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Hybrid quantum photonic systems connect classical photonics to the quantum world and promise to
deliver efficient light-matter quantum interfaces while leveraging the advantages of both, the classical
and the quantum, subsystems. However, combining efficient, scalable photonics and solid-state quan-
tum systems with desirable optical and spin properties remains a formidable challenge. In particular, the
access to individual spin states and coherent mapping to photons remains unsolved for hybrid systems.
In this paper, we demonstrate all-optical initialization and readout of the electron spin of a negatively
charged silicon-vacancy center in a nanodiamond coupled to a silicon nitride photonic crystal cavity. We
characterize relevant parameters of the coupled emitter-cavity system and determine the silicon-vacancy
center’s spin-relaxation and spin-decoherence rate. Our results mark a key step towards the realization of
a hybrid spin-photon interface based on silicon nitride photonics and the silicon-vacancy center’s electron
spin in nanodiamonds with potential use for quantum networks, quantum communication, and distributed
quantum computation.

DOI: 10.1103/PhysRevApplied.21.054032

I. INTRODUCTION

Quantum applications, such as quantum networks and
quantum repeaters, rely on efficient mapping of quantum
information between stationary qubits and flying qubits
[1–3]. While photons are a natural choice for flying qubits,
since they interact weakly with their environment [4],
numerous candidates for stationary qubits are under inves-
tigation with individual strengths and weaknesses. The
negatively charged silicon-vacancy (SiV−) center in dia-
mond is of particular interest, since its defect symmetry
enables excellent optical properties to be retained even in
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nanodiamonds (NDs) with sizes below the optical wave-
lengths [5], recently enabling two-photon interference
from SiV− centers in remote NDs [6]. Hybrid quantum
photonics [7,8] offers a unique route to efficiently inter-
face stationary to flying qubits, by combining individually
optimized photonic and quantum systems, therefore inher-
iting the advantages of each of its constituents. These
hybrid systems can be assembled using pick and place
transfer [9] or lithographic positioning [10] and can be
categorized into evanescent [11,12] and embedded opti-
cal coupling strategies, where embedding the quantum
system has reached high photonic enhancements in pho-
tonic crystal cavities (PCCs) and ring resonators [13,14].
However, until today access to stationary qubits was not
demonstrated in coherent hybrid quantum photonics.

Here, we propose an ND-hosted SiV− center’s electron
spin as a stationary qubit and experimentally demonstrate
its access in hybrid quantum photonics entailing a num-
ber of advantages. The use of NDs is accompanied with
a potential increase in the SiV− center’s electron-spin
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coherence by a modification of the phonon density of states
[15] or strain [16] in its environment. One-dimensional
PCCs enable coherent and efficient exchange of quantum
information between stationary qubits and flying qubits in
the framework of cavity quantum electrodynamics (cQED)
[17], while offering scalability by a small footprint on chip.

Our photonic base material is silicon nitride (Si3N4),
which offers scalable fabrication and access to many key
elements for quantum nodes integrated on a single chip
[18]. The one-dimensional PCCs employed herein are
formed in a single-mode Si3N4 waveguide on top of SiO2
with periodic elliptical holes patterned into the waveg-
uide. These periodic holes are interrupted by a hole defect
at the midpoint of the waveguide, leading to localized
modes within the guide, thus forming the cavity, while this
hole defect also serves as a target region for ND place-
ment. At this point, another single-mode Si3N4 waveguide
crosses the cavity waveguide orthogonally, with waveg-
uide dimensions optimized for off-resonant excitation of
the SiV− centers. Each of the two waveguides are equipped
with efficient broadband out-of-plane couplers [19] to
interface the nanostructure with Gaussian optics. Further
details on the photonic device are provided in Appendix B.

II. HYBRID DEVICE ASSEMBLY

Start of the assembly of our hybrid emitter-cavity sys-
tem is identifying suitable SiV− center hosting NDs at
room temperature via confocal microscopy. The procedure
and ND synthesis is described in Appendix C. Suitable
candidates are transferred to the PCC by AFM pick and
place, following the method in Ref. [13]. In order to over-
come limitations of evanescent coupling on top of the
waveguide, the ND of choice [Fig. 1(a)] is placed inside
a PCC hole [Fig. 1(b)] close to the cavity center [see
Appendix D]. After transfer the ND is well embedded, as
verified by its AFM height cross section [Fig. 1(b), inset].
The whole ND assembly does not negatively affect the cav-
ity properties, which we probe utilizing the Si3N4 inherent
background fluorescence and the broadband out-of-plane
couplers. A green laser is directed onto one of the cav-
ity couplers and excites Si3N4 background fluorescence,
which is modulated by the cavity when collected at the
opposing coupler [Fig. 1(c)]. After the assembly the qual-
ity factor Q of the resonance mode closest to 737 nm is
determined to be Q = 1015(19), while the resonance posi-
tion is nearly unchanged [Fig. 1(d)]. A quantitative analy-
sis and additional details of the assembly are presented in
Appendix D.

