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Abstract
Spin-active color centers in solids show good performance for quantum technologies. Several
transition-metal defects in SiC offer compatibility with telecom and semiconductor industries.
However, whether their strong spin–orbit coupling degrades their spin lifetimes is not clear. We
show that a combination of a crystal-field with axial symmetry and spin–orbit coupling leads to a
suppression of spin–lattice and spin–spin interactions, resulting in remarkably slow spin
relaxation. Our optical measurements on an ensemble of Mo impurities in SiC show a spin lifetime
T1 of 2.4 s at 2 K.

1. Introduction

Spin-active color centers in semiconductors have attracted significant interest for the implementation of
quantum technologies, since several of these systems combine long-lived spin states with a bright optical
interface [1–4]. Long distance spin entanglement has been achieved for a variety of defects as stationary
nodes [5–8]. However, finding suitable emitters that combine long-lived spins, short excited-state lifetimes
and optical transitions compatible with telecommunication fiber-optic infrastructure in an industrially
established material has remained elusive. Silicon carbide, a wide band-gap semiconductor with mature
fabrication technology, hosts a range of defect centers with optical transitions near or at the telecom
range [9, 10], including several defects containing transition metal (TM) impurities [11–17]. The
electronic and spin properties of these defects derive largely from the character of the d-orbitals of the
TM under the action of a crystal field determined by the lattice site [18–20]. Furthermore, the presence of a
heavy atom in the defect implies that spin–orbit coupling (SOC) plays a significant role in the electronic
structure of these color centers. Generally, as widely demonstrated by the solid state spin–qubit
community, combining favorable spin properties and strong SOC can be challenging [17, 21–23].

We report here on slow spin relaxation with T1 exceeding seconds below 4 K for a molybdenum defect
ensemble in 6H–SiC, indicating that the defect spin is surprisingly robust with respect to spin relaxation
despite the presence of strong SOC. In order to understand this, we measure the spin-relaxation time of the
Mo defect in SiC between 2 and 7 K and identify the main processes leading to spin relaxation in this
temperature range. We analyze the manifestation strength of these processes, while considering the
electronic structure of the defect, and find that a combination of axial rotational symmetry and SOC
suppresses several spin-relaxation mechanisms in this system, leading to unexpectedly long T1. The analysis
leading to these conclusions is general, relying on the character of the d-orbitals of the TM and the
particular symmetry of the defect. Thus, a similar approach could be relevant in the interpretation of
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Figure 1. Defect and electronic structure. (a) The defect is composed of a Mo atom positively ionized substituting a Si at a
quasi-hexagonal (h) lattice site. (b) Both ground (|G1〉) and optically excited (|E1〉) states are characterized by a spin doublet
which is split by a magnetic field. Additionally, a second ground-state Kramer’s doublet (|G2〉) is present approximately 1 meV
above the ground state doublet. (c) When this second doublet is thermally occupied, a second ZPL appears in the PLE spectrum,
where the light emitted in the phonon sideband is measured as a function of the laser photon energy �ω. (d) The electronic
ground state can couple to localized vibrational modes, giving rise to vibronic states |G1vib〉, as evidenced by the phonon replicas
observed in the PL spectrum.

experiments on other point defects in crystals with analogous symmetries, such as vanadium defects in SiC
(with optical transitions compatible with telecom infrastructure), group IV defects in diamond and
point-defects in transition metal dichalcogenides [14, 16, 18, 24–26].

2. Methods

We focus on the Mo defect associated with an optical transition line at 1121.3 nm in 6H–SiC, which
consists of a Mo impurity in a Si substitutional site of quasi-hexagonal symmetry (figure 1(a), h site)
[13, 15]. The defect is positively ionized, such that after binding to four neighboring carbons, the TM is left
with one active unpaired electron in its 4-d shell. In this lattice site—and only considering the rotational
symmetry of the defect—both ground and excited states are two-fold orbitally degenerate, such that the
orbital angular momentum is not quenched [20]. In the presence of SOC, the orbital degeneracy is broken,
giving rise to two Kramer’s doublets (KD) in the ground and two KDs in the excited state (figure 1(b))
[13, 15], resembling what is observed for the group IV defects in diamond [25].

