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Chapter 5

Identification and tunable optical

coherent control of transition-metal

spins in silicon carbide

Abstract

Color centers in wide-bandgap semiconductors are attractive systems

for quantum technologies since they can combine long-coherent elec-

tronic 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 hin-

dered by the fact that their optical transitions lie outside telecom

wavelength bands. Several transition-metal impurities in silicon car-

bide 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 re-

sults identify spin S = 1/2 for both the electronic ground and excited

state, with highly anisotropic spin properties that we apply for imple-

menting optical control of ground-state spin coherence. Our results

show optical lifetimes of ∼60 ns and inhomogeneous spin dephas-

ing times of ∼0.3 µs, establishing relevance for quantum spin-photon

interfacing.

This chapter is based on Ref. 4 on p. 177.
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116 Chapter 5. Identification and tunable optical coherent control...

5.1 Introduction

Electronic spins of lattice defects in wide-bandgap semiconductors have come for-

ward as an important platform for quantum technologies[94], in particular for ap-

plications 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 entan-

glement in networks for quantum communication[95–99], and quantum-enhanced

field-sensing[100–104]. The nitrogen-vacancy defect in diamond is the material

system that is most widely used[105, 106] and best characterized[107–109] 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[110–112], 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 wave-

length. It was shown that both diamond and silicon carbide (SiC) can host

many other spin-active color centers that could have suitable properties[113–116]

(where SiC is also an attractive material for its established position in the semi-

conductor device industry[117, 118]). However, for many of these color centers

detailed knowledge about the spin and optical properties is lacking. In SiC the

divacancy[86, 119, 120] and silicon vacancy[103, 121–123] 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[89, 124–128]. There is at least one case (the vanadium im-

purity) that has ZPL transitions at telecom wavelengths[125], around 1300 nm,

but we focus here (directed by availability of lasers in our lab) on the molyb-

denum 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 investiga-

tions[129], early electron paramagnetic resonance[125, 130] (EPR), and photolu-

minescence (PL) studies[131–133] 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 engi-

neering possibilities come from the fact that these impurities can be embedded
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in a variety of SiC polytypes (4H, 6H, etc., see Fig. 1a). Recent work by Koehl et

al.[128] studied chromium impurities in 4H-SiC using optically detected mag-

netic 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 configuration 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 con-

ventional notation[125]: the label 5+ indicates that of an original 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 measurements, 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[86, 134, 135], 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 fundamental to operating quantum

memories[15, 136]). The observed CPT reflects inhomogeneous spin dephasing

times comparable to that of the SiC divacancy[86, 87] (near 1 µs).

In what follows, we first present our methods and results of single-laser spec-

troscopy performed on ensembles of Mo impurities in both SiC polytypes. Next,

we discuss a two-laser method where optical spin pumping is detected. This al-

lows 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 photolumines-

cence revealed that both materials had p-type characteristics. The Mo concen-



118 Chapter 5. Identification and tunable optical coherent control...

trations in the 4H and 6H samples were estimated[132, 133] 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 su-

perconducting magnet system. The setup geometry is depicted in Fig. 1b. The

angle φ between the direction of the magnetic field and the c-axis of the crys-

tal could be varied, while both of these directions were kept orthogonal to the

propagation direction of excitation laser beams. In all experiments where we res-

onantly 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

studies[129, 132, 133] of these materials showed that the ZPL transition dipoles

are parallel to the c-axis. For our experiments we confirmed that the photolumi-

nescence 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 the

Methods section.

5.2 Materials and experimental methods

Both the 6H-SiC and 4H-SiC (Fig. 5.1a) samples were intentionally doped with

Mo. There was no further intentional doping, but near-band-gap photolumines-

cence revealed that both materials had p-type characteristics. The Mo concen-

trations in the 4H and 6H samples were estimated[132, 133] 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 su-

perconducting magnet system. The setup geometry is depicted in Fig. 5.1b. 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 propa-

gation 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 (our work and

earlier studies[132, 133] of these materials showed that the ZPL transition dipoles

are parallel to the c-axis). All results presented in this work come from photo-

luminescence (PL) or photoluminescence-excitation (PLE) measurements. The

excitation lasers were focused to a ∼100 µm spot in the sample. PL emission was
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Figure 5.1: 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 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 are incident on a side facet of the SiC crystal and

propagate along the optical axis (see label), 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 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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measured from the side. A more complete description of experimental aspects is

presented in the Methods section.

5.3 Single-laser characterization

For initial characterization of Mo transitions in 6H-SiC and 4H-SiC we used

PL and PLE spectroscopy (see Methods). Figure 5.1c 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[132, 133]. 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 the

Supplementary Information (Fig. 5.6) (p. 132).

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. 5.1b, we used filters to keep

light from the excitation laser from reaching the detector, see Methods). The inset

of Fig. 5.1c 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, see Supplementary

Information). Both are in close agreement with literature[132, 133]. Temperature

dependence of the PLE from the Mo defects in both 4H-SiC and 6H-SiC can be

found in the Supplementary Information (Fig. 5.7) (p. 133).

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 nonuniform 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[125], and it

thus masks signatures of spin levels in optical transitions between the ground

and excited state.
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Figure 5.2: 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 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 300 mT. 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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5.4 Two-laser characterization

In order to characterize the spin-related fine structure of the Mo defects, a two-

laser spectroscopy technique was employed[86, 134, 135]. We introduce this for

the four-level system sketched in Fig. 5.2a. A laser fixed at frequency f0 is reso-

nant with one possible transition from ground to excited state (for the example in

Fig. 5.2a |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 opti-

cal pumping into off-resonant energy levels if the detuning δ equals the splitting

∆g between the ground-state sublevels. Thus, for specific two-laser detuning val-

ues 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 in-

homogeneous broadening of the optical transition, and the spectral features now

reflect the homogeneous linewidth of optical transitions[86, 87].

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 switching[86, 137,

138] (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 show strong broadening above

a temperature of ∼10 K, and we thus performed measurements at 4 K (unless

stated otherwise).

Figure 5.2b shows the dependence of the PLE on the two-laser detuning for the

6H-SiC sample (4H-SiC data in Supplementary Information Fig. 5.10 (p. 137)),

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 5.2c shows the results of a similar measurement with the magnetic field
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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. 5.2c

than in Fig 5.2b. 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 5.2d

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. 5.2b,c. The Supplementary Information presents further results from

two-laser magneto-spectroscopy at intermediate angles φ (section 5.12a (p. 133)).