Successful placement of SiV− centers is verified at cryo-
genic temperatures (approximately 4K) by off-resonant
excitation via the pump waveguide and fluorescence col-
lection at one of the cavity couplers [Fig. 1(e)] revealing
cavity channeled SiV− center fluorescence [Fig. 1(f)].
Alternatively a scanable titanium-sapphire laser is coupled

into the cavity and fluorescence is detected from the SiV−

center phonon sideband at the cavity center in a photolu-
minescence excitation (PLE) experiment [Fig. 1(g)]. An
exemplary measurement is seen in Fig. 1(h) revealing mul-
tiple peaks, corresponding to the laser hitting resonance
with strain-shifted SiV− centers in the ND. Strain alters the
SiV− center’s ground- (�GS) and excited-state (�ES) split-
ting [Fig. 2(a)] as well as the weighted central wavelength
(zero phonon line) of the optical transitions A–D [5,20],
which allows us to address individual SiV− centers.
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FIG. 1. (a) Atomic force microscope (AFM) scan and height
profile (inset) of the SiV− center hosting NDs on a fused sil-
ica substrate. (b) Parts of the same ND embedded inside the
first hole from the PCC’s center. The data is filtered with an
unsharpen mask and the green line indicates the height profile
path along the unfiltered data (inset). (c) Measurement scheme
to spectrally resolve the cavity resonance wavelengths by excit-
ing broadband Si3N4 fluorescence, which gets modulated by the
cavity. (d) Normalized cavity spectrum before (blue) and after
(orange, offset by 0.5) the pick and place procedure. Data is mea-
sured as sketched in (c). (e) Measurement scheme to detect cavity
channeled SiV− center fluorescence via off-resonant excitation
over the crossed waveguide. (f) Cavity channeled SiV− center
fluorescence (blue, data normalized) at cryogenic temperatures,
measured as sketched in (e), with the cavity tuned into resonance.
This is indicated by the normalized and offset cavity spectrum
(dashed gray). (g) Resonant excitation scheme with the laser cou-
pled into the cavity via a coupler and fluorescence detection at the
PCC’s center within the SiV− center phonon sideband. Details
for this measurement type are found in Appendix L. (h) Using the
scheme presented in (g) and tuning the excitation laser frequency
reveals distinct peaks signaling resonance with the successfully
placed SiV− centers.
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FIG. 2. (a) Level scheme of an SiV− center at cryogenic temperatures with four optical transitions, labeled A to D, connecting spin
degenerate spin-orbit eigenstates separated by the strain-dependent ground- (�GS) and excited-state splitting (�ES). (b) In a magnetic
field the level’s spin degeneracy is lifted resulting in four transitions (1–4) per level and enables optical access to the spin degree of
freedom. (c) Measurement scheme to probe the spin flipping transition 4. Continuous pumping on transition 2 (orange arrow) and
probing for transition 4 (green arrow) with a second laser enables the splitting fs of the spin states to be determined. (d) Simulation of
the magnetic field from two permanent magnets (black rectangles), which are screwed to the sides of the coldfinger (copper colored
lines), onto which the photonic chip (gray square) is mounted. White crosses mark the position of the PCC. Simulations were performed
using MAGPYLIB [21]. (e) Optical SiV− center transitions seen in a cavity PLE scan (blue) can split up when a magnetic field is applied
(orange) due to a difference in spin splitting in the ground and excited state. Pumping one of the spin-preserving transitions, and
probing with a second laser reveals the spin-flipping transition (green). Data is normalized and offset.

III. SPIN ACCESS

The SiV− center’s spin-orbit eigenstates, connected by
these optical transitions, are spin degenerate in zero mag-
netic field [22–24]. In a static magnetic field each eigen-
state splits up due to the spin-1/2 nature of the SiV− center.
The resulting spin sublevels are denoted |↓〉 and |↑〉 herein
[Fig. 2(b)]. Transitions between these states are labeled
1–4 in Fig. 2(b) and are apparent for each of the optical
transitions A–D. Here, the magnetic field is generated by
a permanent neodymium magnet assembly, with simulated
field strength above 250 mT [Fig. 2(d)]. The largest field
component lies along the x axis at the location of the PCC
[see Appendix F], which ensures that the magnetic field is
parallel to well-coupled SiV− centers with their dipole axis
parallel to the transverse-electric (TE) cavity mode. Align-
ment of the magnetic field to the SiV− center symmetry
axis improves parameters, such as the spin-state purity [22]
and the spin relaxation time, which influences the cyclicity
of the optical transitions [25]. Transition 2 and 3 poten-
tially possesses long cyclicity and connect levels of equal
spin projection, hence also referred to as spin-preserving
transitions, while for transition 1 and 4 the spin will be
flipped (spin flipping). The spin splitting in the ground and
excited state depends on the spin as well as the orbital
degree of freedom, where the latter is larger in the excited
state [22]. Consequently, transition 2 and 3 are spectrally
separated, enabling all-optical electron spin access [24].

