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Identification and tunable optical coherent control of
transition-metal spins in silicon carbide
Tom Bosma1, Gerrit J. J. Lof1, Carmem M. Gilardoni1, Olger V. Zwier1, Freddie Hendriks1, Björn Magnusson2,3, Alexandre Ellison3,
Andreas Gällström2,4, Ivan G. Ivanov2, N. T. Son2, Remco W. A. Havenith1,5,6 and Caspar H. van der Wal 1

Color centers in wide-bandgap semiconductors are attractive systems for quantum technologies since they can combine long-
coherent electronic spin and bright optical properties. Several suitable centers have been identified, most famously the nitrogen-
vacancy defect in diamond. However, integration in communication technology is hindered by the fact that their optical transitions
lie outside telecom wavelength bands. Several transition-metal impurities in silicon carbide do emit at and near telecom
wavelengths, but knowledge about their spin and optical properties is incomplete. We present all-optical identification and
coherent control of molybdenum-impurity spins in silicon carbide with transitions at near-infrared wavelengths. Our results identify
spin S= 1/2 for both the electronic ground and excited state, with highly anisotropic spin properties that we apply for
implementing optical control of ground-state spin coherence. Our results show optical lifetimes of ~60 ns and inhomogeneous spin
dephasing times of ~0.3 μs, establishing relevance for quantum spin-photon interfacing.
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INTRODUCTION
Electronic spins of lattice defects in wide-bandgap semiconduc-
tors have come forward as an important platform for quantum
technologies,1 in particular for applications that require both
manipulation of long-coherent spin and spin-photon interfacing
via bright optical transitions. In recent years this field showed
strong development, with demonstrations of distribution and
storage of non-local entanglement in networks for quantum
communication2–6 and quantum-enhanced field-sensing.7–11 The
nitrogen-vacancy defect in diamond is the material system that is
most widely used12,13 and best characterized14–16 for these
applications. However, its zero-phonon-line (ZPL) transition
wavelength (637 nm) is not optimal for integration in standard
telecom technology, which uses near-infrared wavelength bands
where losses in optical fibers are minimal. A workaround could be
to convert photon energies between the emitter-resonance and
telecom values,17–19 but optimizing these processes is very
challenging.
This situation has been driving a search for similar lattice

defects that do combine favorable spin properties with bright
emission directly at telecom wavelength. It was shown that both
diamond and silicon carbide (SiC) can host many other spin-active
color centers that could have suitable properties20–23 (where SiC is
also an attractive material for its established position in the
semiconductor device industry24,25). However, for many of these
color centers detailed knowledge about the spin and optical
properties is lacking. In SiC the divacancy26–28 and silicon
vacancy10,29–31 were recently explored, and these indeed show

millisecond homogeneous spin coherence times with bright ZPL
transitions closer to the telecom band.
We present here a study of transition-metal impurity defects in

SiC, which exist in great variety.32–37 There is at least one case (the
vanadium impurity) that has ZPL transitions at telecom wave-
lengths,33 around 1300 nm, but we focus here (directed by
availability of lasers in our lab) on the molybdenum impurity with
ZPL transitions at 1076 nm (in 4H-SiC) and 1121 nm (in 6H-SiC),
which turns out to be a highly analogous system. Theoretical
investigations,38 early electron paramagnetic resonance33,39 (EPR),
and photoluminescence (PL) studies40–42 indicate that these
transition-metal impurities have promising properties. These
studies show that they are deep-level defects that can be in
several stable charge states, each with a distinctive value for its
electronic spin S and near-infrared optical transitions. Further
tuning and engineering possibilities come from the fact that these
impurities can be embedded in a variety of SiC polytypes (4H, 6H,
etc., Fig. 1a). Recent work by Koehl et al.37 studied chromium
impurities in 4H-SiC using optically detected magnetic resonance.
They identified efficient ZPL (little phonon-sideband) emission at
1042 nm and 1070 nm, and their charge state as neutral with an
electronic spin S= 1 for the ground state.
Our work is an all-optical study of ensembles of molybdenum