5.5 Analysis

We show below that the results in Fig. 5.2 indicate that the Mo impurities have

electronic spin S = 1/2 for the ground and excited state. This contradicts pre-

dictions and interpretations of initial results[125, 129, 132, 133]. 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 asymmet-

rically located inside a Si-C divacancy), where it would have a spin S = 1 ground

state with zero-field splittings of about 3 to 6 GHz[125, 129, 132, 133]. However,

this would lead to the observation of additional emission lines in our measure-

ments. Particularly, in the presence of a zero-field splitting, we would expect to

observe two-laser spectroscopy lines emerging from a nonzero detuning[86]. We

have measured near zero fields and up to 1.2 T, as well as up to 21 GHz detuning

(Supplementary Information section 5.12b (p. 133)), but found no more peaks

than the four present in Fig. 5.2c. A larger splitting would have been visible as a

splitting of the ZPL in measurements as presented in the inset of Fig. 5.1c, 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 is a zero-field splitting for the ground-state and
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excited-state spin sublevels. In this case the effective spin-Hamiltonian[139] can

only take the form of a Zeeman term

Hg(e) = µBgg(e)B · S̃ (5.1)

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 S̃ 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. 5.3 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. 5.3c 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. 5.2c (for details see Supplementary

Information section 5.15 (p.140)).

We find that for data as in Fig. 5.2c the slopes of the emission lines are

correlated by a set of sum rules

ΘL3 = ΘL1 + ΘL2 (5.2)

ΘL4 = 2ΘL1 + ΘL2 (5.3)

Here ΘLn denotes the slope of emission line Ln in Hertz per Tesla. The two-laser

detuning frequencies for the pumping schemes in Fig. 5.3a-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 5.12 (p. 133)).

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[125], we did not find a comprehensive report on the

underlying physical picture. In Supplementary Information section 5.17 (p. 144)

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-factor[139] is given by

g(φ) =

√(
g‖ cosφ

)2
+ (g⊥ sinφ)2 (5.4)
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Figure 5.3: 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 ∆g. 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, |∆g−∆e|. 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 ∆e.

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, (∆g + ∆e).

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 5.4 shows the ground

and excited state effective g-factors extracted from our two-laser magnetospec-

troscopy experiments for 6H-SiC and 4H-SiC (additional experimental data can

be found in the Supplementary Information). The solid lines represent fits to the

equation (5.4) for the effective g-factor. The resulting g‖ and g⊥ parameters are

given in table 5.1.

The reason why diagonal transitions (in Fig. 5.3 panels a,c), and thus the
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Table 5.1: 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

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, 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. 5.2b where φ = 87◦). This reasoning also explains the

suppression of all emission lines except L2 in Fig. 5.2b, where the magnetic field

is nearly along the c-axis. A detailed analysis of the relative peak heights in

Fig. 5.2b-c compared to wave function overlap can be found in the Supplementary

Information (section 5.14 (p. 138)).

5.6 Coherent Population Trapping

The Λ driving scheme depicted in Fig. 5.3a, 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)[15], 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 towards a superposition state that
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Figure 5.4: 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 equation (5.4) to

the data points extracted from two-laser magneto-spectroscopy measurements as in

Fig. 5.2b,c.

approaches |ΨCPT 〉 ∝ Ω2 |g1〉 − Ω1 |g2〉 for ideal spin coherence. Here Ωn is the

Rabi frequency for the driven transition from the |gn〉 state to the common ex-

cited 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 fea-

tures 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 5 mW. This indeed yields signatures of CPT, as presented in Fig. 5.5. 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 waveguides[87]). This observation of CPT

also confirms our earlier interpretation of lines L1-L4, in that it confirms that L1

results from a Λ scheme.

Using a standard model for CPT[15], adapted to account for strong inhomo-

geneous broadening of the optical transitions[87] (see also Supplementary Infor-

mation section 5.16 (p. 143)) 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 life time is about a factor two longer than that of the nitrogen-
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Figure 5.5: 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. Tem-

perature, 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.

vacancy defect in diamond[105], indicating that the Mo defects can be applied

as bright emitters. The value of T ∗2 is relatively short but sufficient for appli-

cations based on CPT[15]. Moreover, the EPR studies by Baur et al.[125] 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,

this 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 .
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5.7 Further discussion

The anisotropic behavior of the g-factor similar to what we observe for Mo was

also observed in the EPR studies by Baur et al.[125] (for vanadium and titanium

g‖ ≈ 1.7 and g⊥ = 0 for the ground state was observed). In these cases the

transition metal has a single electron in its 3d orbital and occupies the hexagonal

(h) Si substitutional site. The correspondence with what we observe for the

Mo impurity strongly suggests that our materials have Mo impurities present as

Mo5+(4d1) systems residing on a hexagonal h silicon substitutional site. In this

case, the molybdenum would be bonded in a tetrahedral geometry, sharing four

electrons with its nearest neighbors, and the defect is in a singly ionized +|e|
charge state (e denotes the elementary charge). This is plausible for the p-type

SiC host material in our experiments.

However, recently Ivády et al. proposed the existence of the asymmetric split-

vacancy (ASV) defect in SiC based on theoretical work[126]. An ASV defect in

SiC occurs when an impurity occupies the divacancy 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[139]. Considering six shared electrons

for this divacancy environment, the 4d1 Mo configuration would now occur for

the singly charged −|e| state (which is not a likely scenario for our case given

that we have p-type material).

In addition, Baur et al.[125] studied the Mo5+(4d1) charge state in slightly n-

type 6H-SiC and reported a fully isotropic g-factor. This corresponds to Mo on a

site with cubic symmetry (k) in the crystal field[139] (see also Supplementary In-

formation section 5.17 (p. 144)). Furthermore, it was mentioned that Mo5+(4d1)

in n-type SiC could not be addressed optically. We thus propose that Mo5+(4d1)

on a lattice site with cubic symmetry may only be stable in n-type SiC, and that

its transitions are possibly optically forbidden. On the other hand, Mo5+(4d1) in

hexagonal symmetry is stable in p-type SiC and optically accessible.

5.8 Summary and Outlook

We have studied ensembles of molybdenum defect centers in 6H and 4H sili-

con 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
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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[126, 129],

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

Hamiltonians for tuning control schemes where two-laser driving addresses tran-

sitions 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 technology. 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 op-

eration directly at telecom wavelengths.

5.9 Methods

Cryostat During all measurements, the sample was mounted in a helium flow

cryostat with optical access through four windows and equipped with a super-

conducting magnet system.

Photoluminescence (PL) The PL spectrum of the 6H-SiC sample was mea-

sured 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 1178 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 sam-

ple 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 excitation laser was filtered from this signal 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
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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 fundamen-

tal 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.

5.10 Author contributions

This chapter is based on Ref. 4 on p. 177. The project was initiated by C.H.W.,

O.V.Z, I.G.I and N.T.S. SiC materials were grown and prepared by A.E. and B.M.

