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Tunable cavity coupling of a single Sn-V− center in nanodiamond across the
bad-emitter and bad-cavity regimes
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Efficient coupling between quantum emitters and optical cavities is essential for scalable quantum pho-
tonic technologies. Group-IV vacancy centers in diamond, particularly the negatively charged tin-vacancy
center, have emerged as promising candidates due to their spectral stability, high Debye-Waller factor, and
large orbital splitting in ground states. Here, we demonstrate controlled coupling of a single negatively
charged tin-vacancy center hosted in a nanodiamond to a fully tunable Fabry-Pérot microcavity. At cryo-
genic temperatures, we access the weak-coupling regime and observe a transition from the bad-emitter
regime to the bad-cavity regime as the optical transition of the color center narrows. At 4 K, a Purcell
factor exceeding 1.7 is measured, confirming cavity-enhanced emission. The obtained results demonstrate
the potential of Sn-V− centers in nanodiamonds as a coherent single-photon source for quantum networks.
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I. INTRODUCTION

Coupling a quantum emitter to a single mode of light
is fundamental for various quantum technologies, such as
quantum repeaters and quantum networks [1–3]. A key
requirement for the successful implementation of these
applications is the generation of coherent single photons
[4,5], which must be emitted in a well-defined optical
mode. The efficiency of coherent-photon emission pri-
marily depends on the intrinsic properties of the emitter.
In this context, group-IV vacancy (G4V) centers in dia-
mond have emerged as promising candidates [6–8]. The
aforementioned centers exhibit a high Debye-Waller fac-
tor, with over 60% of their emission residing within the
zero-phonon line (ZPL) [9–12]. Furthermore, their D3d
symmetry renders them robust against electric-field fluc-
tuations [13–15], ensuring stable and coherent emission.
Among these centers, the negatively charged tin-vacancy
(Sn-V−) center stands out due to its high quantum effi-
ciency [16–18] and large ground-state (GS) orbital split-
ting (around 850 GHz) [19], which significantly suppresses
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phonon-mediated decoherence at moderate cryogenic tem-
peratures.

To further enhance photon emission into the ZPL,
color centers can be integrated into optical microcavi-
ties. Depending on the atomic polarization decay rate (γ ),
cavity-field decay rate (κ), and atom-cavity coupling rate
(g), different regimes of cavity quantum electrodynam-
ics can be accessed. From the strong-coupling regime
(g � κ , γ ) [20], where coherent energy exchange dom-
inates [21,22], to the weak-coupling regime, where loss
processes (γ or/and κ) dominate the atom-cavity coupling
rate [23,24].

In the weak-coupling regime, two distinct subregimes
can be identified depending on the relative magnitudes
of γ and κ: the bad-emitter regime (κ � γ ) [25], where
the emitter’s rapid dephasing rate dominates the emitter-
cavity interaction, and the bad-cavity regime (κ � γ ) [26],
where the cavity decay rate is the fastest decay channel.
In the bad-emitter regime, the cavity funnels the emis-
sion into a narrower cavity mode [27,28], thereby yield-
ing a frequency-tunable bright and narrow single-photon
source [25,29]. Further narrowing of the emitter linewidth,
achievable, for example, through cryogenic cooling in
solid-state defects, can bring the system into a transitioning
regime where γ < κ [26], which in this paper we refer to
as the bad-cavity regime. In this regime, the cavity mod-
ifies the spontaneous emission rate, leading to enhanced
emission via the Purcell effect [30–32].
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The coupling efficiency is limited by competing loss
channels. In particular, unwanted scattering or absorption
processes, commonly denoted as κ ′, contribute to addi-
tional losses that degrade the overall system efficiency.
These losses compete with the desired cavity-field decay
rate κ , effectively reducing the fraction of photons emitted
into the target optical mode. As a result, only a fraction
of the emitted photons is channeled into the well-defined
cavity mode. Therefore, minimizing κ ′ is critical for opti-
mizing the performance of cavity-enhanced single-photon
sources.

Open-access Fabry-Pérot (FP) microcavities are partic-
ularly well suited to such applications due to their high
spectral resolution, narrow optical linewidths [33], and
in situ tunability [24]. Recent work has demonstrated
the integration of G4V centers into diamond membranes,
enabling coherent optical control and cavity coupling
[34–37]; however, the fabrication of high-quality, ultra-
thin diamond membranes remains technically challenging.
Surface roughness and interface imperfections can sig-
nificantly degrade the quality of the coupled system. A
scalable and practical alternative is to host color centers
in nanodiamonds (NDs) [28,38–40]. NDs offer several
advantages: size-selective fabrication minimizes scatter-
ing losses, precharacterization of individual emitters, and
allows deterministic integration into the cavity, eliminating
the need for lateral cavity scanning.