impurities in p-type 4H-SiC and 6H-SiC material. The charge and
spin configuration of these impurities, and the defect configura-
tion in the SiC lattice that is energetically favored, was until our
work not yet identified with certainty. Our results show that these
Mo impurities are in the Mo5+ (4d1) charge state (we follow here
conventional notation:33 the label 5+ indicates that of an original
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Mo atom 4 electrons participate in bonds with SiC and that 1
electron is transferred to the p-type lattice environment). The
single remaining electron in the 4d shell gives spin S= 1/2 for the
ground state and optically excited state that we address. While we
will show later that this can be concluded from our measure-
ments, we assume it as a fact from the beginning since this
simplifies the explanation of our experimental approach.
In addition to this identification of the impurity properties, we

explore whether ground-state spin coherence is compatible with
optical control. Using a two-laser magneto-spectroscopy
method,28,43,44 we identify the spin Hamiltonian of the S= 1/2
ground state and optically excited state, which behave as doublets
with highly anisotropic Landé g-factors. This gives insight in how a
situation with only spin-conserving transitions can be broken, and
we find that we can use a weak magnetic field to enable optical
transitions from both ground-state spin levels to a common
excited-state level (Λ level scheme). Upon two-laser driving of
such Λ schemes, we observe coherent population trapping (CPT,
all-optical control of ground-state spin coherence and funda-
mental to operating quantum memories45,46). The observed CPT
reflects inhomogeneous spin dephasing times comparable to that
of the SiC divacancy28,47 (near 1 μs).

In what follows, we first present our methods and results of
single-laser spectroscopy performed on ensembles of Mo
impurities in both SiC polytypes. Next, we discuss a two-laser
method where optical spin pumping is detected. This allows for
characterizing the spin sublevels in the ground and excited state,
and we demonstrate how this can be extended to controlling spin
coherence.
Both the 6H-SiC and 4H-SiC (Fig. 1a) samples were intentionally

doped with Mo. There was no further intentional doping, but near-
band-gap photoluminescence revealed that both materials had p-
type characteristics. The Mo concentrations in the 4H and 6H
samples were estimated41,42 to be in the range 1015–1017 cm−3

and 1014–1016 cm−3, respectively. The samples were cooled in a
liquid-helium flow cryostat with optical access, which was
equipped with a superconducting magnet system. The set-up
geometry is depicted in Fig. 1b. The angle ϕ between the direction
of the magnetic field and the c-axis of the crystal could be varied,
while both of these directions were kept orthogonal to the
propagation direction of excitation laser beams. In all experiments
where we resonantly addressed ZPL transitions the laser fields had
linear polarization, and we always kept the direction of the linear
polarization parallel to the c-axis. Earlier studies38,41,42 of these
materials showed that the ZPL transition dipoles are parallel to the
c-axis. For our experiments we confirmed that the photolumines-
cence response was clearly the strongest for excitation with linear
polarization parallel to the c-axis, for all directions and magnitudes
of the magnetic fields that we applied. All results presented in this
work come from photoluminescence (PL) or photoluminescence
excitation (PLE) measurements. The excitation lasers were focused
to a ~100 μm spot in the sample. PL emission was measured from
the side. A more complete description of experimental aspects is
presented in Methods section.

RESULTS
For initial characterization of Mo transitions in 6H-SiC and 4H-SiC
we used PL and PLE spectroscopy (Methods). Figure 1c shows the
PL emission spectrum of the 6H-SiC sample at 3.5 K, measured
using an 892.7 nm laser for excitation. The ZPL transition of the Mo
defect visible in this spectrum will be studied in detail throughout
this work. The shaded region indicates the emission of phonon
replicas related to this ZPL.41,42 While we could not perform a
detailed analysis, the peak area of the ZPL in comparison with that
of the phonon replicas indicates that the ZPL carries clearly more
than a few percent of the full PL emission. Similar PL data from Mo
in the 4H-SiC sample, together with a study of the temperature
dependence of the PL, can be found in Supplementary Informa-
tion (Fig. S1).
For a more detailed study of the ZPL of the Mo defects, PLE was