Experiments were performed by T.B., G.J.J.L. and O.V.Z, except for the PL

measurements which were done by A.G. and I.G.I. Data analysis was performed

by T.B., G.J.J.L., C.G., O.V.Z., F.H., R.W.A.H. and C.H.W. T.B., G.J.J.L. and

C.H.W. had the lead on writing the manuscript, and T.B. and G.J.J.L. are co-first

author. All authors read and commented on the manuscript.
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Supplementary Information (SI)

5.11 SI: Single-laser spectroscopy

Figure 5.6 shows the photoluminescence (PL) emission spectrum of the 4H-SiC

sample at 5 and 20 K, characterized using a 514.5 nm excitation laser. The

Mo zero-phonon line (ZPL) at 1.1521 eV is marked by a dashed box and shown

enlarged in the inset. The broader peaks at lower energies are phonon replicas of

the ZPL. There is almost no dependence on temperature for both the ZPL and

the phonon replicas.
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Figure 5.6: Temperature dependence of Mo PL spectrum in 4H-SiC. PL from

excitation with a 514.5 nm laser, for 5 and 20 K sample temperatures. The dashed

box marks the ZPL at 1.1521 eV. The inset gives a magnified view of the ZPL. The

broader peaks at lower photon energies are phonon replicas of the ZPL.

Figures 5.7a,b show results of PLE measurements of the ZPL for Mo in 4H-

SiC at 1.1521 eV and 6H-SiC at 1.1057 eV, and the temperature dependence of

these PLE signals. When the temperature is decreased, the width of the ZPL
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stays roughly the same, but its height drops significantly. Combined with the

near-independence on temperature of the emission spectrum in Fig. 5.6, this is an

indication for optical spin pumping for Mo-impurity states at lower temperatures,

where a single resonant laser pumps then the system into long-lived off-resonant

spin states.
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Figure 5.7: Temperature dependence of the PLE signals from the Mo ZPL

in 4H-SiC and 6H-SiC. PLE signals from scanning a single CW narrow-linewidth

laser across the ZPL photon-energy range. The temperature was varied between 4 and

20 K. The ZPL for Mo in (a) 4H-SiC is at 1.1521 eV, and for Mo in (b) 6H-SiC at

1.1057 eV.

5.12 SI: Additional two-laser spectroscopy for

Mo in 6H-SiC

Angle dependence. In addition to Fig. 5.2b,c in the main text, we also mea-

sured the magnetic field dependence of the spin related emission signatures at

intermediate angles φ. Figure 5.8 shows this dependence for φ = 37◦, 57◦ and

81◦. The spectroscopic position of emission lines Ln show a linear dependence on

magnetic field, with slopes ΘLn (in Hertz per Tesla) that decrease as φ increases.

The effective g-factors in Fig. 5.4 are acquired from the emission lines by relating

their slopes to the Zeeman splittings in the ground and excited state. Using the
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four pumping schemes depicted in Fig. 5.3 in the main text, we derive

ΘL1 =
µB
h
gg (5.5)

ΘL2 =
µB
h
|ge − gg| (5.6)

ΘL3 =
µB
h
ge (5.7)

ΘL4 =
µB
h

(ge + gg) (5.8)

where h is Planck’s constant, µB the Bohr magneton and gg(e) the ground (ex-

cited) state g-factor.
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Figure 5.8: Magneto-spectroscopy of two-laser spin signatures in PLE from

Mo in 6H-SiC. Magnetic field dependence of the PLE signal versus two-laser detuning,

for angles φ between the magnetic field and c-axis set to φ = 37◦ (a), φ = 57◦ (b) and

φ = 81◦ (c). Results for the temperature at 4 K. The labeling of the emission lines (L1

- L4) is consistent with Fig. 5.2. The data are offset vertically for clarity.

Two-laser spectroscopy for the 5-21 GHz detuning range. In order to

check for a possible presence of spin-related emission features at detunings larger

than 5 GHz (checking for a possible zero-field splitting), we modified the setup

such that we could control two-laser detunings up to 21 GHz. The electro-optical

phase modulator (EOM) we used for generating the detuned laser field could

generate first-order sidebands up to 7 GHz. In order to check for two-laser spec-

troscopy emission features at larger detunings, we removed the Fabry-Pérot (FP)

resonator that had the role of filtering out a single sideband. Now, all sidebands

(on the same optical axis) were focused onto the sample with 2 mW total laser

power. Apart from the re-pump beam, no additional laser was focused onto the
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sample in this experiment. In this way, the Mo defects could interact with several

combinations of sidebands. Figure 5.9a shows the spectral content of this beam

(here characterized by still using the FP resonator). The first and second order

sidebands at negative and positive detuning take a significant portion of the to-

tal optical power. Hence, pairs of sidebands spaced by single, double or triple

frequency intervals (EOM frequency fEOM) now perform two-laser spectroscopy

on the Mo defects. The relevant sideband spacings are indicated in Fig. 5.9a.

Figure 5.9b presents results of these measurements, showing various peaks

that we identified and label as Ln,m. Here n is identifying the peak as a line Ln
as in the main text, while the label m identifies it as a spectroscopic response for

two-laser detuning at m · fEOM (that is, m = 1 is for first-order EOM sideband

spacing, etc.). Note that second-order manifestations of the known peaks L1-L4

(from double sideband spacings, labeled as Ln,2) are now visible at 1
2
fEOM, and

third-order response of the known L1-L4 occurs at 1
3
fEOM (but for preserving

clarity these have not been labeled in Fig. 5.9b).

Figure 5.9c depicts a continuation of this experiment with fEOM up to 7 GHz

with the same resolution as Fig. 5.9b. No new peaks are observed. Considering

that third-order peaks were clearly visible before, we conclude that no additional

two-laser emission features exist up to 21 GHz.

5.13 SI: Two-laser spectroscopy for Mo in 4H-

SiC

We also studied the spin-related fine structure of Mo defects in 4H-SiC. Our 4H-

SiC sample suffered from large background absorption, which drastically lowered

the signal-to-noise ratio. We relate this absorption to a larger impurity content (of

unknown character, but giving broad-band absorption) in our 4H-SiC material as

compared to our 6H-SiC material. Therefore, the lasers were incident on a corner

of the sample, so as to minimize the decay of the emitted PL. We present the

results in gray-scale plots in Fig. 5.10 for optimized contrast. The figure shows

the magnetic field and two-laser detuning dependence of the PLE.