Here, we demonstrate controlled coupling of a single
Sn-V− center hosted in an ND by coupling its ZPL to a
fully tunable FP microcavity. The proven single-photon
nature of the Sn-V− center under off-resonant excitation
allows the direct detection of coherent photons from the
ZPL, which are expected to preserve optical coherence.
The narrowing of the single Sn-V− optical transitions at
cryogenic temperatures allows the operation of the ND-
cavity system in the weak-coupling regime [23]. Further
cooling to 4 K leads to an additional reduction of the
linewidth transitioning the operation of the system from
the bad-emitter regime (100 K) to the bad-cavity regime.
In the latter, we observe a reduction in the excited-state
lifetime corresponding to a Purcell factor above 1.7, con-
firming cavity-enhanced emission.

II. ASSEMBLY OF THE HYBRID ND-CAVITY
SYSTEM

A. Experimental platform

Our platform is a fully tunable hemispherical FP micro-
cavity formed by a CO2-laser-ablated concave mirror and
a macroscopic flat mirror. The measured radii of curva-
ture (ROCs) of the spherical structure are ROCx ≈ 25 µm
and ROCy ≈ 22 µm, resulting in an ellipticity of 14%. The
cavity consists of two symmetrically designed distributed
Bragg reflector (DBR) mirrors. The coating presents a

first stopband centered at λ = 620 nm with a transmission
T = 650 ppm corresponding to a coating-limited finesse of
Fideal,618 = 4800. The second stopband in the green wave-
length range, with a transmission of 6400 ppm, has a
coating-limited finesse value of 400.

The cavity is embedded in a titanium bucket [purple
rectangle in Fig. 1(a)]. The flat cavity mirror is mounted
on three nanopositioners (2xANPx101 and ANPz102,
attocube systems AG), which enable precise tuning of
the cavity length. A multimode fiber (MM), positioned
below the cavity, collects the transmitted laser signal. A
mode-matched achromatic lens couples the excitation laser
into the cavity mode and collects, in reflection, the emit-
ted fluorescence signal. To optimize coupling efficiency,
the achromatic lens is mounted on three nanopositioners
allowing x, y, and z tunability. The experimental setup,
including the microcavity, optical filters, and excitation
and detection fibers, is placed within a liquid-helium-bath
cryostat (dashed rectangle).

B. Creation and positioning of the single Sn-V− center

To create Sn-V− centers in NDs, size-selected diamond
particles with an average size of 180 nm [41] are implanted
with a broad beam of 120Sn− ions at an energy of 60 keV
and a fluence of 1 × 1011 ions/cm2 at the Torino 100 keV
ion implanter (LIUTo) [42]. To promote the formation of
color centers, the sample is annealed in high vacuum for 1
h at 1200 ◦C and in oxygen at 405 ◦C for 1 h [43].

The sample is characterized off-resonantly with a
532-nm laser at room temperature (RT) using a custom-
built confocal microscope. Once a single emitter with
favorable optical properties is identified, it is transferred to
the approximate center of the hemispherical cavity struc-
ture using an atomic force microscope (AFM) [39,44]. An
AFM scan of the spherical structure confirms the success
of the transfer [Fig. 1(b)]. A higher-resolution (enlarged)
AFM image reveals the shape and the size of the ND,
approximately 150 × 150 × 80 nm3. A room-temperature
optical characterization of the same Sn-V− center confirms
that the transfer process preserves the emitter’s optical
properties. In Table I, we summarize the values of the ZPL,
lifetime (τ0), and saturation parameters (Psat and Isat) from
the free-space characterization (see Appendix A).

The measured τ0 value is (21.7 ± 0.3) ns, significantly
larger than the value reported for bulk diamond [18,
45]. Nonetheless, significantly longer lifetimes have been
recently reported for Sn-V− centers in NDs [46,47]. A vari-
ation and a broader distribution of the excited-state lifetime
is often observed in ND [47–50]. This can be attributed to
multiple factors: local strain [45], variations in the local
density of optical states (LDOS), which depend on particle
size [47,48,51–53], and the emitter’s position relative to
the surface [54,55]. We therefore conclude that the longer
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(a) (b) (c)

(d)