used. In PLE measurements, the photon energy of a narrow-
linewidth excitation laser is scanned across the ZPL part of the
spectrum, while resulting PL of phonon-sideband (phonon-replica)
emission is detected (Fig. 1b, we used filters to keep light from the
excitation laser from reaching the detector, Methods). The inset of
Fig. 1c shows the resulting ZPL for Mo in 6H-SiC at 1.1057 eV
(1121.3 nm). For 4H-SiC we measured the ZPL at 1.1521 eV
(1076.2 nm, Supplementary Information). Both are in close
agreement with literature.41,42 Temperature dependence of the
PLE from the Mo defects in both 4H-SiC and 6H-SiC can be found
in Supplementary Information (Fig. S2).
The width of the ZPL is governed by the inhomogeneous

broadening of the electronic transition throughout the ensemble
of Mo impurities, which is typically caused by non-uniform strain
in the crystal. For Mo in 6H-SiC we observe a broadening of 24 ±
1 GHz FWHM, and 23 ± 1 GHz for 4H-SiC. This inhomogeneous
broadening is larger than the anticipated electronic spin
splittings,33 and it thus masks signatures of spin levels in optical
transitions between the ground and excited state.
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Fig. 1 Crystal structures of SiC, setup schematic and optical
signatures of Mo in 6H-SiC. a Schematic illustration of the stacking
of Si–C bilayers in the crystal structure of the 4H-SiC and 6H-SiC
polytypes, which gives lattice sites with cubic and hexagonal local
environment labeled by k(1,2) and h, respectively. Our work revisits
the question whether Mo impurities are present as substitutional
atoms (as depicted) or residing inside Si–C divacancies. The c-axis
coincides with the growth direction. b Schematic of SiC crystal in
the setup. The crystal is placed in a cryostat with optical access.
Laser excitation beams (control and probe for two-laser experi-
ments) are incident on a side facet of the SiC crystal and propagate
normal to the c-axis. Magnetic fields B are applied in a direction
orthogonal to the optical axis and at angle ϕ with the c-axis.
Photoluminescence (PL) is collected and detected out of another
side facet of the SiC crystal. c PL from Mo in 6H-SiC at 3.5 K and zero
field, resulting from excitation with an 892.7 nm laser, with labels
identifying the zero-phonon-line (ZPL, at 1.1057 eV) emission and
phonon replicas (shaded and labeled as phonon sideband, PSB). The
inset shows the ZPL as measured by photoluminescence excitation
(PLE). Here, the excitation laser is scanned across the ZPL peak and
emission from the PSB is used for detection
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In order to characterize the spin-related fine structure of the Mo
defects, a two-laser spectroscopy technique was employed.28,43,44

We introduce this for the four-level system sketched in Fig. 2a. A
laser fixed at frequency f0 is resonant with one possible transition
from ground to excited state (for the example in Fig. 2a |g2〉 to |
e2〉), and causes PL from a sequence of excitation and emission
events. However, if the system decays from the state |e2〉 to |g1〉,
the laser field at frequency f0 is no longer resonantly driving
optical excitations (the system goes dark due to optical pumping).
In this situation, the PL is limited by the (typically long) lifetime of
the |g1〉 state. Addressing the system with a second laser field, in
frequency detuned from the first by an amount δ, counteracts
optical pumping into off-resonant energy levels if the detuning δ
equals the splitting Δg between the ground-state sublevels. Thus,
for specific two-laser detuning values corresponding to the energy
spacings between ground-state and excited-state sublevels the PL

response of the ensemble is greatly increased. Notably, this
technique gives a clear signal for sublevel splittings that are
smaller than the inhomogeneous broadening of the optical
transition, and the spectral features now reflect the homogeneous
linewidth of optical transitions.28,47

In our measurements a 200 μW continuous-wave control and
probe laser were made to overlap in the sample. For investigating
Mo in 6H-SiC the control beam was tuned to the ZPL at
1121.32 nm (fcontrol= f0= 267.3567 THz), the probe beam was
detuned from f0 by a variable detuning δ (i.e., fprobe= f0+ δ). In
addition, a 100 μW pulsed 770 nm re-pump laser was focused onto
the defects to counteract bleaching of the Mo impurities due to
charge-state switching28,48,49 (which we observed to only occur
partially without re-pump laser). All three lasers were parallel to
within 3° inside the sample. A magnetic field was applied to
ensure that the spin sublevels were at non-degenerate energies.
Finally, we observed that the spectral signatures due to spin
disappear in a broad background signal above a temperature of
~10 K (Fig. S4), and we thus performed measurements at 4 K
(unless stated otherwise).
Figure 2b shows the dependence of the PLE on the two-laser