Analogous to Fig. 5.2 for 6H-SiC in the main text, the spectroscopic position

features appear as straight lines that emerge from zero detuning, indicating the

absence of a zero-field splitting. When the magnetic field is nearly perpendicular

to the c-axis (Fig. 5.10c), four lines are visible. This is consistent with an S = 1/2

ground and excited state.
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Figure 5.9: Two-laser spin signatures of Mo in 6H-SiC at large detuning.

a, Transmission scan of the Fabry-Pérot resonator, characterizing which optical fre-

quencies are present in the beam after passing through the electro-optical modulator

(EOM). The first-order sidebands at ±300 MHz have the highest intensity, whereas

the fundamental laser frequency is suppressed (but not fully removed) by the EOM.

Relevant sideband spacings are indicated. b, Spin signatures at low two-laser detun-

ing. PLE is increased when two sidebands are appropriately detuned from each other.

Emission features similar to those in Fig. 5.2c of the main text are visible, and labeled

Ln,m (see main text of this section). c, The PLE signal from two-laser spectroscopy

at larger detuning. No peaked features from single, double or triple sideband spacings

are visible.

The data from Fig. 5.10c was measured at 10 K, whereas Fig. 5.10a,b was at

4.2 K. At 10 K, all emission lines become dips, while for 6H-SiC only the V system

shows a dip. The temperature dependence of L3 and L1 is shown in Fig. 5.11

for the same configuration as in Fig. 5.10c (φ = 83◦). At low temperatures

L1 shows a peak and L3 shows a dip. Upon increasing the temperature, both

features become dips. This phenomenon was only observed for Mo in 4H-SiC, it

could not be seen in 6H-SiC. We therefore conclude that this probably arises from

effects where Mo absorption and emission is influenced by the large background
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Figure 5.10: Two-laser spin signatures of Mo in 4H-SiC. PLE signal as function

of two-laser detuning and magnetic field strength, for various angles φ between the

magnetic field and c-axis. a, Measurement at 4.2 K, with φ = 33◦. A single emission

line (peak) is visible, labeled L2. b, Measurement at 4.2 K, with φ = 57◦. Three

emission lines are visible, labeled L1, L2 (peaks), and L3 (dip). c, Measurement at

10 K, with φ = 83◦. Four emission lines are visible, labeled L1 through L4 (all dips).

Note that the measurement range of c is six time as large as a and b, but the plot

aspect ratio is the same. The labeling is consistent with the main text. A gray-scale

plot has been used for optimal contrast.

absorption in the 4H-SiC material.

The labels in Fig. 5.10 are assigned based on the sum rules from equation

(5.2) and (5.3) (main text), which indeed also hold for the observed emission

lines observed here. Like in the main text, L1 through L4 indicate Λ, Π, V and X

two-laser pumping schemes, respectively. The L1 and L3 labels are interchange-
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Figure 5.11: Temperature dependence of PLE spin signatures from Mo in

4H-SiC. PLE signal as function of two-laser detuning and temperature with magnetic

field at φ = 83◦ from the sample c-axis at 100 mT. As the temperature increases,

the signal from L1 changes from a peak to a broad dip, while L3 remains a dip. The

labeling is consistent with the main text.

able in Fig. 5.10c when only considering the sum rules. However, the fact that

the left feature in Fig. 5.11 shows a dip for all temperatures means that it should

be related to a V scheme. Thus, the current assignment of the labels with corre-

sponding pumping schemes is justified. Using equations 5.5 through 5.8 (Suppl.

Inf.), the effective g-factors can be determined. Fitting these to equation (5.4)

gives the values for g‖ and g⊥ reported in the main text.

5.14 SI: Franck-Condon principle with respect

to spin

The amplitude of the two-laser emission signatures is determined by the strength

of the underlying optical transitions. For a transition |gi〉-|ej〉, this strength is

determined by the spin overlap 〈gi|ej〉, according to the Franck-Condon principle

with respect to spin[10]. The quantum states of the spin in the electronic ground

and excited state can be described using effective spin Hamiltonian

Hg(e) = µBB · gg(e) · S̃ (5.9)
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with µB the Bohr magneton, B the applied magnetic field vector, S̃ the effective

spin vector, and where the ground (excited) state g-parameter is a tensor gg(e).

Using Cartesian coordinates this can be written as

gg(e) =

g
g(e)
⊥ 0 0

0 g
g(e)
⊥ 0

0 0 g
g(e)
‖

 (5.10)

Here the z-axis is parallel to the SiC c-axis, and the x and y-axes lay in the plane

perpendicular to the c-axis. Due to the symmetry of the defect, the magnetic

field B can be written as

B =

 0

B sinφ

B cosφ

 (5.11)

where B indicates the magnitude of the magnetic field. The resulting Hamil-

tonian Hg(e) may be found by substituting B and gg(e) into equation (5.9), and

considering that S = 1/2. The basis of Hg(e) can be found from the eigenvectors.

For the ground state gg⊥ is zero, thus the bases of Hg and Sz coincide, indepen-

dent of φ. Therefore, there is no mixing of spins in the ground state. However, in

the excited state ge⊥ is nonzero, causing its eigenbasis to rotate if a magnetic field

is applied non-parallel to the c-axis. The new eigenbasis is a linear combination

of eigenstates of Sx, Sy and Sz, such that there will be mixing for spins in the

excited state for any nonzero angle φ.

We calculate the spin overlap for the |gi〉-|ej〉 transition from the inner product

of two basis states |gi〉 and |ej〉. The strength of a two-laser pumping scheme is

then the product of the strength of both transitions. For example, the strength

of the Λ scheme from Fig. 5.3a equals the inner product 〈g1|e2〉 multiplied by

〈g2|e2〉. The resulting strengths for all four pumping schemes are depicted in

Fig. 5.12.

We now compare these transition strengths to the data in Fig. 5.2b,c and

Fig. 5.8 and 5.10. It is clear that the Π scheme is the strongest pumping scheme

for all angles φ 6= 90◦. This explains the large relative amplitude of L2 in our

measurements. The Λ and V scheme transition strengths are equal, starting from

zero for φ = 0◦ and increasing as φ approaches 90◦. For the Λ scheme, this is

consistent with the increasing relative amplitude of L1. For φ close to 90◦ the

amplitude of L1 is even larger than for L2. The reason for this is that a Λ scheme

is emitting more effectively than a Π scheme. The V scheme is harder to observe
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Figure 5.12: Two-laser pumping scheme transition strengths. For each scheme

the product of the spin overlaps from both underlying transitions is shown. The

strength of the Π scheme is near unity for large angles and never vanishes. The

strengths of the Λ and V schemes are equal, they vanish at φ = 0◦. The X scheme

strength vanishes more rapidly than any other scheme for angles φ close to 0◦.

in the background emission, such that L3 is only visible for φ close to 90◦. Finally,

the transition strength of the X scheme is only significant for φ close to 90◦, which

is why we have not been able to observe L4 below 81◦ in 6H-SiC.