FIG. 1. Assembled hybrid ND-cavity system. (a) Schematic of the experimental setup. The single-mode excitation fiber guides
the laser signal from the optical parametric oscillator (OPO) and electro-optic modulator (EOM) to the bath cryostat (purple-dashed
box), which houses the microcavity, the achromatic lens (purple box), optical filters (A and C), the dichroic mirror (B), and the
excitation and detection fibers. The detection fibers lead the signal to the spectrometer (Spectr.), the single-photon counters (SPC), and
photodiode. (b) AFM scan of the spherical structure containing the ND. The measured ROCs are ROCx ≈ 25 µm and ROCy ≈ 22 µm.
The enlarged view shows a high-resolution AFM scan of the ND, whose size is approximately 150 × 150 × 80 nm3. (c) Upper panel:
cavity transmission spectra with the integrated ND probed by a white-light-emitting diode (WLED) source showing the wavelength-
dependent position of the cavity resonances at different cavity lengths. Lower panel: theoretical distribution of the fundamental mode
wavelengths for an empty cavity, calculated with Eq. (1). (d) Shift of the cavity length (�Leff) due to the temperature rise measured
over 2 h. The dots represent the estimated values of �Leff, calculated from the free spectral range (FSR) determined using the WLED
spectrum (see Appendix B). The blue line represents a linear fit with a slope of α = (5.1 ± 0.03) × 10−6 K−1.

lifetime observed here arises from a combination of these
factors.

C. Characterization of the hybrid ND-cavity system

After transferring the ND into the hemispherical struc-
ture, we proceed with the characterization of the resulting
ND-cavity system. As a first step, we perform multiple
cavity transmission scans. By evaluating the ratio of the

TABLE I. Free-space optical properties of the Sn-V− center
at RT, under off-resonant excitation, after the transfer into the
concave cavity mirror.

Parameter Value Unit

ZPL 620.1 ± 0.1 nm
FWHM 6.20 ± 0.03 nm
g2(0) 0.25 ± 0.04
Lifetime g2(t) 24 ± 2 ns
Pulsed lifetime 21.7 ± 0.3 ns
Psat 1.20 ± 0.08 mW
Isat 185 ± 6 kC/s

free spectral range (FSR) to the full width at half maxi-
mum (FWHM) of the transmission resonances, we extract
an average finesse value of Fexp,618 = 4600 ± 500 at 618.7
nm. This value is in good agreement with the ideal finesse
Fideal,618, indicating that the presence of the ND does not
introduce scattering losses.

The cavity dispersion is characterized by transmission
white-light-emitting diode (WLED) spectra as a function
of the cavity length [upper panel in Fig. 1(c)]. The good
agreement between the experimental data and the simula-
tion of the fundamental-mode wavelengths (lower panel),
based on the model for an empty cavity,

νm = c
2L

(
m + cos−1

(√
1 − L/ROC

)
π

)
, (1)

confirms that including the ND at such short cavity lengths
does not significantly distort the mode dispersion (see
Appendix C).

Subsequently, the setup is indirectly cooled by a sur-
rounding liquid-nitrogen chamber. At approximately 100
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K, the system reaches thermal equilibrium, providing rel-
ative passive thermal stability for the cavity. To monitor
stability, transmission WLED spectra are acquired contin-
uously over a 2-h period [see Appendix B]. During this
time, a drift in the effective cavity length (Leff) of approxi-
mately 5 nm is observed. This drift is attributed to a gradual
temperature increase throughout the measurement. To con-
firm this hypothesis, the drift in cavity length is fitted as a
function of temperature using a linear model [Fig. 1(d)].
The resulting slope corresponds to a coefficient of thermal
expansion (CTE) of α = (5.10 ± 0.03) × 10−6 K−1. The
good agreement of the estimated value with the reported
CTE of titanium, α = 6.8 × 10−6 K−1 [56] supports our
interpretation.

III. CAVITY COUPLING OF THE SINGLE Sn-V−
CENTER

Off-resonant measurements are performed by exciting
and detecting through the fundamental modes of the
cavity. To enable simultaneous excitation and detection
of the ZPL emission, the resonance condition Leff = m ×
(λm/2) must be satisfied for both the excitation wavelength
(approximately 533.3 nm) and the detection wavelength
(approximately 618.5 nm).

A simulation of the resonance condition, performed with
the excitation wavelength fixed, reveals that for Leff ≈
3.7 µm the second-next resonance wavelength matches the
ZPL of the Sn-V− center [Fig. 2(a)]. This corresponds to

(a) (b) (c)

(d) (e) (f )