detuning for the 6H-SiC sample (4H-SiC data in Supplementary
Information Fig. S6), for a range of magnitudes of the magnetic
field (here aligned close to parallel with the c-axis, ϕ= 1°). Two
emission peaks can be distinguished, labeled line L1 and L2. The
emission (peak height) of L2 is much stronger than that of L1.
Figure 2c shows the results of a similar measurement with the
magnetic field nearly orthogonal to the crystal c-axis (ϕ= 87°),
where four spin-related emission signatures are visible, labeled as
lines L1 through L4 (a very small peak feature left from L1, at half its
detuning, is an artifact that occurs due to a leakage effect in the
spectral filtering that is used for beam preparation, see Methods).
The two-laser detuning frequencies corresponding to all four lines
emerge from the origin (B= 0, δ= 0) and evolve linearly with
magnetic field (we checked this up to 1.2 T). The slopes of all four
lines (in Hertz per Tesla) are smaller in Fig. 2c than in Fig. 2b. In
contrast to lines L1, L2, and L4, which are peaks in the PLE
spectrum, L3 shows a dip.
In order to identify the lines at various angles ϕ between the

magnetic field and the c-axis, we follow how each line evolves
with increasing angle. Figure 2d shows that as ϕ increases, L1, L3,
and L4 move to the left, whereas L2 moves to the right. Near 86°, L2
and L1 cross. At this angle, the left-to-right order of the emission
lines is swapped, justifying the assignment of L1, L2, L3, and L4 as in
Fig. 2b, c. Supplementary Information presents further results from
two-laser magneto-spectroscopy at intermediate angles ϕ (section
2a).
We show below that the results in Fig. 2 indicate that the Mo

impurities have electronic spin S= 1/2 for the ground and excited
state. This contradicts predictions and interpretations of initial
results.33,38,41,42 Theoretically, it was predicted that the defect
associated with the ZPL under study here is a Mo impurity in the
asymmetric split-vacancy configuration (Mo impurity asymmetri-
cally located inside a Si–C divacancy), where it would have a spin
S= 1 ground state with zero-field splittings of about
3–6 GHz.33,38,41,42 However, this would lead to the observation of
additional emission lines in our measurements. Particularly, in the
presence of a zero-field splitting, we would expect to observe two-
laser spectroscopy lines emerging from a non-zero detuning.28 We
have measured near zero fields and up to 1.2 T, as well as from
100MHz to 21 GHz detuning (Supplementary Information section
2c), but found no more peaks than the four present in Fig. 2c. A
larger splitting would have been visible as a splitting of the ZPL in
measurements as presented in the inset of Fig. 1c, which was not
observed in scans up to 1000 GHz. Additionally, a zero-field
splitting and corresponding avoided crossings at certain magnetic
fields would result in curved behavior for the positions of lines in
magneto-spectroscopy. Thus, our observations rule out that there
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Fig. 2 Two-laser spectroscopy results for Mo in 6H-SiC. a Working
principle of two-laser spectroscopy: one laser at frequency f0 is
resonant with the |g2〉− |e2〉 transition, the second laser is detuned
from the first laser by δ. If δ is such that the second laser becomes
resonant with another transition (here sketched for |g1〉− |e2〉) the
photoluminescence will increase since optical spin-pumping by the
first laser is counteracted by the second and vice versa. b–d
Photoluminescence excitation (PLE) signals as a function of two-
laser detuning at 4 K. b Magnetic field dependence with field
parallel to the c-axis (ϕ= 1°). For clarity, data in the plot have been
magnified by a factor 10 right from the dashed line. Two peaks are
visible, labeled L1 and L2 (the small peak at 3300 MHz is an artefact
from the Fabry-Pérot interferometer in the setup). c Magnetic field
dependence with the field nearly perpendicular to the c-axis (ϕ=
87°). Three peaks and a dip (enlarged in the inset) are visible. These
four features are labeled L1 through L4. The peak positions as a
function of field in b, c coincide with straight lines through the
origin (within 0.2% error). d Angle dependence of the PLE signal at
300mT (angles accurate within 2°). Peaks L1 and L4 move to the left
with increasing angle, whereas L2 moves to the right. The data in b–
d are offset vertically for clarity
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is a zero-field splitting for the ground-state and excited-state spin
sublevels. In this case the effective spin-Hamiltonian50 can only
take the form of a Zeeman term