5.15 SI: V-scheme dip

Understanding the observation of a dip for the V pumping scheme in a four-level

system (Fig. 5.2c in the main text) is less trivial than for the observation of peaks

from the other three pumping schemes. The latter can be readily understood

from the fact that for proper two-laser detuning values both ground states are

addressed simultaneously, such that there is no optical pumping into dark states.

In this section we will investigate how a dip feature can occur in the PLE signals.

Our modeling will be based on solving a master equation in Lindblad form with

a density matrix in rotating wave approximation for a four-level system with two

near-resonant lasers[15].

Consider the four-level system depicted in Fig. 5.13a. A control laser is near-

resonant with the |g1〉-|e1〉 (vertical) transition and a probe laser near-resonant

with |g1〉-|e2〉 (diagonal) transition. Here the two-laser detuning is defined as

δ = ∆p − ∆c, i.e. the difference between the detunings ∆ of both lasers from

their respective near-resonant transitions, such that the emission feature appears

at zero two-laser detuning. The decay rates from the excited states are Γv and

Γd for vertical and diagonal transitions, respectively. They are quadratically
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Figure 5.13: Four-level V-scheme model. a, V pumping scheme in a four level

system. Here Ω is the Rabi frequency for the control and probe lasers, and ω their

(angular) frequency. Γv and Γd are the decay rates for vertical and diagonal decay,

respectively. ∆ represents the detuning from resonance of the control and probe beam.

b, V-scheme simultaneously resonant (with the scheme in panel a) for another part

of the inhomogeneously broadened ensemble. Probe and control Rabi frequencies Ω′

differ from a, since both lasers drive other transitions with different dipole strengths. c,

Total population in the excited-state levels (|e1〉 and |e2〉) for both schemes separately

(blue and green) as well as their sum (black).

proportional to the spin-state overlap 〈gi|ej〉

Γv ∝ |〈g1|e1〉|2 , (5.12)

Γd ∝ |〈g1|e2〉|2 . (5.13)

These rates are unequal, since the spin-state overlap for diagonal transitions is

generally smaller than for vertical transitions (see previous section). The decay

rates Γe between excited-state levels and Γg ground-state levels are assumed very

small compared to the decay rates from the excited-state levels. The decay rates

from ground-state levels towards the excited-state levels are set to zero. Dephas-

ing rates are taken relative to the |g1〉 state (γg1 = 0). The choices for parameters

are listed in table 5.2. The Rabi frequencies Ωc and Ωp of the driven transitions

are linearly proportional to the spin-state overlap

Ωc ∝ |〈g1|e1〉| , (5.14)

Ωp ∝ |〈g1|e2〉| . (5.15)
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Table 5.2: Parameter choices for V-scheme model

parameter value (Hz) parameter value (Hz)

Γv 0.9 · 107 γg1 0

Γd 0.1 · 107 γg2 5 · 106

Γg 1 · 104 γg3 5 · 106

Γe 1 · 104 γg4 5 · 106

∆c 0 Ωc

√
.9 · 107

∆p ∈ [−500, 500] · 106 Ωp

√
.1 · 107

Additionally, we have to consider a secondary V-scheme (Fig. 5.13b) resonant

with another part of the inhomogeneously broadened ensemble. The control

and probe laser are swapped, as the former now addresses a diagonal transition,

while the latter addresses a vertical one. The new Rabi frequency is taken to be

Ω′c =
√

Γd
Γv

Ωc for the control beam, which is now driving a diagonal transition

(with reduced strength). The probe beam is driving a vertical transition (with

increased strength), and its Rabi frequency is Ω′p =
√

Γv
Γd

Ωp.

Considering both V-schemes, we calculate the total population in both excited-

state levels as it reflects the amount of photoluminescence resulting from decay

back to the ground states. The two-laser detuning dependence of the excited-

state population is shown in Fig. 5.13c. The black curve considers both schemes

simultaneously, which represents the situation in our measurements. Here the

dip indeed appears, although both separate schemes (a and b) display a dip and

peak (respectively). The competition between both schemes limits the depth of

the observed dip, which explains our observation of shallow dips in contrast to

sharp peaks in Fig. 5.2c in the main text.

Interestingly, the black curve displays a peak within the dip, which might

seem like a CPT feature. However, this feature is not visible in either curve from

the two separate pumping schemes. This peak appears because the peak from

the second V-scheme (green) is slightly sharper than the dip from the first one

(blue). The peak might still be caused by CPT, as the blunting of the dip relative

to the peak can be caused by a long dephasing time of the ground state.

Key to understanding the appearance of a dip in the total photoluminescence

emission is the difference in decay rates, vertical decay being favored over diagonal

decay. Consider the pumping scheme from Fig. 5.13a. When the probe laser is

off-resonant the control laser drives the |g1〉-|e1〉 transition. Decay will occur
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mostly towards the |g1〉 state and occasionally to the dark |g2〉 state. If the probe

laser becomes resonant with the |g1〉-|e2〉 transition, the increased population

in the |e2〉 state will prefer to decay towards the dark |g2〉 state. The overall

decay towards the dark state is now increased. The secondary pumping scheme

(Fig. 5.13b) works the other way around, where the diagonal transition is always

driven by the control beam and a resonant probe beam will counteract some of the

pumping into the dark state (now |g1〉). However, the slightly increased emission

from scheme b cannot fully counteract the decreased emission from scheme a

(even when Ωp = Ωc = Ω′p = Ω′c).

5.16 SI: Modeling of coherent population trap-

ping

For fitting the CPT traces in Fig. 5.5 in the main text, we use a standard CPT

description[15], extended for strong inhomogeneous broadening of the optical

transitions, and an approach similar to the one from the previous section. How-

ever (as compared to the previous section), the behavior of CPT has a more

pronounced dependence on parameters, such that almost no assumptions have to

be made. When taking the spin Hamiltonians as established input (section 4),

the only assumption made is that the spin relaxation time in the ground state and

excited state is much slower than all other decay process. This allows for setting

up fitting of the CPT traces with only two free fit parameters, which correspond

to the optical lifetime and the inhomogeneous dephasing time T ∗2 .

Since two lasers couple both ground-state levels to a single common excited-

state level, the other excited-state level will be empty. Therefore, we may describe

this situation with a three-level system, where the PL is directly proportional to

the excited-state population. The decay rates and Rabi frequencies are propor-

tional to the Franck-Condon factors for spin-state overlaps 〈gi|e〉 in the same way

as before (equations (5.12)-(5.15)). At this angle (φ = 102◦) we calculate these

factors to be

〈g1|e〉 = 0.9793 (5.16)

〈g2|e〉 = 0.2022 (5.17)

according to the reasoning in section 5.14. We take that the |g1〉-|e〉 is a vertical

transition and |g2〉-|e〉 a diagonal one.
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In order to account for inhomogeneous broadening throughout the ensem-

ble, the solution of the master equation is computed for a set of control-laser

detunings ∆c (see Fig. 5.13a) around zero, its range extending far beyond the

two-laser detuning values δ (since we experimentally observed an inhomogeneous

broadening much in excess of the spin splittings). In this case the probe-laser

detuning becomes ∆p = ∆c + δ. The resulting excited-state populations are

integrated along the inhomogeneous broadening ∆c (up to the point where the

signal contribution vanishes) to give the PL emission versus two-laser detuning δ.