FIG. 2. Characterization of a single Sn-V− center through the cavity mode at 10 and 100 K. (a) Simulated resonance condition for
FP cavity for different cavity lengths assuming a fixed excitation wavelength of 533.3 nm. Laser resonances are shown as blue dots,
and corresponding detection resonances are shown as purple dots. The effective cavity lengths used in plot (b) are indicated by the
horizontal dashed lines (gray). (b) Cavity length scans over two cavity resonances at 4 K with a fixed laser wavelength 533.3 nm.
The transmitted laser signal is shown in blue and the reflected cavity coupled fluorescence signal is shown in purple. A fluorescence
signal is detected only when exciting through mode number mexc = 14. When mexc = 13, the emitter is coupling to a higher-order
mode instead. (c) PL spectrum of the single Sn-V− center, revealing the fine structure (at low temperature). The C and D transitions
are fitted with a Lorentzian curve both at 100 and 4 K, resulting in ZPL positions of (618.5 ± 0.1) and (620.3 ± 0.1) nm, respectively.
(d) Left: atomic structure of Sn-V− centers in the diamond lattice. The tin atom (Sn) lies between two adjacent carbon atoms (V).
Right: energy-level scheme of the measured Sn-V− center, showing a ground-state splitting of 1234 GHz. The blue line represents
the laser excitation. (e) Second-order autocorrelation measurement at 63 μW, showing antibunching with single-photon purity, without
background correction: g2(0) = 0.21 ± 0.03. (f) Saturation curves at 10, 40, and 100 K. The data points represent the average photon
counts acquired over a 30-s trace, while the solid line corresponds to the fitted function. The x axis reports the power values measured
on the optical table, before coupling into the SM fiber.
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excitation and detection through the mode numbers mexc =
14 and mdet = 12. For mode numbers higher or lower than
mexc = 14, the ZPL is spectrally filtered out by the cavity
and no significant counts are detected.

To verify the simulation, we experimentally tune the
cavity length across two excitation resonances while
simultaneously recording the laser transmission signal
[blue curve, Fig. 2(b)] and the fluorescence signal in reflec-
tion (purple curve). Pronounced fluorescence is observed
only when mexc = 14 and mdet = 12, confirming cavity-
emitter coupling at Leff ≈ 3.7 µm. A weak fluorescence
signal is also detected for mdet = 11, suggesting partial
coupling to a higher-order cavity mode.

The fluorescence resonance appears broadened com-
pared to the laser transmission due to the lower piezo-
scanning speed, which is necessary to increase sensi-
tivity to the lower photon counts. The extended scan
time increases sensitivity to mechanical and environmental
drifts, leading to additional broadening.

Photoluminescence (PL) spectral probing at 100 K is
shown in Fig. 2(c) (upper panel). The excitation laser, an
optical parametric oscillator (OPO) (HÜBNER Photonics
C-WAVE GTR), is tuned together with the cavity length.
For each excitation wavelength, a PL spectrum is recorded
(see Appendix D). By summing all spectra, two distinct
optical transitions, labeled C and D, become visible. These
transitions arise from the characteristic splitting of orbital
levels due to spin-orbit interaction, which originates from
the D3D symmetry of the Sn-V− center in diamond [14].
This symmetry results from the tin atom occupying a split-
vacancy configuration [left panel, Fig. 2(d)]. Spin-orbit
coupling leads to the formation of four orbital levels: two
from the GS splitting and two from the excited-state (ES)
splitting [9]. The corresponding optically allowed transi-
tions are labeled A, B, C, and D in Fig. 2(d) (right panel).
At 4 K, only transitions C and D occur, and only at higher
temperatures (>70 K) do transitions A and B become vis-
ible [45]. In our experiment, due to the weak emission
of transitions A and B, we can only observe transitions
C and D, even at higher temperatures. At 100 K, these
transitions are fitted with a Lorentzian, and the result-
ing wavelengths are (618.6 ± 0.1) and (620.3 ± 0.1) nm,
respectively. The respective linewidths are (210 ± 20) and
(410 ± 20) GHz.

The PL spectrum at 4 K reveals a narrowing of the
optical transitions to the spectrometer resolution limit of
16 GHz. The emission wavelengths at this temperature
are (618.54 ± 0.03) and (620.22 ± 0.03) nm, respectively.
The resulting GS splitting is 1234 GHz [lower panel,
Fig. 2(c)]. This value is significantly larger than the the-
oretically predicted 850 GHz [19], indicating substantial
strain in the surrounding ND lattice. Such enlarged GS
splittings are not unexpected and are commonly observed
in nanodiamonds [43], where local strain fields often
exceed those in bulk diamond [50,57]. This enhanced

TABLE II. Saturation power and intensity values, measured in
the cavity, resulting from the fit I = Isat × P/(Psat,cav + P).

Temperature (K) Psat,cav (mW) Isat (kC/s)

10 0.37 ± 0.06 150 ± 10
40 1.1 ± 0.2 180 ± 20
100 2.2 ± 0.2 162 ± 9

splitting can, in fact, be advantageous for high-fidelity
microwave spin control [58,59].