HgðeÞ ¼ μBggðeÞB � ~S; (1)

where gg(e) is the g-factor for the electronic ground (excited) state
(both assumed positive), μB the Bohr magneton, B the magnetic
field vector of an externally applied field, and ~S the effective spin
vector. The observation of four emission lines can be explained, in
the simplest manner, by a system with spin S= 1/2 (doublet) in
both the ground and excited state.
For such a system, Fig. 3 presents the two-laser optical pumping

schemes that correspond to the observed emission lines L1
through L4. Addressing the system with the V-scheme excitation
pathways from Fig. 3c leads to increased pumping into a dark
ground-state sublevel, since two excited states contribute to
decay into the off-resonant ground-state energy level while
optical excitation out of the other ground-state level is enhanced.
This results in reduced emission observed as the PLE dip feature of
L3 in Fig. 2c (for details see Supplementary Information section 5).
We find that for data as in Fig. 2c the slopes of the emission

lines are correlated by a set of sum rules

ΘL3 ¼ ΘL1 þ ΘL2; (2)

ΘL4 ¼ 2ΘL1 þ ΘL2; (3)

Here ΘLn denotes the slope of emission line Ln in Hertz per Tesla.
The two-laser detuning frequencies for the pumping schemes in
Fig. 3a–d are related in the same way, which justifies the
assignment of these four schemes to the emission lines L1
through L4, respectively. These schemes and equations directly
yield the g-factor values gg and ge for the ground and excited state
(Supplementary Information section 2).
We find that the g-factor values gg and ge strongly depend on ϕ,

that is, they are highly anisotropic. While this is in accordance with
earlier observations for transition metal defects in SiC,33 we did
not find a comprehensive report on the underlying physical
picture. In Supplementary Information section 7, we present a
group-theoretical analysis that explains the anisotropy gg ≈ 1.7 for

ϕ= 0° and gg= 0 for ϕ= 90°, and similar behavior for ge (which
we also use to identify the orbital character of the ground and
excited state). In this scenario the effective Landé g-factor50 is
given by

gðϕÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gjjcosϕ
� �2þ g?sinϕð Þ2

q

; (4)

where g|| represents the component of g along the c-axis of the
silicon carbide structure and g⊥ the component in the basal plane.
Figure 4 shows the ground and excited state effective g-factors
extracted from our two-laser magneto-spectroscopy experiments
for 6H-SiC and 4H-SiC (additional experimental data can be found
in Supplementary Information). The solid lines represent fits to the
Eq. (4) for the effective g-factor. The resulting g|| and g⊥
parameters are given in Table 1.
The reason why diagonal transitions (in Fig. 3a, c), and thus the

Λ and V scheme are allowed, lies in the different behavior of ge
and gg. When the magnetic field direction coincides with the
internal quantization axis of the defect, the spin states in both the
ground and excited state are given by the basis of the Sz operator,