Analogous to the previous section, we have to consider a secondary Λ-scheme in

order to fully account for the inhomogeneous broadening. The total PL emission

is found by adding together the excited-state populations from both schemes.

We fit this model to the data presented in Fig. 5.5 after subtracting a static

background. We extract the inhomogeneous dephasing time T ∗2 = 0.32± 0.08 µs

and an optical lifetime of 56± 8 ns. The errors are estimated from the spread in

extracted dephasing times and lifetimes throughout the data sets.

5.17 SI: Anisotropic g-factor in the effective spin-

Hamiltonian

5.17.1 Relationship between effective spin Hamiltonian

and local configuration of the defect

An effective spin-Hamiltonian as the one used in the main text is a convenient

tool which allows us to describe the behavior of the system in a wide range of

configurations, as long as the effective parameters are experimentally determined

and all relevant states are considered. It is often the meeting point between

experimentalists, who measure the relevant parameters, and theoreticians, who

attempt to correlate them to the Hamiltonian that describes the configuration of

the system. A careful description of the latter, and how it modifies the parame-

ters at hand, allows us to rationalize our choices when investigating defects with

varying characteristics (such as a different charge state or element). This task

is more approachable when we consider the group-theoretical properties of the

system at hand. Here we combine group-theoretical considerations with ligand

field theory in order to qualitatively describe the features observed in our exper-

iment. In particular, we aim at explaining the large Zeeman splitting anisotropy

observed in both ground and excited states, and correlating it to the charge and
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spatial configuration of the defect.

In our experiments, we observe a single zero-phonon line (ZPL) associated

with optical transitions between two Kramers doublets (KD, doublets whose de-

generacy is protected by time-reversal symmetry and is thus broken in the pres-

ence of a magnetic field) in defects which contain Mo. The presence of a single

zero-phonon line in both 4H and 6H-SiC samples indicates that the defect oc-

cupies a lattice site with hexagonal symmetry. The lattice of 6H-SiC has two

inequivalent sites with cubic symmetry. Thus, if the defect were to occupy sites

of cubic symmetry, we would expect to observe two ZPLs closely spaced in this

sample. The absence of the ZPL associated with this defect in samples of 3C-

SiC[140] further corroborates this assumption. Additionally, we observe strong

anisotropy in the Zeeman splitting of the ground and excited states. Specifically,

when the magnetic field is perpendicular to the symmetry axis of the crystal, the

Zeeman splitting of the ground state goes to zero, whereas that of the excited

state is very small. This feature is observed in other transition-metal defects

in SiC situated at Si substitutional sites of hexagonal symmetry and with one

electron in its 3d orbital[141], but we are not aware of a clear explanation of the

phenomenon.

In our experiments, we observed transitions between sublevels of doubly de-

generate ground and excited states, whose degeneracy is broken in the presence

of a magnetic field. Thus, we note that ground and excited states are isolated

KDs, indicating that the defect contains an odd number of electrons. A Mo atom

has 6 electrons in its valence shell. The atom can occupy a Si substitutional site

(MoSi), where it needs to bond to 4 neighboring atoms, or an asymmetric split

vacancy (ASV) site (MoVSi−VC
), where it bonds to 6 neighboring atoms. These

defects can, respectively, be described by a Mo ion in the configurations 4d2 and

4d0, indicating that the defect must be ionized in order to contain an odd num-

ber of electrons. Its charge state, which could be ±1, ±3, etc., is determined by

the Fermi level in the crystal of interest. We note that the ZPL could only be

observed in p-doped samples, which indicates that the features investigated here

are unlikely to arise from negatively charged defect. The defect Mo+1
Si (where

+1 represents the charge state of the defect, not the Mo atom) can be approxi-

mately described by a Mo in a configuration 4d1, which facilitates the treatment

of its configuration in terms of d orbitals. In contrast, the defect Mo+1
VSi−VC

is de-

scribed by an electronic configuration containing a hole in the bonding orbitals.

These orbitals show strong hybridization between the d orbitals of the Mo and

the orbitals of the ligands, and cannot be straight-forwardly analyzed using the



146 Chapter 5. Identification and tunable optical coherent control...

formalism described below. Nonetheless, inspired by the similarities between our

system and other transition-metal defects reported in SiC[141], we investigate the

effect of the crystal field of C3v symmetry –which is expected to be significant in

hexagonal lattice sites in 4H-SiC and 6H-SiC– on the one-electron levels of the 5

sublevels (10, if spin multiplicity is included) of the 4d shell of a Mo atom. We

qualitatively predict the spin-hamiltonian parameters expected for a Mo ion in a

4d1 configuration, and compare our analysis to the experimental results.

5.17.2 Ion in 4d1 configuration in the presence of crystal

field of C3v symmetry and spin-orbit coupling

The 5 degenerate sublevels of a 4d-orbital are split by a crystal field of C3v

symmetry[142]. The energy splittings induced by this field are much smaller

than the energy difference between the 4d shell and the next orbital excited state

(5s). This allows us to, initially, consider the 5 orbitals of the 4d shell as a

complete set. Since Mo is a heavy atom, we cannot disregard the effect of spin-

orbit interaction. However, we assume that the crystal field is larger than the

effect of SOC, that is, ∆Efree � ∆Ecrystal � ∆Espin−orbit � ∆EZeeman, where

∆E denotes the energy splitting induced by each term (see Fig. 5.14).

The 5 orbital states of the d-orbital form a 5-dimensional irreducible represen-

tation (irrep) of the full rotation group SO(3). When the symmetry is lowered by

the crystal field to C3v, the 5-dimensional representation is split into 2 doublets

(E1, E2) and 1 singlet (A) that are irreps of C3v. Writing the 5 components of

the 4d orbital in terms of the quadratic functions z2, x2 − y2, xy, xz, yz allows

us to identify which orbitals are degenerate in the presence of a crystal field of

trigonal symmetry. We find that the singlet A is composed of the orbital 4dz2 .

Furthermore, the orbitals 4dxz and 4dyz are degenerate upon action of the crystal

field and make up doublet E1. Finally the orbitals 4dx2−y2 and 4dxy correspond

to doublet E2. Group-theoretical considerations alone are not capable of eluci-

dating which irrep corresponds to the ground state, that is, they do not provide

information about the order of the energy levels.