Single-photon emission is confirmed by Hanbury
Brown-Twiss measurements. The emitter is excited with
the OPO at 533.25 nm, enabling detection on resonance
at 618.54 nm. The collected fluorescence is split by a
50:50 beam splitter and directed to two single-photon
counters (SPCs). To account for the prominent bunching
observed in Fig. 2(e), the data points are fitted with a
three-level model equation [49,60]. A minimum value of
g2(0) = 0.21 ± 0.03, without any background correction,
demonstrates the single-photon purity of the Sn-V− center.
The single-emitter behavior under off-resonant excitation
enables direct detection of ZPL photons.

An investigation of the saturation behavior of the emit-
ter at 4, 40, and 100 K [Fig. 2(f)] reveals that as the
temperature decreases, the saturation power also decreases
(Table II).

This behavior is governed by the relationship Psat,cav ∝
1/σ , where σ is the absorption cross section of the emit-
ter [61]. At lower temperatures, the optical linewidth of
the emitter narrows due to reduced phonon interactions
and spectral diffusion, effectively increasing σ . The higher
absorption cross section enables more efficient photon
absorption, reducing the optical power necessary to reach
saturation.

IV. CAVITY-ENHANCED INTERACTION OF THE
Sn-V− CENTER IN THE WEAK-COUPLING

REGIME

In the bad-cavity regime, the lifetime of the emitter
is reduced due to the Purcell effect. The overall Purcell
enhancement can be estimated as [62]

FP = τ0

τp
, (2)

where τp and τ0 (Table IV) are the cavity-modified and
free-space spontaneous emission lifetimes, respectively.

To estimate τp , we measure power-dependent second-
order autocorrelation functions (g2(t)) and fit the data with
the three-level model equation [60]. Since the decay rate
(γ1) varies linearly with the excitation power, the resulting
values are fitted with the model γ1 = m × P + 1/τ [63].

Lifetimes of (14 ± 1) and (19 ± 2) ns are extracted at
zero excitation power at around 30 and 100 K, respectively
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(      )

(a) (b) (c)

FIG. 3. Cavity-induced enhancement of the spontaneous decay rate across different temperatures. (a) Decay rate (γ1), extracted from
fitting g2(t) functions measured under varying excitation powers. The solid line represents the linear fit. The estimated lifetime values
are (14 ± 1) ns at 30 K and (19 ± 2) ns at 100 K. The green and yellow squares are the lifetime values estimated from the pulse
measurements. (b) Logarithmic scale of pulsed lifetime measurements at three different temperatures (4, 40, and 100 K). The dashed
lines are the linear fits to extrapolate the lifetime values. The obtained lifetime values are (12.2 ± 0.3) ns at 4 K, (15.8 ± 0.3) ns at
40 K, and (21 ± 1) ns at 100 K. (c) Purcell factor, estimated as the ratio between the free-space and cavity-modulated lifetimes as a
function of cavity detuning. The cavity length varies between fully off resonance and on resonance.

[Fig. 3(a)]. The measurements are performed with the cav-
ity maintained on resonance with the emitter frequency
by actively adjusting the cavity length to compensate for
temperature-induced drifts. The resulting lifetime values
are confirmed through pulsed lifetime measurements. The
OPO laser, fixed at 533.25 nm, is pulsed off with an electro-
optic modulator (EOM) while recording the time delay
between the excitation pulse and the detected fluorescence
photons. By fitting the data with an exponential decay,
we obtain the following lifetime values: (12.2 ± 0.3) ns
at 4 K, (15.8 ± 0.3) ns at 40 K, and (21 ± 1) ns at 100
K [Fig. 3(b)]. As shown in Fig. 3(a), the pulsed lifetime
measurements (yellow and green square) intersect the lin-
ear extrapolation of the power-dependent γ1 values at zero
excitation power. The agreement confirms the reliability
of the extracted lifetime values. The lifetime reduction
indicates that the system operates in the weak-coupling
regime.

At 100 K, the emitter linewidth (γ = 210 GHz) exceeds
the cavity-field decay rate (κ = 15 GHz), placing the sys-
tem in the bad-emitter regime (γ > κ , g) [25]. In this
regime, only a fraction (κ/γ ) of the spontaneous emission
couples to the cavity mode [64]. As a result, sponta-
neous emission is funneled into the cavity mode with-
out significantly modifying the emitter’s radiative life-
time [29,65,66]. This explains the weak observed Purcell
enhancement: the measured lifetime of (21 ± 1) ns is only
marginally shorter than the free-space value (see Table I).