The intensity ratio of spin-flipping and spin-preserving
transitions depends on the magnetic field alignment rel-
ative to the symmetry axis of the SiV− center, with the
spin-flipping transition intensity being minimized for par-
allel alignment [24]. Here, a nonvanishing out of plane
component of the magnetic field [Appendix F] and an
angle of the SiV− center with respect to the TE mode of the
cavity [Appendix I] leads to weakly allowed spin-flipping
transitions, with a nonvanishing dipole overlap with the
cavity field. In this case [Fig. 2(e)] one can probe and
reveal the spin-flipping transition by continuously driving
one of the spin-preserving transitions while sweeping a
second laser’s frequency [Fig. 2(c)]. The respective fre-
quency difference yields the spin splitting fs ≈ 6.8 GHz,
which translates to approximately 280 mT, which is in
the expected range from the magnetic field simulations of
Fig. 2(d).

IV. EMITTER-CAVITY SYSTEM

To determine the relevant cQED parameter set {g, κ , γ },
with the single-photon Rabi frequency g, the cavity decay
rate κ , and the transition linewidth γ , the linewidth for
both spin-preserving transitions is measured at varying
probe intensities on and off resonant with the cavity res-
onance [Fig. 3]. Extrapolating to zero power according
to γ = γ0

√
1 + P/Psat [26] mitigates any influence of

power broadening. Tuning the cavity resonance frequency
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FIG. 3. (a) Cavity spectrum on (blue) and off resonance
(orange) with the SiV− center, measured as sketched in Fig. 1(c).
The vertical red line coincides with the corresponding transition
wavelength. (b) Power-dependent PLE linewidth of the two spin-
preserving transitions on (blue) and off resonant (orange) with the
cavity for the SiV− center discussed in Fig. 2. The measurement
scheme follows Fig. 1(g).

is realized by controlled freezing of N2 to the PCC
[27], shifting the cavity resonances to longer wavelengths.
Extracting γ from the extrapolated zero power value yields
γ /2π = 157(25) MHz at a cavity detuning of � ≈ 5κ

[Fig. 3, orange]. This value is consistent with the Fourier-
transform limit of the SiV− center in NDs, where lifetimes

in the range from 200 ps to 2 ns had been observed at room
temperature [28]. The cavity decay rate κ is determined
by the Lorentzian line shape of the resonance resulting in
κ/2π = 273(7) GHz, which was positively affected by the
gas tuning, as discussed in Appendix K. From the zero
power extrapolated Purcell broadened linewidth γon/2π =
203(23) MHz [Fig. 3(b), orange] measured with the cavity
in resonance (� = 0.042(7) · κ) [Fig. 3(a), blue], we can
infer the cooperativity C [29] to be C = 0.30(24) = 4g2

κγ

translating to g/2π = 1.8(13) GHz for the spin-preserving
transitions. The complete cQED parameter set reads

{g, κ , γ }/2π = {1.8, 273, 0.157} GHz.

V. SPIN PROPERTIES

All-optical spin access is realized by optical pumping on
one of the spin-preserving transitions [Fig. 4(a)], starting
from equal population in |↓〉 and |↑〉 in thermal equilib-
rium at 4 K and a spin splitting of fs ≈ 6.8 GHz. During a
1-µs-long laser pulse [Fig. 4(b), right], this thermal equi-
librium is disturbed by laser-induced optical spin pumping
via the spin-flipping transition, depopulating the level |↓〉.
The fluorescence in the phonon sideband, probed in accor-
dance to Fig. 1(g), exponentially decays on a timescale of
approximately equal to 70 ns, corresponding to the spin ini-
tialization time. The steady state reached towards the end
of the laser pulse yields a a final population in the spin-state
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FIG. 4. (a) Measurement scheme to probe the spin relaxation time T1 of the SiV− center. A laser resonant with transition 2 (see Fig. 2)
depopulates the |↓〉 level and pumps population to |↑〉. (b) Time-resolved fluorescence during the laser pulse. Increasing the pulse
separation τ between consecutive laser pulses leads to increased fluorescence at the start of the laser pulse, due to exponential recovery
towards thermal equilibrium during τ . Fitting (orange, right-hand panel) yields the spin initialization timescale of approximately
equal to 70 ns (c) Exponential recovery of population to thermal equilibrium versus laser pulse spacing τ . The recovery timescale
yields T1 = 630(130) ns. (d) coherent population trapping (CPT) experiment to extract the spin-dephasing rate �∗

2 . One laser fixed
in resonance with, e.g., transition 4 while another laser is scanned across the corresponding transition forming a �-type system.
(e) Sweeping the probe laser frequency yields the characteristic dip in the fluorescence signal as the system is trapped in the coherent
superposition. (f) Probing this dip width at low excitation powers and phase coherent electro optical modulator (EOM) generated side
bands reveals a minimum dip width of 3.3(7) MHz. Gray shaded area is the fit’s 3σ confidence band.
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|↑〉 with a fidelity of approximately equal to 75%, extracted
from 1 − h(0)/2h(τ → ∞), with h being the peak height
at the leading edge. By applying consecutive laser pulses
with a varying interpulse delay, the characteristic relax-
ation time for the spin-state T1 can be retrieved from an
exponential fit of the corresponding initial peak heights
[Fig. 4(c)], which yields T1 = 630(130) ns. T1 is typically
limited due to nonperfect alignment of the SiV− center
symmetry axis and the magnetic field, which in our case
indicates potential improvement in the coupling strength
to the PCC. As outlined earlier, ideally the magnetic field,
the SiV− center symmetry axes and the TE mode are co-
linear. However, in the given configuration we attribute a
decreased T1 to a nonzero z component of the magnetic
field and dipole misalignment to the cavity, discussed in
Appendices F and I, respectively. With vector control of
the magnetic field, the misalignment could be determined
and optimized by means of AFM nanomanipulation [30].
In addition to the spin-relaxation time T1, the dephasing
rate �∗