Fig. 3 Two-laser pumping schemes with optical transitions between S= 1/2 ground and excited states. a Λ scheme, responsible for L1
emission feature: Two lasers are resonant with transitions from both ground states |g1〉 (red arrow) and |g2〉 (blue arrow) to a common excited
state |e2〉. This is achieved when the detuning equals the ground-state splitting Δg. The gray arrows indicate a secondary Λ scheme via |e1〉
that is simultaneously driven in an ensemble when it has inhomogeneous values for its optical transition energies. b Π scheme, responsible
for L2 emission feature: Two lasers are resonant with both vertical transitions. This is achieved when the detuning equals the difference
between the ground-state and excited-state splittings, |Δg−Δe|. c V scheme, responsible for L3 emission feature: Two lasers are resonant with
transitions from a common ground state |g1〉 to both excited states |e1〉 (blue arrow) and |e2〉 (red arrow). This is achieved when the laser
detuning equals the excited state splitting Δe. The gray arrows indicate a secondary V scheme that is simultaneously driven when the optical
transition energies are inhomogeneously broadened. d X scheme, responsible for the L4 emission feature: Two lasers are resonant with the
diagonal transitions in the scheme. This is achieved when the detuning is equal to the sum of the ground-state and the excited-state
splittings, (Δg+Δe)
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Fig. 4 Effective g-factors for the spin of Mo impurities in SiC.
Angular dependence of the g-factor for the S= 1/2 ground (gg) and
excited states (ge) of the Mo impurity in 4H-SiC and 6H-SiC. The solid
lines indicate fits of Eq. (4) to the data points extracted from two-
laser magneto-spectroscopy measurements as in Fig. 2b,c
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where the z-axis is defined along the c-axis. This means that the
spin-state overlap for vertical transitions, e.g., from |g1〉 to |e1〉, is
unity. In such cases, diagonal transitions are forbidden as the
overlap between e.g., |g1〉 and |e2〉 is zero. Tilting the magnetic
field away from the internal quantization axis introduces mixing of
the spin states. The amount of mixing depends on the g-factor,
such that it differs for the ground and excited state. This results in
a tunable non-zero overlap for all transitions, allowing all four
schemes to be observed (as in Fig. 2b where ϕ= 87°). This
reasoning also explains the suppression of all emission lines
except L2 in Fig. 2b, where the magnetic field is nearly along the c-
axis. A detailed analysis of the relative peak heights in Fig. 2b, c
compared to wave function overlap can be found in Supplemen-
tary Information (section 4).
The Λ driving scheme depicted in Fig. 3a, where both ground

states are coupled to a common excited state, is of particular
interest. In such cases it is possible to achieve all-optical coherent
population trapping (CPT),45 which is of great significance in
quantum-optical operations that use ground-state spin coherence.
This phenomenon occurs when two lasers address a Λ system at
exact two-photon resonance, i.e., when the two-laser detuning
matches the ground-state splitting. The ground-state spin system
is then driven toward a superposition state that approaches
ΨCPTj i / Ω2 g1j i � Ω1 g2j i for ideal spin coherence. Here Ωnj i is the
Rabi frequency for the driven transition from the gnj i state to the
common excited state. Since the system is now coherently
trapped in the ground state, the photoluminescence decreases.
In order to study the occurrence of CPT, we focus on the two-

laser PLE features that result from a Λ scheme. A probe field with
variable two-laser detuning relative to a fixed control laser was
scanned across this line in frequency steps of 50 kHz, at 200 μW.
The control laser power was varied between 200 μW and 5mW.
This indeed yields signatures of CPT, as presented in Fig. 5. A clear
power dependence is visible: when the control beam power is
increased, the depth of the CPT dip increases (and can fully
develop at higher laser powers or by concentrating laser fields in
SiC waveguides47). This observation of CPT confirms our earlier
interpretation of lines L1–L4, in that it confirms that L1 results from
a Λ scheme. It also strengthens the conclusion that this system is
S= 1/2, since otherwise optical spin-pumping into the additional
(dark) energy levels of the ground state would be detrimental for
the observation of CPT.
Using a standard model for CPT,45 adapted to account for

strong inhomogeneous broadening of the optical transitions47

(see also Supplementary Information section 6) we extract an
inhomogeneous spin dephasing time T�

2 of 0.32 ± 0.08 μs and an
optical lifetime of the excited state of 56 ± 8 ns. The optical
lifetime is about a factor two longer than that of the nitrogen-
vacancy defect in diamond,12,51 indicating that the Mo defects can
be applied as bright emitters (although we were not able to
measure their quantum efficiency). The value of T�

2 is relatively
short but sufficient for applications based on CPT.45 Moreover, the
EPR studies by Baur et al.33 on various transition-metal impurities
show that the inhomogeneity probably has a strong static

contribution from an effect linked to the spread in mass for Mo
isotopes in natural abundance (nearly absent for the mentioned
vanadium case), compatible with elongating spin coherence via
spin-echo techniques. In addition, their work showed that the
hyperfine coupling to the impurity nuclear spin can be resolved.
There is thus clearly a prospect for storage times in quantum
memory applications that are considerably longer than T�

2 .