Comparison between the Cartesian form of these 5 orbitals and the spherical

harmonics which span a 5-dimensional space (that is, the spherical harmonics

Y m
l with l = 2) allows us to rewrite the relevant orbitals as linear combinations

of the eigenstates of the operators L2, Lz. This yields a new basis for each irrep
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Figure 5.14: Splitting of one-electron energy levels of a 4d orbital, under

the action of a crystal field and spin-orbit coupling. In the free atom, the 5 orbitals

corresponding to the 4d shell (disregarding the spin) are degenerate. A crystal field

of cubic symmetry breaks this degeneracy, generating an orbital triplet and a doublet,

whereas a crystal field of C3v symmetry, splits the 5 orbitals into one singlet and two

doublets. In the text, we focus on a crystal field of C3v symmetry, and disregard the

cubic term. Although we recognize that this is an approximation, we argue that this

approach clarifies the physics governing the strong magnetic anisotropy observed, and is

thus justified. Spin-orbit coupling is responsible for splitting the doublets, generating in

total 5 sets of Kramers doublets (here, the spin of the electron is taken into account).

The energy splittings caused by a magnetic field within these KD give rise to the

effective spin Hamiltonian parameters considered. We note that a group-theoretical

approach alone is not capable of providing the order of the energy levels shown in

the figure. We take this order to be the one observed in transition-metal defects in a

tetrahedral crystal field with strong trigonal distortion[142].

considered above:

E1 : Y −2
2 = |d−2〉 ;Y 2

2 = |d2〉 1st orbital doublet (5.18)

E2 : Y −1
2 = |d−1〉 ;Y 1

2 = |d1〉 2nd orbital doublet (5.19)

A : Y 0
2 = |d0〉 orbital singlet (5.20)

When the spin multiplicity is considered, each orbital doublet yields 4 possible

states, whereas the orbital singlet yields 2 possible states. Spin-orbit coupling
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(represented by the operator HSO = −λL · S) is responsible for splitting these

states into 5 different Kramers doublets:

KD1 :
∣∣d+2,+

1
2

〉
;
∣∣d−2,−1

2

〉
(5.21)

KD2 :
∣∣d+2,−1

2

〉
;
∣∣d−2,+

1
2

〉
(5.22)

KD3 :
∣∣d+1,+

1
2

〉
;
∣∣d−1,−1

2

〉
(5.23)

KD4 :
∣∣d+1,−1

2

〉
;
∣∣d−1,+

1
2

〉
(5.24)

KD5 :
∣∣d0,+

1
2

〉
;
∣∣d0,−1

2

〉
(5.25)

where the basis vectors are given in terms of the quantum numbers ml and ms

which denote the projection of the orbital and spin angular momentum along

the quantization axis, respectively (Fig. 5.14). Here, the spin-orbit coupling is

considered up to first order in the energy correction, whereas the wave function

is corrected up to zeroth order.

A magnetic field lifts the degeneracy between the two components of each KD.

This splitting is usually described phenomenologically by an effective Zeeman

Hamiltonian in a system with pseudospin S̃ = 1
2
.

Heff =− µBB · g · S̃1/2 (5.26)

where µB is the Bohr magneton, B the magnetic field vector, S̃1/2 the pseudo

spin 1
2

operator and g the g-tensor. In the presence of axial symmetry, g can be

diagonalized such that equation (5.26) can be rewritten in terms of the symmetry

axis of the crystal

Heff =− µB
(
g‖BzS̃1/2,z + (g⊥BxS̃1/2,x + g⊥ByS̃1/2,y)

)
(5.27)

In terms of the eigenstates belonging to each KD, the splitting is described

by the Zeeman Hamiltonian given by

HZee = −B · µ = −µBB · (g0S + kL) (5.28)

where µ is the magnetic moment operator, g0 the g-factor for a free electron,

S the total spin operator, k the orbital reduction factor, and L the orbital an-

gular momentum operator[142, 143]. The orbital reduction factor k, is a factor

between 0 and 1 which corrects for partial covalent bonding between the electron

and the ligands[142] (note that the value of k differs for each of the 5 KDs in

equations (5.21-5.25)). Comparison of equations (5.27) and (5.28) shows that

g‖ =2 〈geSz + kLz〉 =
2 〈µz〉
µB

(5.29)

g⊥ =2 〈ge(Sx + Sy) + k(Lx + Ly)〉 =
2 〈µx + µy〉

µB
(5.30)
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As long as the magnitude of this Zeeman splitting is small compared to the

spin-orbit interaction we can consider, to first order, the effect of the magnetic

field in the sets formed by each KD independently. That is, we consider that the

magnetic field does not mix states pertaining to two different KDs.

In order to calculate the values of g‖ and g⊥ for each KD defined by trigonal

symmetry and spin-orbit coupling, we rewrite equation (5.28) as

HZee = −(Bzµz +Bxµx +Byµy) = −
(
Bzµz + 1

2
(B+µ− +B−µ+)

)
(5.31)

where the + and − subindices denote the raising and lowering magnetic moment

operators and the linear combinations Bx± iBy, respectively. When we consider

the basis given in equations (5.21-5.24), the matrix elements of both µ+ and µ−
are zero between two eigenvectors pertaining to one KD. This arises from the

fact that the operator µ+ couples states with (ml,ms) to states with (ml + 1,ms)

or (ml,ms + 1). Since, within a KD, there is a change in both ml and ms when

going from one eigenvector to the other, the operators µ+ and µ− cannot couple

these states to each other. Explicitly, for KD1 for example, we obtain〈
d+2,−1

2

∣∣µ±∣∣d+2,−1
2

〉
= 0 (5.32)〈

d+2,−1
2

∣∣µ±∣∣d−2,+
1
2

〉
= 0 (5.33)〈

d−2,+
1
2

∣∣µ±∣∣d−2,+
1
2

〉
= 0 (5.34)

and in a similar way for KDs 2 through 4. Thus, up to first order, a magnetic

field applied perpendicular to the crystal c-axis is not capable of lifting the de-

generacies of the 4 KDs given in equations (5.21)-(5.24). Comparing these results

to equation (5.30) we conclude that, for the 8 sublevels of the KDs 1 through 4,

g⊥ = 0. This arises from the effect of both the crystal field of C3v symmetry and

SOC in decoupling and isolating KDs with the properties mentioned above. This

is not the case for KD5, given in equation (5.25). In this case,〈
d0,−1

2

∣∣µ±∣∣d0,+
1
2

〉
6= 0 (5.35)

and the degeneracy of this KD is broken in the presence of a magnetic field

perpendicular to the c-axis of the crystal.