Each KD is a doublet composed of a time-reversal pair: the doublet splits as an effective spin-1/2 system
in the presence of a magnetic field, but its degeneracy is otherwise protected by time-reversal symmetry (see
[27, section IV]). The energy difference between the two spin–orbit split KDs in the ground state, Δorb in
figure 1(b), is expected to be approximately 1 meV [15], in accordance with the appearance of a second
zero-phonon line (ZPL) in resonant photoluminescence excitation (PLE) experiments at approximately 8 K
(figure 1(c)). Finally, the presence of sharp phonon replicas of the ZPL in the photoluminescence spectrum
indicates that the defect center couples strongly to localized vibrational modes (figure 1(b) and (d)).

We measure the spin-relaxation time of this defect by means of a pump–probe experiment as shown in
figure 2. Experiments are performed on an esemble of defects in a 6H–SiC sample previously investigated in
reference [13]. The sample showed p-doped character, and the defect concentration was estimated to be
between 1014 and 1016 cm−3. We create pulses out of a CW laser beam by using a combination of an
electro-optical phase modulator (EOM) and a Fabry–Pérot (FP) cavity. The EOM generates sidebands from
our CW laser at frequency steps determined by an RF input signal; by tuning the FP cavity to transmit this
sideband only, we create pulses that turn on/off as the RF generator turns on/off. These pulses resonantly
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Figure 2. Time-resolved hole burning experiment. (a) In order to investigate T1, we perform time-resolved pump-probe
experiments where we resonantly excite the sample in the presence of a magnetic field and collect the phonon-sideband emission.
(b) When the magnetic field is non-collinear with the symmetry axis of the defect, spin–flipping transitions between ground and
optically excited states are allowed. (c) The first pulse P1 probes the population at thermal equilibrium in the ground-state spin
sublevel |G1 ↓〉 (which we call bright state in this work, since it can be optically excited), and polarizes the spin population into a
spin sublevel that cannot be optically excited, |G1 ↑〉 (which we here call dark state). After a variable delay τ , a second pulse P2
probes the recovery of the population in the bright state. (Inset) The ratio of the leading-edge peaks in the PLE signal (h2/h1)
recovers monoexponentially as a function of the delay between the two pulses.

drive optical transitions between ground and excited states, and we measure the photon emission into the
phonon sideband with a single-photon counter after filtering out the laser line. We apply a magnetic field
non-collinear with the c-axis of the sample such that spin–flipping transitions between ground and
optically excited states are allowed (figure 2(a) and (b)) [13]. In order to counteract slow ionization of the
defects (see [27, section III] for further details), we apply a repump laser in between measurements
[13, 28–30].

3. Results

In the pump–probe experiment (figure 2(c)), the initial response of the sample to pulse P1, h1, provides a
measure of the population in the bright spin state |G1 ↓〉 at thermal equilibrium (see the caption of figure 2
for an explanation of the terms dark and bright spin sublevels in this work). The sharp increase (decrease)
of the PL signal as the pulse turns on (off) indicates that both the optical decay rate and the Rabi frequency
are relatively fast (see [27, section V] for further details). Optical excitation provided by P1 polarizes the
spin ensemble in a dark spin sublevel (|G1 ↑〉 in figure 2(b)) within the first few microseconds, as evidenced
by the decrease and subsequent saturation of the PLE signal (the saturation level shows that the effective T1

is lower when the laser is on, see [27, section V]). The leading-edge response of the ensemble to a second
(probe) pulse P2, h2, reflects the recovery of the population in the bright spin sublevel (|G1 ↓〉 in
figure 2(b)) during the time τ between the two optical pulses. Between 2 K and 7 K, we observe a
monoexponential recovery of h2 towards h1 as a function of τ (figure 2(d)), which must correspond to the
spin-relaxation time T1 given the considerations presented below.

We repeat this experiment at zero magnetic field in order to confirm that the PL darkening observed
within the first few microseconds of optical excitation corresponds to optical pumping of the ensemble into
a dark spin sublevel. In this case, we observe no leading-edge peak in the PLE signal, indicating that no
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Figure 3. Temperature dependence of spin relaxation. The variation of Γ = T−1
1 with temperature can be accurately described

by a combination of direct (one-phonon), Raman and Orbach processes (two-phonon processes). The two-phonon processes
happen due to coupling to an excited state approximately 6.5 meV above the ground state KD, compatible with coupling of the
electronic state of the defect to localized vibrational modes. Error bars are extracted from the exponential fits of the data
presented in the inset of figure 2(c) (for details, see [27, section VII]), and are smaller than the data points when not visible.