2 is of key interest, being the timescale dictating
operations on the electron spin. To probe �∗

2 , a coherent
population trapping (CPT) experiment is carried out where
two laser fields are simultaneously applied to the SiV−

center connecting a spin-preserving and spin-flipping tran-
sition in a �-type system [Fig. 4(d)]. When both lasers
fulfill the Raman condition at zero detuning a coherent
dark state is formed leading to a dip in fluorescence sig-
nal [Fig. 4(e)]. The dip width is a direct measure of �∗

2
[24] when ensuring phase coherence of the laser fields and
excluding powerbroadening. This is realized by generating
sidebands through microwave drive of an EOM and mini-
mizing the excitation power. The dip width was measured
to be as narrow as �∗

2 = 3.3(7) MHz [Fig. 4(f)], which
translates to T∗

2 = 1/(π�∗
2) = 97(20) ns in this low-power

regime [see Appendix J].

VI. CONCLUSION

In conclusion, we demonstrate the fundamental step for
an on-chip hybrid spin-photon interface based on the elec-
tron spin of a SiV− center in NDs and Si3N4 photonics.
We achieve a cooperativity of C = 0.30(24) and single-
photon Rabi frequency of g/2π = 1.8(13) GHz, which
both could be further improved by increasing the ratio of Q
factor to mode volume V. The simultaneous requirements
set herein for spin access and proper optical coupling to
the PCC restricts us to a small number of SiV− centers
within the ND. Using a higher density of SiV− centers
or decreasing the crystal strain, which has direct influ-
ence on the possibility for optical spin access [20], could
increase the number of SiV− center candidates fulfilling
both criteria. A further boost in coupling can be envi-
sioned with additional alterations in the cavity design,
targeting parameters, such as scattering-induced internal
losses, which are discussed in Appendix E, or additional

optimization through nanomanipulation steps [30,31] for
dipole alignment. With the above turning nobs at hand,
cooperativities well above one are within close reach.
The accomplished spin initialization fidelity of approxi-
mately equal to 75% and the spin-relaxation time T1 of
630(130) ns of our cavity coupled SiV− center could be
improved by alignment of the magnetic field to the SiV−

center symmetry axis through vector control. This should
increase the spin relaxation time T1 to orders of ms [24,32]
and enables long cyclicity of the spin-preserving transi-
tions giving access to single-shot readout [33], while also
increasing the upper bound for the spin coherence time T2.
The measured spin-dephasing rate of �∗

2 = 3.3(7) MHz is
in the range of values obtained for bulk diamond by opti-
cally detected magnetic resonance at approximately 2 K
in a bath cryostat [32], suggesting the feasibility of inte-
grating SiV− centers in NDs with potentially improved
spin properties [15], with dephasing rates recently sur-
passing SiV− centers in bulk by an order of magnitude
[34]. Implementation of on-chip microwave structures to
coherently control the electron spin, or techniques relying
on all optical driving [35,36], together with the above-
mentioned improvements leading to cooperativities well
above one could enable spin-photon entangling gates based
on spin-dependent cavity reflection signal [37,38].
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APPENDIX A: EXPERIMENTAL SETUP

The optical setup is build around a dual-axis galvo scan-
ning mirror (Thorlabs GVS212/M) and two f = 300 mm
lenses. In contrast to a standard confocal microscope
based on such a configuration, the galvo is bypassed
with the help of a pellicle beam splitter (BP208). This
way, the excitation laser spot can be fixed on the sam-
ple, while fluorescence can be collected from a different
location [Fig. 5, red solid path] with the objective (Olym-
pus LMPlanFl 50X/0.50), while spatial filtering is ensured
by a 50-µm core multimode fiber. Position scanning of
the whole cryostat (Janis ST-500) enables the excitation
laser to be moved to the correct position. For excitation,
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FIG. 5. Sketch of the experimental setup used for the measurements presented above. An off-resonant green laser and two titanium-
sapphire (Ti:Sa) lasers can be directed towards the cryostat after being reflected off a pellicle beam splitter (PeBS). One of the Ti:Sa
lasers can be modulated by an acusto-optic (AOM) or electro-optical modulator (EOM). The excitation light is focused onto the
photonic chip in the cryostat with an objective. Fluorescence from a different location than the excitation spot can be collected using
a galvo scanning mirror (GSM) and a 50-µm core multimode fiber, acting as a pinhole. The fiber-coupled photons are either recorded
using a single-photon-counting module (SPCM), or spectrally resolved on a spectrometer. The electrical signal of the SPCM is either
recorded as time tags for pulsed experiments or the count rate serves as feedback for position optimization of laser positioning as well
as detection optimization with the GSM.