In contrast, at lower temperatures, the narrowing of the
emitter optical transitions enables operation in the bad-
cavity regime (γ < κ), where the cavity-field decay rate
dominates. Under these conditions, we estimate a Purcell
factor of FP = 1.78 ± 0.04. The definition of FP [Eq. (2)]
includes the emission into the incoherent phonon side-
band and the free-space continuum [31]; however, since
only the fraction of emission coupled into the C optical

transition is enhanced by the cavity, we correct FP with
a factor ε = 0.36. The correction factor ε accounts for
nonunity quantum efficiency (approximately 80% [16]),
a limited Debye-Waller factor (around 56%, estimated
from the free-space photoluminescence spectrum), and off-
resonant branching ratio into the C transition (80% [36]).
Accounting for all these effects, we estimate a corrected
Purcell enhancement of FP,ZPL = 4.9.

The Purcell factor (FP) follows a Lorentzian dependence
on cavity detuning [36,67,68]:

FP = Fcav

( 	E(r) 	μ
|	Emax|| 	μ|

)2
1

1 +
(

2Q
(

λ
λcav

− 1
))2 + FFP.

(3)

The first term accounts for spatial and spectral mismatch
between the emitter dipole 	μ and the cavity field 	E, while
FFP accounts for background modifications to the emission
rate due to the cavity environment. For perfect align-
ment, the enhancement is given by Fcav + FFP, where the
theoretical Purcell factor Fcav is [62]

Fcav = 3
4π2 ×

(
λc

n

)3

× Q
Vmode

. (4)

For our FP cavity—operating at a wavelength of λc =
618.5 nm, an estimated quality factor of Qideal = 56 400,
and a mode volume of Vmode = 21λ3

c—we obtain Fcav =
205; however, since the ND is located on the spherical
structure rather than at the field maximum of the cavity
mode, it experiences weaker coupling.

To quantify the effect of this spatial mismatch, we use
the ratio {ω0/[ω (L)]}2, which effectively describes the
reduction of the optimal coupling due to the position
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[69]. Incorporating this spatial misalignment, we obtain a
corrected Purcell factor of Fcav = 173.

To understand the significant discrepancy between the
theoretically predicted Purcell factor and the experimen-
tally measured value, we perform a detailed analysis of
the system’s spectral properties by measuring the Purcell
enhancement as a function of cavity-emitter detuning
[Fig. 3(c)]. The detuning-dependent lifetime measure-
ments allow us to extract the effective cavity-field decay
rate and assess whether additional broadening mechanisms
are degrading the cavity performance. Cavity detuning is
achieved by tuning the excitation wavelength and adjust-
ing the cavity length to maintain resonance conditions
for mdet = 12 and mexc = 14. For every cavity detuning,
we perform pulsed lifetime measurements, with increasing
acquisition time for larger detuning to account for minor
fluorescence counts.

Fitting the detuning-dependent data yields an effective
cavity-field decay rate of κexp = (160 ± 30) GHz, nearly
an order of magnitude larger than the expected value of 15
GHz. This broadening arises from fast mechanical vibra-
tions and thermal drift, which shift the cavity resonance
during acquisition [70]. Despite manually compensating
for slow drifts, rapid fluctuations reduce the effective qual-
ity factor to Qexp = (3100 ± 600). Under these realistic
conditions, the maximum achievable Purcell factor is lim-
ited to Fvib = 10 ± 2. This value reflects the upper bound
imposed by the degraded Q factor.

Comparing Fvib with the measured Purcell factor FP =
4.9 [Eq. (2)] provides insight into the efficiency of cou-
pling between the emitter and the cavity mode. We obtain
an effective spatial alignment factor of approximately 49%.
This value corresponds to the fraction of the C emitter
dipole moment μ that is aligned with the cavity electric
field (E), assuming perfect spatial overlap. Conversely,
when we do not explicitly correct for the branching ratio,
we find an alignment factor of about 38%. This lower
value implicitly includes both the dipole misalignment
and the reduction in effective coupling strength due to the
branching ratio. Thus, improving the spatial alignment of
the emitter within the cavity field, by moving or rotating
the ND, could lead to a higher Purcell factor and further
lifetime reduction.

V. CONCLUSION

We demonstrate the successful coupling of a single
Sn-V− center in an ND to an FP cavity. The small size of
the ND minimizes scattering losses [25,44,69]. As a result,
the cavity maintains a finesse of 4600 ± 500, comparable
to that of a bare cavity. Furthermore, we show that the
dispersion of the cavity modes remains unaffected by the
presence of the ND and can be accurately predicted using
the model for an empty cavity. The presence of a single