optical pumping occurs at this timescale if the spin sublevels are degenerate [27, figure S2] (https://stacks.
iop.org/NJP/22/103051/mmedia). The absence of PL darkening at zero magnetic field implies that we
cannot trap Mo centers in state |G2〉 for observable times. This is the case if the optical decay rate between
states |E1〉 and |G2〉 is smaller than the relaxation rate between the two ground state KDs |G1〉 and |G2〉 in
the temperature range investigated. (We expect the optical decay rate between |E1〉 and |G2〉 to be small,
since we observe no lines corresponding to this transition in PL and PLE scans). Thus, we conclude that
after optical pumping in the presence of a magnetic field, no significant population is trapped in state |G2〉,
and that relaxation dynamics via this level do not affect the signals used to derive T1. Furthermore, we
investigate the timescale associated with bleaching due to ionization [29, 30], which is found to be several
orders of magnitude slower than the one associated with spin dynamics [27, section III].

The temperature dependence of the spin-relaxation time spans several orders of magnitude, going from
2.4 s at 2 K to 83μs at 7 K (figure 3). Concerning phonon mediated spin relaxation, the mechanisms
leading to spin relaxation are well established [20, 31]. One (direct) and two-phonon (Raman, Orbach)
processes are relevant when transitions between the levels involved are thermally accessible. Direct spin–flip
processes are expected to lead to spin-relaxation rates (Γ = T−1

1 ) that grow linearly with temperature
(Γdirect ∝ T). In contrast, two-phonon processes mediated by an excited state give rise to spin-relaxation
rates that grow superlinearly with temperature (ΓRaman ∝ T5<n<11 and ΓOrbach ∝ e−Δ/kBT , where Δ is the
energy of the relevant excited state) [20, 31–33]. Additionally, interaction with paramagnetic moments in
the material is expected to lead to temperature-independent spin relaxation. We fit the data presented in
figure 3 to a combination of these processes and identify the temperature regimes where they are relevant
(see [27, section VII] for additional details concerning the fitting procedure).

The defect has a rich electronic structure, with orbital and vibrational degrees of freedom at energies
that are thermally accessible between 2 and 7 K (figure 1(b)). Thus, we expect two-phonon processes
involving transitions into both orbital and vibrational excited states to contribute to the temperature
dependence of Γ. Surprisingly, we find that not all available states contribute significantly to spin relaxation,
leading to unexpectedly long spin lifetimes below 4 K.

Above 4 K, we identify an exponential growth of Γ as a function of temperature, indicating the
prevalence of spin relaxation via Orbach processes in this temperature range. From the fit presented in
figure 3, we extract Δ = 6.5 ± 1 meV for the energy of the excited state involved in these spin flips. This
energy matches the difference observed in PL experiments between the ZPL and the onset of the
phonon-sideband emission (figure 1(d)). The first phonon replica is observed 10 meV above the ZPL, but
its broadened line indicates that the first available vibrational levels are lower in energy. Thus, we identify
vibronic levels where the spin is coupled to localized vibrational modes as the relevant excited state for
two-phonon mediated spin-relaxation processes that degrade T1 above 4 K. As expected, these
spin-relaxation mechanisms do not depend on the magnitude of the magnetic field [27].

We note that we cannot observe Orbach processes involving states |G2〉. Between 2 and 7 K, the
contribution of these processes to the spin relaxation is expected to be close to saturation, giving a flat
temperature dependence in this range. Thus, the long spin-relaxation times observed at 2 K provide an
upper bound to the spin-relaxation rates due to two-phonon processes mediated by |G2〉, and are evidence
that these processes are slow. This leads us to conclude that transitions between |G1〉 and |G2〉 are strongly
spin-conserving. Based on this, we can estimate the timescale of phonon-induced transitions between the
two doublets |G1〉 and |G2〉 to be on the order of milliseconds [27, 34]. This process is orders of magnitude
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slower than the same process in SnV in diamond, a group IV defect with similar mass to the Mo defect in
SiC, [26, 35]. We note that, for this class of defects in diamond, the active electrons participate in bonding
to the neighboring carbon atoms [25], which may change the character of the phonons responsible for
spin–lattice interactions. In fact, the gap observed between the ZPL and the PSB for the Mo defect is absent
in the photoluminescence (PL) spectrum of group IV defects in diamond [36], indicating that the latter are
more sensitive to low-energy phonons.