two types of lasers are utilized herein. A 532-nm laser
(gem 532) and two tunable titanium-sapphire (Matisse
2 TS) lasers. The 532-nm laser is used for off-resonant
excitation of SiV− centers and to excite the broadband
cavity background fluorescence with which the cavity
parameters can be probed. The tunable titanium-sapphire
lasers are used in the resonant PLE and CPT experi-
ments. One of these laser beam paths is equipped with an
acousto-optic modulator (G&H 3550-199), used for active
excitation power stabilization and to generate the pulses
for the T1 measurement in Sec. V. For the CPT exper-
iment, an additional electro-optical modulator (Jenoptik
AM705b) is added to this path, which generates the phase
coherent sidebands when driven by a continuous-wave
microwave source (SMIQ06B). The electro-optical modu-
lator is stabilized to its interferometric working point with
a lock-in and a PID controller (DLC pro laser driver).
Triggers and experiment timing is provided by an in-
house programmed FPGA (XEM6310-LX45) and time
traces are recorded with a time tagger (Swabian Instru-
ments TimeTagger Ultra) for pulsed experiments. For res-
onant experiments, fluorescence is collected in the phonon
sideband region of the SiV− centers using bandpass flu-
orescence filters (2x Semrock 769/41), while for the off-
resonant excitation experiments a 600-nm longpass filter
blocks out the green excitation laser. Fluorescence is spec-
trally resolved with a spectrometer (Princeton Instruments
HRS 500) equipped with gratings of 1200 grooves/mm,
750 nm blaze and 1800 grooves/mm, 670 nm blaze. Posi-
tioning of the sample and galvo scanning mirror, as well as

acquisition of photon counts from the single-photon-
counting module (Excelitas SPCM-AQRH-14-FC) is done
with a National Instruments data-acquisition card (PCIe-
6323) and the open-source software qudi [39]. To intro-
duce the N2 gas into the cryostat an ultrahigh vacuum gas-
dosing valve (Nenion F3VCR-012) controls flow through a
1/16 in. stainless steel tubing (Swagelok), which is directly
facing the PCC chip inside the cryostat.

APPENDIX B: PHOTONIC DEVICE DETAILS

The crossed bar PCC is formed by two identical nonuni-
form Bragg mirrors, each consisting of N segments of
elliptical holes at a period a, as sketched in Fig. 6. The
ellipticity is charaterized by a ratio of 2.5 of major axis
c to minor axis d, optimized by three-dimensional Finite
Difference Time Domain (FDTD) simulations to maximize
the Q factor of the PCC. These elliptical holes ensure a

. . . . . .
cav

a
d

c w

quadratic interpolationN

FIG. 6. Sketch of a PCC in a single-mode waveguide of width
w. The PCC is characterized by the number of mirror segments
N , the period a, and the defect distance cav. Towards the end of
the mirror, the holes are quadratically interpolated, to ensure a
smooth transition into the waveguide mode.
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TABLE I. Parameters of the PCC considered in the main text.

N a cav c/d ff

45 240 nm 210 nm 2.5 0.24

wider band gap and higher reflectivity leading to stronger
confinement of the optical mode in comparison to sim-
ple round-shaped holes, as employed in Refs. [11,13]. The
mirror segments in each Bragg mirror are characterized
via quadratically interpolated filling fraction of each seg-
ment ff = (πcd/4wa) resulting in a smooth transition of
the resonance mode into the waveguide mode. The width
w (500 nm) and the thickness (200 nm) of the Si3N4 layer
ensure single-mode fundamental TE mode guidance in the
cavity waveguide. Notably, the demonstrated PCC devices
on SiO2 utilized herein are more robust and easier to
fabricate in comparison to their suspended counterparts,
as employed in Refs. [11,13], which rely on complex
nanofabrication techniques. The broadband out-of-plane
couplers, which interface the planar integrated waveguides
are fabricated by direct laser writing using the Nanoscribe
GT system. The couplers are connected to the Si3N4 pho-
tonics by an inverse Si3N4 taper, which couples the mode
out of the waveguide into a mode converter. This allows
for adiabatic conversion from waveguide modes to the
ones guided in the polymer. To enlarge the mode, a linear
polymer taper is attached and terminated by a reflection
surface that directs the light upwards through total internal
reflection. Afterwards, the waveguide is met by a convex
lens, which focuses the light above the coupler [19]. Fur-
thermore, to suppress unwanted fluorescence from the used
polymer, all structures are printed with a mixture of IP-
Dip NPI and a small fraction of Irgacure 819 as described
in Refs. [40,41]. The PCC considered in the main text is
characterized by the parameters summarized in Table I.

APPENDIX C: NANODIAMOND SYNTHESIS AND
CHARACTERIZATION

The NDs with SiV− centers used in this work were syn-
thesized using a high-pressure high-temperature (HPHT)
process without metal catalysts. The starting reagent for
the synthesis was the mixture of naphthalene (C10H8)
and tetrakis(trimethylsilyl)silane (C12H36Si5). The exper-
imental procedure consisted of loading the high-pressure
apparatus to 8.0 GPa, heating the samples with reagent up
to 1450 ◦C with short (3 s) isothermal exposures. After-
wards the recovered sample was treated with a mixture
of concentrated HNO3 + HClO4 + H2SO4 acids to remove
sp2 carbon, as well as with HF acid to remove excess sili-
con. The obtained ND crystals were washed and dried. In
preparation for optical characterization, the NDs are dis-
persed in ethanol, ultrasonicated, and drop casted onto a

150-µm fused silica coverslip into which marker struc-
tures had been fabricated by focused ion beam milling.
Suitable SiV− center hosting NDs are searched with a
home-built confocal microscope, equipped with a 1.35-NA
oil objective. The markers on the substrate serve as posi-
tion reference, in order to relocate specific SiV− center
containing NDs in AFM measurements prior to the pick
and place transfer.

