magnetic field B, =60 and B, =1000G was applied parallel to the c-axis by a permanent magnet.
Optical excitation was performed either resonantly, by a 858/861 nm laser diode using a Littrow external
cavity or off-resonantly by a 730nm laser diode. The light was focused on the sample by a high NA (0.9) air
objective. The RF/MW fields were created by a vector signal generator (Rhode & Schwartz SMIQ 06B),

amplified by a 30 W amplifier (Mini-Circuits, LZY — 22+). Radio-frequency (RF) fields were delivered by a copper



wire with a diameter of 20 um, which was spanned on the sample surface. Further information can be found in

the Supplemental Materials [36].

IV. FLUORESCENCE PROPERTIES

The theoretical energy-level scheme, proposed by the group-theoretical analysis, is sketched in Fig. 1(a). The

ground state of V1 is a spin quartet of symmetry * 4, (@ a/e’) and total spin S=3/2 [21]. The ground |il/2> and
|+3/2) sublevels of V1 are split by a zero-field splitting (ZFS) of 4 MHz [21]. Two excited states ‘E (alale’

and * 4, (a’ale’) can be selectively excited from the ground state via resonant laser excitation with 1.445 eV
(858 nm) and 1.440 eV (861 nm), known as V1* and V1 ZPLs, respectively [21,37]. At a temperature of 5.5 K,
both the emission of the V1 ZPL transition (* 4, to *4,) and V1’ ZPL emission (*E to * 4,) are observable as

shown in Fig. 1(b) and their decay times, the excited state lifetimes, are approximately 6 ns[36]. Their
intensities show temperature dependence, i.e. V1’ ZPL intensity peaks at around 70 K (Fig. 1(b)). The energy
difference between the ZPLs of V1 and V1’ is about 4.4 meV which corresponds to a thermodynamic equivalent
temperature of 51 K. The enhanced emission from the V1’ transition at elevated temperatures may be

understood as a phonon-assisted process [36].

The protocol by Soykal et al. for a robust spin-photon interface features the energetically degenerate but
orthogonally polarized photons [29,30] associated to V1. Here we report a complete characterization of the
polarization properties of V1’ and V1 ZPL. While some polarization studies were reported in the
literature [21,38], we will show that the current model for this defect requires revision. The polar plot in Fig.
1(c) represents the integrated intensity of each of the V1 and V1’ ZPLs as a function of the half-wave plate
angle, taken at T=5.5 K with the laser incident angle perpendicular to the c-axis. The dominant polarizations of
V1 and V1’ ZPLs are almost orthogonal to each other. The full orientation analysis results are in qualitative

agreement with previously suggested optical selection rules based on group-theoretical analysis within the single

group C,, , representing the symmetry of Vg; [21,38]. This analysis predicts E | ¢ polarization for the V1



transition and E L ¢ polarization for the V1’ transition. However, while the photons originating from V1’ are

quite well linearly polarized E L ¢, the V1 transition is not entirely polarized as E || ¢ but contains a component
E L ¢ . These indicate that the selection rules need revision. Since the negatively-charged Vy; contains an odd

number of electrons (resulting in half-integer spin), the correct symmetry is the double group C_w,

as previously
suggested [29]. The derivation of the selection rules for C_SV leads to a better estimate of the relative contribution

of the E ||c and E L ¢ polarizations in the optical emission of the V1 and V1’ ZPLs. This is outlined in the

Supplemental Materials [36]. We find that for the V1 transition the distribution among the two polarizations is

E|c: ELc =3:1, whereas for the V1’ transition the proportion is E L¢: E ||¢ = 11:1. These estimates are in
good agreement with the polar plots in Fig. 1(c), E|¢/E L¢ = 1.85+0.06 for V1, and E L¢/ E| ¢ = 1943 for

V1°. For completeness, polarization is also measured with the laser incident angle parallel to the c-axis [36].