Spin-conserving phonon mediated transitions between the two orbital states are expected to contribute
to decoherence [37], limiting the spin coherence time T2 of the |G1〉 spin to millisecond timescales at 4 K.
This is significantly larger than the experimentally observed ensemble T∗

2 [13], likely due to an
inhomogeneous distribution of Zeeman splittings [18].

Below 4 K, the slow spin-relaxation rates observed must result from three mechanisms: (i) processes
whose temperature dependence is saturated in this range (as treated above); (ii) direct one-phonon
transitions between the two spin sublevels |G1 ↓〉 and |G1 ↑〉 and (iii) temperature independent processes
(such as spin–spin paramagnetic coupling). The long T1 observed below 4 K is evidence that all three
processes are relatively slow for this particular system. The first contribution has been discussed above.
Below, we elaborate on how the electronic structure of this defect leads to a suppression of the latter two
processes.

The two spin-sublevels pertaining to a KD are strictly time-reversal symmetric with respect to each
other, such that they must be degenerate eigenstates of any external field that preserves time-reversal
symmetry. Thus, to first order, phonons or electric fields cannot cause a direct spin–flip within pure KD
pairs (but note that this does not concern transitions between levels belonging to different KDs, see
[27, section IV]). A magnetic field or the interaction with nearby nuclear spins leads to mixing between
spin sublevels pertaining to different KDs, enabling direct spin–flips via interactions with single phonons.
This mixing is inversely proportional to the energy separation between the various KDs, which is in turn
largely determined by the spin–orbit splitting. Thus, large SOC protects the KD character of the ground
state spin doublet, suppressing direct spin–flipping processes within the spin doublet.

Additionally, SOC leads to a highly anisotropic Zeeman splitting of the ground-state spin sublevels
[13, 27], which hinders its interaction with a bath of paramagnetic impurities in the SiC crystal. Firstly, the
spins are insensitive to magnetic fields perpendicular to their quantization axis, such that small fluctuations
in the local magnetic field are not likely to induce a spin flip. Secondly, the spin doublet has a Zeeman
splitting governed by a g factor that is at maximum 1.6 [13], suppressing resonant spin flip–flop
interactions with neighboring paramagnetic impurities with g ≈ 2.

The same arguments presented above to explain the long spin-relaxation times observed in this defect
indicate that obtaining control of the defect spin via microwave fields is a challenge. Driving spin
resonances between the two ground state spin sublevels requires mixing of the various KDs by a
perturbation that breaks time-reversal symmetry, such as a strong magnetic field [27, section III]. This is
necessary to control the ground state spin via microwaves, and is expected to contribute to spin-relaxation
mechanisms.

4. Discussion and conclusion

As discussed above, in the particular case of a TM at a quasi-hexagonal site, such as the Mo center, a
combination of rotational symmetry and strong SOC protects the effective spin from flipping: it gives rise to
ground state effective spin which is an isolated KD, protected by time-reversal symmetry and magnetically
isolated from other paramagnetic centers in the crystal due to its unique Zeeman structure. In this doublet,
the crystal field locks the orbital angular momentum along the axis of rotational symmetry of the defect.
Via the strong SOC, the electronic spin is stabilized, giving rise to robust effective spin states with long
spin-relaxation times.

Considering these processes alone, stronger SOC is thus expected to lead to slower spin-relaxation rates
in TM color centers with an odd number of electrons and rotational symmetry. Nonetheless, our work
shows that the presence of localized vibrational modes is pivotal in generating spin–flips, their energy
determining the temperature where the onset of two-phonon relaxation mechanisms happens. Since the
energy and density of states of the localized vibrational modes depend non-trivially on the mass of the
defect, whether or not defects containing heavier TMs (where SOC is more prevalent) will exhibit longer
spin-relaxation times remains a question. In fact, the class of group IV defects in diamond show
significantly faster spin relaxation, which depends non-trivially on the mass of the defect [26, 35]. Thus, it
would be relevant to investigate these processes in defects containing 5-d electrons in SiC. Tungsten defects,
for example, have been observed with an optical transition at 1240 nm and an odd number of electrons,
although their microscopic configuration is still unknown [38].
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More generally, SOC should not be regarded as a detrimental feature when investigating solid-state
defects for quantum communication applications. Transition metal defects in SiC offer interesting
opportunities, such as charge-state switching [39, 40], emission in the near-infrared [14] and long spin
lifetimes [17]. The maturity of the SiC-semiconductor industry means that a wide range of defects has been
identified [18]. Nonetheless, their characterization with respect to optical and spin properties is still vastly
unexplored.
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