APPENDIX D: HYBRID DEVICE ASSEMBLY

During the pick and place transfer of the ND of choice,
seen in Fig. 7(a), the ND declustered and multiple parti-
cles were found in the subsequent AFM scan of Fig. 7(b)
on top of the cavity. To avoid limitations from evanescent
coupling on top of the waveguide, the parts, which had
not been directly successfully placed into the cavity hole,
were moved into their next-nearest cavity hole [Fig. 7(c)].
Remarkably, even though multiple cavity holes had been
equipped with NDs the cavity parameters remain stable,
also over the course of the additional experiment duration
which in total added up to more than 2 years.

A detailed comparison, before and after the placement
is given in Fig. 7, for the first, second, and third mode
of the PCC. The spectra are measured in accordance with
the sketch in Fig. 1(c). The quality factor Q of the first
mode increased from 2100(400) to 4700(900), for the sec-
ond mode from 1440(110) to 2020(50) and for the third
mode from 680(40) to 1015(19) after the ND placement.
However, due to a long time difference of approximately
1.5 years between the two spectra measurements, we
refrain from assigning this increase solely to the placement
of the ND, even though this is partially suggested by the
supporting simulations in the Appendix E. With regards to

(a)

(c)

(b)

FIG. 7. (a) Uncut AFM image of the ND on the fused silica
substrate. (b) AFM image after the pick and place procedure.
The image is processed with an unsharpen mask. Parts of the ND
were directly placed into a cavity hole, yet some other fractions
remained on top of the cavity waveguide. (c) AFM images before
(top) and after (bottom) a nanomanipulation step, which moved
the remains [Fig. 7(b)] on top of the cavity waveguide into the
closest PCC holes. Scalebars indicate 100 nm.
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FIG. 8. Quality factors of the PCC before (blue) and after
(orange) the ND insertion of the data in Fig. 1(d), for the first
(left panel), second (middle panel), and third mode (right panel)
with indications of an increasing Q factor upon ND placement.
Due to the long time of approximately 1.5 years between these
measurements we do not assign this increase in all of its extent
to the ND placement.

spectral shifts �i ; i ∈ {1, 2, 3} the first mode is affected the
most with a shift of �1 = 0.867(18) nm. The second mode
shifted by �2 = 0.128(1) nm, while for the third mode the
shift is determined to be �3 = 0.065(16) nm. As long as
the cavity mode of interest stays blue detuned from the tar-
get wavelength within a range of roughly 10 nm the mode
can be tuned into resonance by gas tuning.

APPENDIX E: SIMULATIONS OF THE CAVITY
AND HYBRID SYSTEM

To investigate the influence of ND placement, FDTD
simulations of the hybrid PCC-ND system are carried out
using the software MEEP [42] for three cases. Case 1
[Fig. 9(a)] represents the bare PCC characterized by the
parameters in Table I. For case 2 [Fig. 9(b)] an ND is com-
pletely filling up the first hole besides the hole defect in
the center of the PCC. In case 3 [Fig. 9(c)] the ND is only
partially filling up the same hole, which closely matches
the experimental configuration. The ND dimension [see
Fig. 1(a)] on the bare substrate is approximately equal to
150 nm3, while after placement [Fig. 1(b)] it sticks out
approximately equal to 40 nm from the cavity waveguide
surface. The simulated results of Q factor and resonance
wavelength λ for the first three modes, whose mode profile
is sketched in Fig. 9(e), are summarized in Table II.

The simulations reveal a decrease in Q factor upon com-
pletely filling the cavity hole, as well as a red shift of the
resonances, while the Q-factor drop is more significant for
the second mode. However, the partial embedding of the
ND in case 3 can induce a positive effect, leading to an
increase in Q factor for the first mode, while the third mode
almost maintains its value. Hence, parts of the increase
seen in Fig. 8 could originate from the ND placement. This
increase could be explained by the ND effectively creating
a hole taper towards the hole defect, which, similar to the

(a)

(b)

(e)

(c) (d)

FIG. 9. (a) PCC geometry considered in the simulations for
case 1, the bare cavity without an ND, in top view (upper panel)
and cross-section view (bottom panel). (b) Enlarged top view
(upper panel) and cross-section view (lower panel) of case 2 for
the simulations, with an ND filling up the first hole besides the
centered hole defect region of the PCC. (c) Case 3 of the simu-
lations in an enlarged top view (upper panel) and cross-section
view (lower panel), where the ND is only partially filling up the
same PCC hole as for case 2. (d) Simulated transmission spec-
trum of the PCC in order to quantify the losses in the system.
(e) Electric field distribution of the first three modes of the PCC,
which are investigated in the three cases of the simulations.