DISCUSSION
The anisotropic behavior of the g-factor that we observed for Mo
was also observed for vanadium and titanium in the EPR studies
by Baur et al.33 (they observed g|| ≈ 1.7 and g⊥= 0 for the ground
state). In these cases the transition metal has a single electron in
its 3d orbital and occupies the hexagonal (h) Si substitutional site.
We show in Supplementary Information section 7 that the origin
of this behavior can be traced back to a combination of a crystal
field with C3v symmetry and spin-orbit coupling for the specific
case of an ion with one electron in its d-orbital.
The correspondence of this behavior with what we observe for

the Mo impurity identifies that our materials have Mo impurities
present as Mo5+ (4d1) systems residing on a hexagonal h silicon
substitutional site. In this case of a hexagonal (h) substitutional
site, the molybdenum is bonded in a tetrahedral geometry,
sharing four electrons with its nearest neighbors. For Mo5+ (4d1)
the defect is then in a singly ionized +|e| charge state (e denotes
the elementary charge), due to the transfer of one electron to the
p-type SiC host material.
An alternative scenario for our type of Mo impurities was

recently proposed by Ivády et al.35. They proposed, based on
theoretical work,35 the existence of the asymmetric split-vacancy
(ASV) defect in SiC. An ASV defect in SiC occurs when an impurity
occupies the interstitial site formed by adjacent silicon and carbon
vacancies. The local symmetry of this defect is a distorted
octahedron with a threefold symmetry axis in which the strong
g-factor anisotropy (g⊥= 0) may also be present for the S= 1/
2 state.50 Considering six shared electrons for this divacancy

Table 1. Components of the g-factors for the spin of Mo impurities in
SiC

g|| g⊥

4H-SiC

Ground state 1.87 ± 0.2 0.04 ± 0.04

Excited state 1.39 ± 0.2 0.10 ± 0.02

6H-SiC

Ground state 1.61 ± 0.02 0.000 ± 0.004

Excited state 1.20 ± 0.02 0.11 ± 0.02
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Fig. 5 Signatures of coherent population trapping of Mo spin states
in 6H-SiC. Two-laser spectroscopy of the L1 peak in the PLE signals
reveals a dipped structure in the peak at several combinations of
probe-beam and control-beam power. This results from coherent
population trapping (CPT) upon Λ-scheme driving. Temperature,
magnetic field orientation and magnitude, and laser powers, were as
labeled. The data are offset vertically for clarity. Solid lines are fits of
a theoretical model of CPT (see main text). The inset shows the
normalized CPT feature depths
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environment, the Mo5+ (4d1) Mo configuration occurs for the
singly charged −|e| state. For our observations this is a highly
improbable scenario as compared to one based on the +|e| state,
given the p-type SiC host material used in our work. We thus
conclude that this scenario by Ivády et al. does not occur in our
material. Interestingly, niobium defects have been shown to grow
in this ASV configuration,52 indicating there indeed exist large
varieties in the crystal symmetries involved with transition metal
defects in SiC. This defect displays S= 1/2 spin with several optical
transitions between 892 and 897 nm in 4H-SiC and between 907
and 911 nm in 6H-SiC.52

Another defect worth comparing to is the aforementioned
chromium defect, studied by Koehl et al.37 Like Mo in SiC, the Cr
defect is located at a silicon substitutional site, thus yielding a 3d2

configuration for this defect in its neutral charge state. The
observed S= 1 spin state has a zero-field splitting parameter of
6.7 GHz.37 By employing optically detected magnetic resonance
techniques they measured an inhomogeneous spin coherence
time T�

2 of 37 ns,37 which is considerably shorter than observed for
molybdenum in the present work. Regarding spin-qubit applica-
tions, the exceptionally low phonon-sideband emission of Cr
seems favorable for optical interfacing. However, the optical
lifetime for this Cr configuration (146 μs37) is much longer than
that of the Mo defect we studied, hampering its application as a
bright emitter. It is clear that there is a wide variety in optical and
spin properties throughout transition-metal impurities in SiC,
which makes up a useful library for engineering quantum
technologies with spin-active color centers.
We have studied ensembles of molybdenum defect centers in