We can consider in addition the effect of spin-orbit coupling in mixing the

eigenstates presented in equations (5.21-5.25). Spin-orbit coupling is responsible

for mixing between the eigenstates of KD2 and KD3 (equations (5.22) and (5.23)).

Since both of these KDs show g⊥ = 0, this mixing does not modify the expected

value of g⊥ in neither KD. In contrast, the SOC induced mixing between KD4
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and KD5 causes some deviation of g⊥ from 0 in KD4, since g⊥ 6= 0 in KD5. The

values of g‖ and g⊥ for one electron in each of the KDs described in this section

are presented in table 5.3.

From the 5 KDs in equations (5.21-5.25), one KD is the ground state and one

KD is the excited state that we address in our experiments. As said before, our

group-theoretical approach cannot identify the ordering in energy of these 5 KDs.

However, by looking at the g-factor properties of the KDs in table 5.3 we can check

which ones show consistent behavior with that of the observed ground and excited

state. For the observed ground state, we found |g‖| < 2 and g⊥ = 0. Concerning

possible values for the orbital reduction factor k, by definition k < 1, and we

must have k > 0.1 since |g‖| deviates substantially from 2. This suggests that

KD2 is the ground state. For the excited state, we also have |g‖| < 2, but with

g⊥ ' 0. This suggests KD4 is the excited state we observed in our experiments.

In addition, the optical transition observed is mainly polarized along the crystal

c-axis of the defect. Careful analysis of the selection rules associated with the

double trigonal group (which includes, besides the spatial symmetry, the spin of

the electron) has been reported by Kunzer et al.[144]. Comparing their results

to the considerations presented in the previous paragraphs confirms that the

transition between KD2 and KD4 is predominantly polarized along the crystal

c-axis, as observed. Finally, we note that we could not experimentally identify

secondary ZPLs corresponding to transitions between other sets of KDs, even

though they are allowed by symmetry. This could be explained by a series of

factors. On the one hand, some of the KDs treated could have energies above

the conduction band edge in the crystal, which would impede the observation of

optical transitions from and into these levels. On the other hand, the presence

of these lines could be masked by the intense phonon sideband at the red side of

the ZPL, or the associated photon energies fall outside our detection window.

5.17.3 Validity of our assumptions

The model considered here is capable of qualitatively informing us about the

behavior of orbitals with d character in the presence of trigonal crystal field and

spin orbit coupling. It is clear that the full description of the configuration of

the defect is far more subtle than the simple model applied here. We intend to

comment on this in the next paragraphs.



5.17 SI: Anisotropic g-factor in the effective spin-Hamiltonian 151

Table 5.3: The g-factors of the Kramers Doublets originated due to spin-orbit coupling

within each subspace of the electronic eigenstates in a field of C3v symmetry. Spin-orbit

coupling is added as a perturbation, and included up to first order. The parameters

λ and δ are as defined in the text and in Fig. 5.14. Note that the g-factor values in

this table can take on negative values, while in our experimental analysis we can only

extract |g‖| and |g⊥|.

C3v Spin-Orbit g‖ g⊥

Doublet, ml = ±2
KD1, eq. 5.21 2(2k + 1) 0

KD2, eq. 5.22 2(2k − 1) 0

Doublet, ml = ±1
KD3, eq. 5.23 2(k + 1) 0

KD4, eq. 5.24 2(k − 1) 0 + ∝ λ
δ

Singlet, ml = 0 KD5, eq. 5.25 2 2 − ∝ λ
δ

Symmetry of the crystal field. In our derivation, we assume that the trigonal

crystal field is the prevailing term in the Hamiltonian describing the defect. This

assumption is not rigorously correct, since the symmetry of defects in SiC is

more accurately described by a ligand field of cubic symmetry – which determine

most of its ground and excited state properties. This field is modified in the

presence of axial symmetry, as is the case for defects in hexagonal lattice sites,

which is generally included as a first-order perturbation term in the Hamiltonian.

Nonetheless, it can be shown[142, 145] that the large anisotropy in the Zeeman

response described above, with the cancelation of g⊥, is also observed in the

case of a cubic field with trigonal distortion and spin-orbit coupling of similar

magnitudes. The analysis, in this case, is more laborious due to the fact that

mixing of the orbitals is involved, and calculating the matrix elements of the

operators L±, S±, Lz and Sz is less trivial. Furthermore, this analysis would not

increase our level of understanding of the system at this point, since we were

only capable of observing transitions between the sublevels of two KDs in this

experiment. This approach would be more profitable if transitions between other

sets of KDs were observed, allowing us to unravel several parameters associated

with the system, such as the strength of the spin-orbit coupling and trigonal

crystal field.

Charge state of the defect. Similarly, it can be shown that the considerations

presented here can be expanded to configurations where the 4d orbitals are filled
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by multiple electrons (for instance, a defect in a configuration 4d3). In this case,

a doubly degenerate orbital configuration (in symmetry terms, a configuration of

the kind mE, where m is the spin multiplicity) in the presence of a crystal field

of C3v symmetry gives rise to at least one KD with g⊥ = 0 when SOC is taken

into account. Nonetheless, only a negatively charged Mo in a Si substitutional

site would give rise to a defect in the configuration 4d3. The absence of the ZPL

in n-doped samples indicates that this is unlikely.

In addition, a similar group theoretical analysis can show that one hole in

a bonding orbital of symmetry E would also give rise to g⊥ = 0. Thus, the

features observed here could also correspond to a positively charged MoVSi−VC

defect (where one of the six Mo electrons participating in bonding is lost to

the crystal lattice). Due to the strong hybridization between the Mo and the

divacancy orbitals in this case, the description of this case is more subtle and will

not be performed here.

5.17.4 Summary

We showed that an analysis of the effect of the defect symmetry on the Zeeman

energy splittings of its ground and excited states, combined with the experimental

observations, helps us unravel the configuration of the defect studied in this

work. We show that, in C3v symmetry, a combination of the crystal field and

spin-orbit interaction is responsible for the strong magnetic anisotropy observed

experimentally. Furthermore, the fact that the defect studied in this work is

only observed optically in samples which are p-doped indicates that the charge

of the defect is more likely positive than negative. In this way, we conclude that

the most probable configuration of our defect is a Mo ion on a Si substitutional

site of h symmetry, with a charge +1, which can be approximately described by

a Mo atom in a 4d1 configuration. The absence of other lines associated with

the defect prevents us from providing a more accurate description of the system.

Nonetheless, we have developed a qualitative description based on symmetry,

which explains the Zeeman splittings observed. The considerations presented

here allow us to predict and rationalize the presence of strong anisotropy in other

transition-metal defects in SiC. We expect neutrally charged vanadium defects in

hexagonal lattice sites to show a magnetic behavior similar to the one observed

in the Mo defects investigated in this work.
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