quadratic taper at the end of the hole pattern in the cavity
waveguide, ensures a smoother transition, which reduces
scattering losses. All modes experience a less pronounced
red shift in comparison to case 2, with a red shift also being
present in the experimental comparison. The global offset
in resonance wavelength between experiment and simula-
tion is assigned to originate from strain in the Si3N4 after
fabrication, decreasing the mean refractive index there-
fore blue shifting the resonances [43]. The relative offsets

TABLE II. Simulation results for the resonance wavelength λ

and quality factor Q of the bare PCC (case 1), the PCC with
a completely filled hole (case 2) and for a partially filled hole
(case 3) as sketched in Figs. 9(a)–9(c).

Case 1 Case 2 Case 3

Mode I λ = 740.69 nm λ = 742.22 nm λ = 741.19 nm
Q = 5564 Q = 5138 Q = 6463

Mode II λ = 746.98 nm λ = 747.13 nm λ = 747.03 nm
Q = 6754 Q = 3687 Q = 4751

Mode III λ = 749.69 nm λ = 750.11 nm λ = 749.77 nm
Q = 4406 Q = 3757 Q = 4360
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are consistent for different chips fabricated from the same
wafer.

To gain insights on the cavity losses, the transmission
efficiency of the empty device is simulated [Fig. 9(d)],
where the transmission T is given by T = Q2

tot/Q2
wg =

κ2
wg/(κwg + κsc)

2, with the cavity internal scattering losses
κsc and guided decay κwg . For the third mode, which is
used in the experiment, the transmission efficiency is sim-
ulated to be T ≈ 40%. However, in the experimental data
decreases in scattering losses are apparent during the gas-
tuning process, indicated by an increasing Q factor, as
discussed in Appendix K.

APPENDIX F: MAGNETIC FIELD COMPONENTS

To supply the magnetic field, two permanent neodymium
magnets are enclosing the coldfinger such that the photonic
chip can still be mounted on the copper of the coldfinger
in order to ensure proper cooling [Fig. 2(e)]. An asymmet-
ric magnet configuration is chosen, which yields a higher
overall field strength at the location of the PCC as well as
a higher x component along the cavity axis, in compari-
son to a symmetric magnet configuration, which is flush
with the surface of the coldfinger. The field components
of the asymmetric configuration and the resulting out-of-
plane angle is presented in Fig. 10 and is simulated using
MAGPYLIB [21].

APPENDIX G: TRANSITION SHIFTS

Investigations on the SiV− center discussed in the main
text were carried out over the course of approximately
8 months and the data presented had been acquired dur-
ing multiple cool-down cycles. During these temperature
cycles the change in strain environment does lead to some
variations in transition frequency of the SiV− centers, yet

(a) (b)

FIG. 10. (a) Vector components Bx, By , Bz (blue, orange,
green) and magnitude |B| (red) of the magnetic field of the mag-
net assembly [Fig. 2(e)] versus x position. The location of the
PCC of interested and hence the SiV− centers is marked by the
dashed red line. The corners of the magnets are marked by the
vertical black lines. (b) Out-of-plane angle of the magnetic field
as a function of x position of the magnet assembly. The location
of the PCC of interest and at the SiV− centers is marked by the
dashed red line. The corners of the magnets are represented by
the vertical black lines.
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FIG. 11. Transition frequency variation over different cool-
down cycles for the SiV− center discussed in the main text. The
data is normalized and offset for visibility purposes and the time
difference between the data is annotated.

for the specific SiV− center considered in the main text,
this variation stayed within a window of approximately
6 GHz (Fig. 11). Parameters, such as the spin-relaxation
time or the spin splitting, were used to uniquely identify
and discriminate the corresponding SiV− center.

APPENDIX H: CAVITY BACKGROUND
TRANSMISSION METHOD VERSUS RESONANT

TRANSMISSION

Probing a cavity for its resonance position is usually
done by monitoring the transmission or reflection response
with a scanned tunable laser. However, the speed at which
this signal can be acquired is typically limited by the tun-
ing speed of the laser. The method used herein utilizes the
cavity modulated background fluoresence of Si3N4, which
comes along with the benefit of probing the whole cavity
spectrum within just the exposure time of a single spec-
trum, which surpasses the tuning speed and range of the
lasers. Therefore, close to real time and in situ checks of
the cavity resonances can be carried out, which is espe-
cially useful during the gas-tuning process such that the
cavity tuning can be stopped at the desired frequency,
e.g., in resonance. In order to evaluate the accuracy of
the background method, a cross-check between the back-
ground method and resonant laser scanning is performed.
Therefore, a cavity resonance with Q ∼ 2000 is chosen, as
seen in Fig. 12, and both methods yield comparable val-
ues. This proves that by using the background method, one
can accurately determine the quality factors for modes with
Q � 2000. However, with increasing Q factors one will
need to re-evaluate the procedure, especially if one comes
close to the resolution limit of the spectrometer.