Sn-V− center in the ND, as confirmed by the observed min-
imum of the autocorrelation function g2(0) = 0.21 ± 0.03,
enables the detection of coherent ZPL photons. This coher-
ence is crucial for the generation and establishment of
indistinguishable photons, a key requirement for scalable
quantum networks and spin-photon interfaces [7,71,72].
By cooling the system to cryogenic temperatures, we oper-
ate it in the weak-coupling regime. Specifically, at 100
K, a linewidth of 210 GHz allows operation in the bad-
emitter regime, where we observe single-photon emission
into the cavity mode over a very broad spectral range,
which can be exploited to realize a continuously tun-
able, narrow-band single-photon source [25,27–29]. Fur-
ther cooling narrows optical transition C and shifts the
system into the bad-cavity regime, where a clear lifetime
reduction, corresponding to a Purcell factor of 1.78 ± 0.04,
is observed. This enhancement is crucial for realizing
highly efficient photon sources, as it increases the prob-
ability of photon emission into the desired cavity mode,
thereby improving the brightness and emission rate for
quantum photonic applications. Probing the fine structure
reveals an increased GS splitting of 1234 GHz, favorable
for high-fidelity microwave spin control [58,59].

By detuning the cavity from fully on resonance to off
resonance, we probe the emitter’s lifetime under varying
coupling conditions. These measurements reveal a cou-
pling efficiency of approximately 49%, indicating that pre-
cise manipulation of the position of the ND using an AFM
could further enhance the interaction between the cavity
and the C optical transition [39,73]. Moreover, we observe
that rapid mechanical vibrations of the cavity degrade its
performance, limiting the maximum achievable Purcell
factor by approximately an order of magnitude. Therefore,
improving the mechanical stability of the cavity is crucial
for further increasing both the Purcell enhancement and
emitter-cavity coupling efficiency [74].

These results demonstrate that the integration of single
Sn-V− centers in size-controlled NDs within tunable FP
microcavities provides a practical route toward versatile
and tunable quantum light-matter interfaces.
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APPENDIX A: FREE-SPACE
CHARACTERIZATION

We performed room-temperature (RT) characterization
to identify a suitable single Sn-V− center for integration
into the Fabry-Pérot (FP) microcavity. The selection was
primarily guided by the emission stability of the center,
with particular attention paid to the absence of blinking
under higher off-resonant excitation powers (see Fig. 4).
Ensuring stable emission is essential for reliable cavity
coupling, as blinking would strongly limit the efficiency
of photon collection.

The optical properties of the single Sn-V− center were
characterized at RT, both before and after its transfer
into the hemispherical structure of the cavity mirror. As
no significant differences are observed between the two
measurements, we report only the data obtained after the
transfer.

The characterization is performed using a home-built
confocal microscope. Figure 5 shows the confocal scan
under continuous off-resonant excitation at 532 nm, where
the ND appears as a bright spot approximately in the mid-
dle of the structure. After identifying the ND, we acquire
the PL spectrum, shown in Fig. 6(a). The ZPL is clearly
visible and is well fitted by a Lorentzian function, yielding

FIG. 4. Count trace of the integrated single Sn-V− center under
2-mW excitation power. The dashed dark green line shows the
average number of recorded counts.

FIG. 5. Confocal microscope scan of the nanodiamond inside
the hemispherical structure.

a center wavelength of (620.1 ± 0.1) nm and an FWHM
of 6 nm. The measured ZPL position is in good agree-
ment with the typical ZPL reported for Sn-V− centers in
bulk diamond [15,16,75]. Additionally, a weaker peak is
observed at 660 nm, which is attributed to the phonon side-
band, consistent with previous reports [16]. From the ratio
of the integrated intensities of the ZPL and the phonon
sideband, we estimate a Debye-Waller factor of approxi-
mately 56%, in agreement with previously reported values
[16,45].

The quantum nature of the emitter is confirmed with
Hanbury Brown-Twiss measurements. To account for the
prominent antibunching observed in the inset of Fig. 6(a),
the data points are fitted with a three-level model equation:

g2(t) = 1 + c × (β × e−γ1|t−t0| + (β − 1) × e−γ2|t−t0|),
(A1)

where γ1 and γ2 are the decay rates of the excited state and
shelving state, respectively. The other parameters are: t0,
the temporal offset; c, which determines how pronounced
the antibunching is; and β, which weights the two expo-
nential factors. The observation of antibunching with a
minimum value of g2(0) = 0.25 ± 0.04, without any back-
ground correction, demonstrates the quantum nature and
single-photon purity of the Sn-V− center.

We further investigate the saturation behavior of the
emitter [Fig. 6(b)]. Each data point corresponds to the
time-averaged count rate over 30 s. The resulting value
of saturation power (Psat) and saturation intensity (Isat) are
Psat = (1.20 ± 0.08) mW and Isat = (185 ± 6) kC/s. The
estimated saturation values are comparable with the values
reported for Sn-V− centers in bulk diamond [16,18].

To estimate the spontaneous decay rate in free space
at RT, we measure power-dependent second-order auto-
correlation functions. The decay rate (γ1) varies linearly
with the excitation power [63,76], so the extracted values
are fitted with the model γ1 = m × P + 1/τ [Fig. 6(c)].