V. OPTICAL SPIN STATE DETECTION
In the next set of measurements, we characterize the spin properties for a defect ensemble. The ground state
spin can be polarized into the sublevels |Sz = i3/2> [29] by optical pumping [33] with an off-resonant laser (A

=730 nm). At any constant finite magnetic fields (B, ), the spin energy levels are determined by the Hamiltonian,
H=guB-S+D[S;-S(S+1)/3], (1)

where g is the Landé g-factor, 4, is the Bohr magneton, D is the ZFS (2 D=4 MHz), and S, is the
projection the total spin onto the quantization axis, the c-axis in 4H-SiC. By applying resonant radio-frequency
(RF) fields (B,) one can induce transitions between spin sublevels (Fig. 2(a)), resulting in a change in optically
detected magnetic resonance (ODMR) as shown in Fig. 2(b). The relative change in ODMR signal is calculated

as [1( f )—10_,;-]/ I, , where I(f) is the PL intensity at the RF frequency /', and 7, is the PL intensity at the

off-resonant RF frequency. The spin-sublevels are energetically split at B, =60G aligned along the c-axis. The

relative ODMR signal as a function of the driving RF frequency shows a negative signal at 170 MHz, with the



relative intensity 0.05% as in the upper panel of Fig. 2(b). It is attributed to the V1 ground state spin; a similar
signal was also reported for V1 and V3 centers in 6H-SiC [33]. By exciting the optical transition V1 resonantly
as in Fig.1(a) a positive relative ODMR signal with 100+ 0.6% is achieved (lower panel in Fig. 2(b)). In
contrast, excitation of the V1’ optical transition in Fig.1(a) reveals a negative signal with a minimal increase in
the relative signal intensity [36]. A similar substantial enhancement of the ODMR signal was reported for the
V2 center ensemble in 6H-SiC [33]. Although the underlying mechanism is not yet completely understood, we
attribute it to the enhanced spin polarization in the ground state resulting from resonant optical excitation.

Resonant excitation of V1 ZPL results in the excitation into the lowest vibrational level of the V1 excited state.

This efficiently suppresses the phonon-assisted spin-mixing between the *4,and *E excited states leading to

an improvement in the ODMR signal at sufficiently low temperatures (4,7 <4.4meV). On the other hand,

resonant excitation of V1’ does not result in such an improvement as it still involves the excitation of V1 (lower

in energy) and its vibrational levels. This observation may also indicate that optical polarization is mainly

established by the intersystem-crossing (ISC) between the * 4, excited states and the ’E metastable state while

the *E excited states have a less efficient ISC [29]. We expect further enhancement of the ODMR signal when
a single V1 center is isolated owing to the suppressed inhomogeneous broadening. We note that if an identical
ODMR contrast, namely C, and an identical photoluminescence (PL) intensity without spin resonance are

assumed, a positive signal leads to a signal-to-noise ratio larger than the negative signal, as of the NV center in

0.5

diamond [1] and divacancies in 4H- and 6H-SiC [32], by a factor of (1-C) " [36].

VI. COHERENT SPIN CONTROL
In order to demonstrate coherent control of the electronic spins, we investigated spin dynamics of the V1
center ensemble under applied RF pulses. The resulting distribution of the Rabi oscillations in the range of f
=160-190 MHz at B, =60 G, is shown in Fig. 3(a). The dynamics is strikingly different from the single-

frequency Rabi oscillations typical of a two-level system. Further understanding can be obtained by plotting the

Fast-Fourier transform of the Rabi oscillations, for different values of the driving power. For two-level



transitions one expects parabolic profiles, corresponding to a Rabi frequency £2 increasing with the detuning
Aw as 27 = + A&’ where @, is the driving frequency determined by the applied B, field strength

(£, =< B,). The experimental data reveal richer and more complex dynamics. We explain our observations with

the presence of three closely-spaced transitions, corresponding to f,, f,, and f; in Fig. 2(a). While resonantly

driving one transition, due to the small ZFS, off-resonant excitation of the other two transitions is not negligible.
To support this explanation, we developed a theoretical model based on four levels of S=3/2 driven by a single

monochromatic radio-frequency field. The system dynamics is investigated assuming initial polarization into an

incoherent mixture of |Sz =13/ 2> . Further details on the model can be found in the Supplemental