APPENDIX I: DIPOLE ORIENTATION

In order to evaluate limiting factors of the achieved
cooperativity, the angular mismatch between the SiV−

center dipole and the cavity axis is determined. Therefore,
the SiV− center fluorescence and the cavity background
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(a) (b)

FIG. 12. (a) Background transmission spectrum for a cavity
mode with a quality factor of Q ≈ 2000, measured in accordance
to the scheme described in Fig. 1(c). (b) Transmission spectrum
measured by scanning a resonant lasers’ frequency over the same
PCC resonance, as indicated by the sketch (inset). The resulting
Q factor is similar to the one obtained by the method using Si3N4
background, hence we conclude on the background method to
properly represent and map the cavity parameters as presented in
Figs. 1 and 3.

signal is analyzed via a λ/2 waveplate before a polarizer
prior to detection on the single-photon-counting module or
in the spectrometer. The resulting polar plots are presented
in Fig. 13 and reveal a mismatch of ϕ = 66(4)◦, which we
identify as the main source decreasing the cooperativity
by a factor of cos2(ϕ) ∼ 0.16. Nanomanipulation steps to
rotate NDs in order to improve the coupling can be envi-
sioned and will yield significant improvements of optical
coupling, as recently shown [30].

APPENDIX J: POWER-DEPENDENT COHERENT
POPULATION TRAPPING

To evaluate the effect of power broadening in the CPT
measurements, the CPT linewidth is measured at varying

(a)

(b)
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FIG. 13. (a) Normalized cavity spectra as a function of detec-
tion polarization angle. The spectra are measured as sketched in
Fig. 1(c), while the green rectangle corresponds to the mode con-
sidered. (b) Detection polarization angle of the SiV− center under
investigation in the main text (orange) versus the cavity-mode
polarization (green) obtained via the data of part (a), revealing
an angular mismatch of ϕ = 66(4)◦.
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(a) (b)

FIG. 14. (a) Exemplaric measurements to depict the effect of
increased optical power, which is measured before the objective,
on the resulting CPT dip width. The data is normalized and offset.
(b) Linear regression of the dip width versus optical excitation
powers yields a linewidth of 3.7(5) MHz, in agreement with the
value of the single measurement presented in Fig. 4(f).

optical excitation powers, which leads to a broadening of
the dip [Fig. 14(a)]. Extrapolating the value to zero excita-
tion power via a linear regression [Fig. 14(b)] yields a dip
width of 3.7(5) MHz, which is within the error bounds and
hence in agreement of the value extracted from the single
measurement discussed in Fig. 4(f) and discussed in the
main text.

APPENDIX K: TUNING-INDUCED
QUALITY-FACTOR CHANGE

The gas-tuning process not only allows manipulation of
the cavity resonance position [Fig. 15(a)], but also had a
positive effect with regards to the Q factor of the mode
[Fig. 15(a)]. During cooldown the Q factor of the third
mode is not significantly affected and is determined to
be Q = 940(40) at room temperature and Q = 930(19)

(a) (b)
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FIG. 15. (a) Cavity spectra of the PCC, measured as sketched
in Fig. 1(c), at room temperature (red), at cryogenic temperature
(blue), tuned into resonance with the SiV− center (orange) and
at the off-resonant detuning (green) with the resonant and off-
resonant case being considered in Fig. 3. The third mode, which
is under consideration in the main text, is encircled. (b) The
third mode for each of the three cases considered in part (a) with
annotated values of the Q factor, obtained from a Lorentzian fit
(dashed line).
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FIG. 16. (a) Exemplary PLE measurement with phonon side-
band detection at the cavity’s center of an SiV− center coupled
to the cavity. Measurements are performed at zero magnetic field
and in accordance to the scheme of Fig. 1(g), which is included
in the inset. (b) PLE measurement of the SiV− center, using
the scheme sketched in the inset, in which the phonon sideband
emission into the cavity is collected.

at cryogenic temperature. A blueshift in the resonance
is originating from an increase in the Si3N4 refractive
index, which hints towards potentially increased scattering
losses after the cooldown. Tuning the third mode into reso-
nance yields Q = 1490(40) and hence an improvement by
a factor of approximately 1.6, due to decreased scattering
losses by a reduction in refractive-index contrast between
the Si3N4 and the nitrogen freezing to the PCC. Further
tuning increases the Q factor up to Q = 1680(40) at the
off-resonant position in Fig. 3(a).

APPENDIX L: PLE MEASUREMENT SCHEMES

The resonant excitation experiments carried out in the
main text are measured in a PLE-type experiment in which
the SiV− center’s phonon sideband fluorescence is col-
lected at the center of the cavity waveguide [Figs. 1(g)
and 16(a)]. While it is possible to measure the phonon
sideband fluorescence channeled into the cavity waveguide
[Fig. 16(b)], this signal is typically weaker in comparison
to detection at the cavity center, since only the higher-order
modes of the cavity are resonant with the phonon sideband.
Therefore, the associated enhancement of the phonon side-
band is weak due to the low Q/V ratio, which cannot
compensate the amount of signal that is cut out between
the cavity modes. Hence, a higher signal-to-noise ratio is
achievable by detecting the phonon sideband fluorescence
at the center of the cavity, which explains the measurement
scheme in Fig. 1(g) used throughout the main text.
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