6H and 4H silicon carbide with 1.1521 eV and 1.1057 eV transition
energies, respectively. The ground-state and excited-state spin of
both defects was determined to be S= 1/2 with large g-factor
anisotropy. Since this is allowed in hexagonal symmetry, but
forbidden in cubic, we find this to be consistent with theoretical
descriptions that predict that Mo resides at a hexagonal lattice site
in 4H-SiC and 6H-SiC,35,38 and our p-type host environment
strongly suggests that this occurs for Mo at a silicon substitutional
site. We used the measured insight in the S= 1/2 spin Hamilto-
nians for tuning control schemes where two-laser driving
addresses transitions of a Λ system, and observed CPT for such
cases. This demonstrates that the Mo defect and similar transition-
metal impurities are promising for quantum information technol-
ogy. In particular for the highly analogous vanadium color center,
engineered to be in SiC material where it stays in its neutral V4+

(3d1) charge state, this holds promise for combining S= 1/2 spin
coherence with operation directly at telecom wavelengths.

METHODS
Materials
The samples used in this study were ~1mm thick epilayers grown with
chemical vapor deposition, and they were intentionally doped with Mo
during growth. The PL signals showed that a relatively low concentration
of tungsten was present due to unintentional doping from metal parts of
the growth setup (three PL peaks near 1.00 eV, outside the range
presented in Fig. 1a). The concentration of various types of (di)vacancies
was too low to be observed in the PL spectrum that was recorded. For
more details see ref.42

Cryostat
During all measurements, the sample was mounted in a helium flow
cryostat with optical access through four windows and equipped with a
superconducting magnet system.

Photoluminescence (PL)
The PL spectrum of the 6H-SiC sample was measured by exciting the
material with an 892.7 nm laser, and using a double monochromator

equipped with infrared-sensitive photomultiplier. For the 4H-SiC sample,
we used a 514.5 nm excitation laser and an FTIR spectrometer.

Photoluminescence Excitation (PLE)
The PLE spectrum was measured by exciting the defects using a CW diode
laser tunable from 1050 nm to 1158 nm with linewidth below 50 kHz,
stabilized within 1 MHz using feedback from a HighFinesse WS-7
wavelength meter. The polarization was linear along the sample c-axis.
The laser spot diameter was ~100 μm at the sample. The PL exiting the
sample sideways was collected with a high-NA lens, and detected by a
single-photon counter. The peaks in the PLE data were typically recorded
at a rate of about 10 kcounts/s by the single-photon counter. We present
PLE count rates in arb.u. since the photon collection efficiency was not well
defined, and it varied with changing the angle ϕ. For part of the settings
we placed neutral density filters before the single-photon counter to keep
it from saturating. The excitation laser was filtered from the PLE signals
using a set of three 1082 nm (for the 4H-SiC case) or 1130 nm (for the 6H-
SiC case) longpass interference filters. PLE was measured using an ID230
single-photon counter. Additionally, to counter charge state switching of
the defects, a 770 nm re-pump beam from a tunable pulsed Ti:sapphire
laser was focused at the same region in the sample. Laser powers as
mentioned in the main text.

Two-laser characterization
The PLE setup described above was modified by focusing a detuned laser
beam to the sample, in addition to the present beams. The detuned laser
field was generated by splitting off part of the stabilized diode laser beam.
This secondary beam was coupled into a single-mode fiber and passed
through an electro-optic phase modulator in which an RF signal (up to
~5 GHz) modulated the phase. Several sidebands were created next to the
fundamental laser frequency, the spacing of these sidebands was
determined by the RF frequency. Next, a Fabry–Pérot interferometer was
used to select one of the first-order sidebands (and it was locked to the
selected mode). The resulting beam was focused on the same region in the
sample as the original PLE beams (diode laser and re-pump) with similar
spot size and polarization along the sample c-axis. Laser powers were as
mentioned in the main text. Small rotations of the c-axis with respect to
the magnetic field were performed using a piezo-actuated goniometer
with 7.2 degrees travel.

Data processing
For all graphs with PLE data a background count rate is subtracted from
each line, determined by the minimum value of the PLE in that line (far
away from resonance features). After this a fixed vertical offset is added for
clarity. For each graph, the scaling is identical for all lines within that graph.

DATA AVAILABILITY
The data sets generated and analyzed during the current study are available from the
corresponding author upon reasonable request.
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