Materials [36]. Our simulations match quite closely the complex structure of the experimental data (see Figure

3(c, d)). When f'is lower than f; (|—3 / 2) & |—1 / 2) ), the transition f; is mainly excited, leading to a parabolic

profile. However, off-resonant excitation of the transition f5, coupling |—1 / 2> to |+1 / 2> , results in a second

weaker Fourier component in the Rabi spectrum with larger Rabi frequency. With increasing RF power (B, field
strength), simulated by increasing the driving frequency proportional to the increase of the experimentally used
B, field strength, this component becomes stronger. When f=f5, one simultaneously drives off-resonantly the
transitions f; and f3, resulting in a larger Rabi frequency. This is evident in the plots corresponding to the largest
RF power, where the parabolic profile centered around f; shows a much larger Rabi frequency than the profiles

related to f; and f;. Note that the experimental data can only be explained by assuming the excitation of the

|—1 / 2) & |+1 / 2) transition, which was not reported. Additionally, the assumption for initial polarization into
|i1 / 2> , which is the case for the V2 center, does not reproduce the observed signal. Note that we report for the
first time the experimental evidence for S=3/2 of the ground state of the V1 in 4H-SiC [36].

The small ZFS poses challenges for high-fidelity coherent spin control, which need to be addressed for the V1

center to be a serious contender for quantum technology. There are several possibilities to explore: use of (i)

optimal quantum control sequences, (ii) adiabatic passage techniques that restrict the dynamics only to a two-

level subspace (e.g. |+3 / 2> and |—1 / 2> ), with no leakage to other states of the Hilbert space [39], (iii) pulses

designed to avoid a transition by building holes in their frequency spectrum to avoid leakage [40], (iv)



superadiabatic (shortcuts to adiabaticity) control [41], which was recently demonstrated for NV centers in
diamond [42]. Alternatively, the V1 in 6H-SiC is known to exhibit a larger ZFS [14,21], which would relax this

problem.

VII. SPIN DECOHERENCE

We studied spin coherence at T= 5.5 K with B, =60 G [36] and 1000 G by Ramsey, Hahn-echo, and XY-8
dynamical decoupling pulse sequences by optical excitation resonant with the V1 ZPL (861 nm). We observed

an evolution of the coherent superposition with the electron spin dephasing time of 7;*=1.3i0.3 us at

B, =1000G aligned parallel to the c-axis by a Ramsey experiment as shown in Fig. 4(a). To suppress the
inhomogeneous broadening in an ensemble and decouple the spin ensembles from low-frequency spin noise
from such as paramagnetic impurities and a nuclear spin bath composed of *’Si and "°C [11], we applied a Hahn-
Echo sequence. Identical laser pulses of 2 us length were applied before and after the MW pulse sequences for
the optical spin polarization and projective spin state readout, respectively, and also to avoid dephasing due to
the optical excitation [29]. Although the applied RF pulses exhibit limited spin control to a single transition as

discussed in the Supplemental Materials [36], we could see a typical exponential decay with 7, =83.9£1.6 us
(Fig. 4(b)). The observed 7, is, however, shorter than the theoretical expectations for the V2 center [11] and the

value measured for a single V2 center at room temperature [18]. This could be related to the imperfect 7 pulses

and the inhomogeneity of the B, field (see the Supplemental Materials [36]). These observations, however,

support the findings by Carter et al. [34], related to the fact that the dephased state cannot be refocused by a &
pulse due to the oscillating local fields produced by coupled nuclear spins. Thus, the shorter 7, could be related

to electron spin echo envelope modulation (ESEEM). The four sublevels of a S=3/2 electronic spin have four
different non-zero hyperfine coupling to nearby nuclear spins and thus result in more complex ESEEM than S=1

systems [11,18]. Furthermore, as reported by Carter et al., the ensemble inhomogeneous broadening induces

beating oscillations among the various modulation frequencies, leading to a shortening of the Hahn-echo 7, [34].



To further suppress decoherence, we applied the XY -8 dynamical decoupling sequence, which acts as a filter for
the environmental magnetic noise [43]. This sequence has proven to be effective to extend the coherence time of
the S=3/2 spin ensemble of the V2 center from the nuclear spin bath in 4H-SiC [13]. A repeated decoupling
pulse scheme leads to a better suppression of noise, increasing the spin decoherence time with N=10 and N=50

repetitions to a value of respectively 7, =286+7 ps and 7, =0.60+0.01 ms (Fig. 4(b)). These suggest that the

heteronuclear spin bath in SiC itself provides a diluted spin bath for not only the V2 center [13,18], and

divacancy defects [17], but also the V1 center.

VIIIL. ISOLATED SINGLE SILICON VACANCY

Although the spin ensemble-based quantum applications such as quantum memory [44] are valuable, many
advanced quantum applications including e.g. the spin-photon interface requires addressing of single defect
centers. To test if the single V1 center can be used as an efficient coherent single photon source, e.g. a building-
block for the robust spin-photon interface, we isolated single V1 centers in nanopillars fabricated on a 4H-SiC
sample [35], as shown in Fig. 5(a). Addressing of a single center is proven by the autocorrelation measurement

in a Hanbury Brown and Twiss configuration, with g’ < 0.5 [36]. The saturated count rate of 14 kcps was

measured by an air objective of NA=0.9 with a single photon detector inefficient in this wavelength (see the
Supplemental Materials [36]). The spectrum at 7=4K shows both V1 and V1’ ZPLs as in Fig. 5(b), further proof
that they correspond to two different excited states of the same defect. To determine the Debye-Waller factor
(DWF), the fraction of radiation into the ZPL of V1 over the whole V1 spectrum, the contribution of V1’ to the
phonon sideband (PSB) has to be minimized. At 4 K, the intensity of the V1’ ZPL is weak, and we suppose that
the contribution to the PSB is also negligible in comparison to V1. Then, the conservatively estimated DWF of

the V1 is 4016 %. See the Supplemental Materials [36] for the additional data and DWF of the V1°.

IX. SUMMARY AND OUTLOOK



In summary, optical spectroscopy and polarization measurements confirm the symmetry properties of the V1
center in 4H-SiC, supported by the established double group C_wmodel, substantiating the theoretical model

leading to the proposed robust spin-photon interface [29]. A spin-photon interface requires narrow optical
transitions [36], weak spectral diffusion and slow spin-flip rates by optical pumping cycles. Recent results on the
divacancy in SiC shows that the material quality is sufficiently high to satisfy these requirements [22]. Resonant
optical excitation of the V1 ZPL leads to a substantial increase in spin-dependent photoluminescence emission
indicating an efficient spin-dependent transition. We also have shown the extension of spin coherence time,
through dynamical decoupling sequences, up to 0.6 ms, which will enable long and complex spin manipulation
necessary for spin-photon interface [5,45]. While the leading contenders for defect-based quantum spintronics,
such as the NV center in diamond and divacancy in 4H-SiC, suffer from low optical emission into zero-phonon
lines (with DWF ~3% and 5-7% [22,46], respectively), the V1 center in 4H-SiC features a significantly higher
DWEF, up to 40%. The high ZPL emission could guarantee a high event rate for the proposed generation of spin-
photon entanglement. The weak overall photon emission rate of the V1/V1’ transition may be circumvented by
using photonic structures fabricated on SiC, which recently have shown progress towards high-Q cavities and
efficient photon collection [35,37,47]. This can further be used to generate strings of entangled photons [6,48].
Further work on this dichroic single defect, which is undergoing, is necessary to identify individual optical

transitions and the associated selection rules which are essential for realizing spin-photon interfaces, e.g. spin-

photon entanglement exploiting transitions to the ‘E excited state (V1’ line) with the high fidelity spin

initialization and read-out with the V1 line.
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FIG. 2. (a) Zeeman effect of the spin 3/2 ground state of the V1 center for B, Pc. f1, f2, and f3 represent

possible resonant transitions. (b) Upper panel: an ensemble ODMR spectrum with a 730 nm laser at 60 G.
Lower panel: the ODMR with a laser resonant to V1, 861 nm.
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