054063-8



TUNABLE CAVITY COUPLING OF A SINGLE Sn-V− CENTER IN. . . PHYS. REV. APPLIED 24, 054063 (2025)

(ns)

(a)

(b)

(c)

FIG. 6. Room-temperature characterization of the Sn-V− center inside the hemispherical structure. (a) Off-resonant PL spectrum;
the Lorentzian fit (solid line) results in a ZPL of (619.7 ± 0.2) nm and a FWHM of 6 nm. Inset: second-order autocorrelation function
proving the quantum nature of the emitter, g2(0) = 0.25 ± 0.04. (b) Saturation curve; the data points are the average of the time trace
recorded over 30 s. The theoretical fit leads to Isat = (185 ± 6) kC/s and Psat = (1.20 ± 0.08) mW. (c) Decay rate (γ1), extracted from
fitting the power-dependent g2(t) curves, as a function of the excitation power. The solid line represents the linear fit, leading to a
lifetime of (24 ± 2) ns. The pink square is the lifetime estimated with the pulse measurements τpulsed = (21.7 ± 0.3) ns.

From the fit, we determine a lifetime of τ0 = (24 ± 2) ns
at zero excitation power. Since the shelving state decay
rate (γ2) varies linearly with the excitation power [63], we
performed a linear fit, yielding a nonradiative decay life-
time of τ2 = (250 ± 40) ns at zero excitation power. To
better understand this additional decay channel, we esti-
mated its lifetime at 100 and 30 K. The resulting values
are reported in Table III. Similar to what has been observed
in bulk diamond, the lifetime of the nonradiative channel
decreases with temperature [77]. Our measured values fall
within the range measured for the Sn-V− center in bulk
diamond (40 < τ2 < 220) ns [18,36,45], suggesting that
no additional ND-specific nonradiative decay channels are
evident.

To validate the lifetime result, we perform pulsed life-
time measurements by exciting the Sn-V− center with
a pulsed 532-nm laser and recording the time delay
between the excitation pulse and the detected fluorescence
photon. The resulting exponential decay is fitted with a

TABLE III. Nonradiative lifetime values estimated at zero
excitation power.

Temperature (K) τ2 (ns)

30 135 ± 13
100 210 ± 20
297 250 ± 40

single exponential function. The resulting lifetime value
is τpulsed = (21.7 ± 0.3) ns (pink square).

The predicted and previously observed lifetimes for
Sn-V− centers in bulk diamond range from 5 to 7 ns
[16,18,19,78]. Recent studies on single Sn-V− centers in
NDs reveal a broader range of measured lifetime values
(4 < τ0 < 16 ns) [46,47].

Several factors can influence the radiative decay rate,
including the LDOS [52,53,55], damage induced dur-
ing sample preparation [45], the presence of nonradiative
decay channels [79], and the emitter’s position relative to
the surface [54].

The LDOS is sensitive to both the emitter’s distance
from the diamond surface and the ND size. Specifically,
a higher LDOS provides more available photonic states
for the color center to transition into, resulting in a shorter
lifetime. Conversely, a lower LDOS can extend the life-
time [52,55]. This behavior has been observed for N-V
centers, where a correlation between ND size and emit-
ter lifetime was reported [53]. Similarly, for G4V centers
in bulk diamond, emitters implanted at depths less than 20
nm exhibit shorter lifetimes [54]. Additionally, lattice dam-
age induced during annealing or implantation processes
can significantly affect the spontaneous emission lifetime
[45].

In our case, it is plausible that the implantation process,
particularly given the large size of the Sn atom, introduced
substantial lattice damage that was not fully recovered
by thermal annealing [45]. A second contributing factor
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(a) (b) (c)

FIG. 7. Cavity characterization at 618.7 nm. (a) Transmitted laser scan over a cavity resonance. The Lorentzian fit yields a cavity-
field decay rate of κ = (15 ± 1) GHz. (b) Voltage ramp over 100 ms (blue lines) while the transmitted laser signal is recorded with a
photodiode. The resulting average finesse value is Fexp,618 = 4600 ± 500. (c) Upper panel: 7200 transmitted WLED spectra acquired
over 2 h. Lower panel: recorded temperature (K) during the spectra acquisition.

could be the deeper position of the Sn-V− center, consistent
with the absence of blinking under off-resonant excitation.
While the precise origin of this unusually long total life-
time remains uncertain due to unknown defect depth and
lattice conditions, we attribute the effect to a combination
of these factors.

APPENDIX B: CHARACTERIZATION OF THE
EXPERIMENTAL PLATFORM

Figure 7(a) shows a cavity transmission measurement
performed to determine the cavity-field decay rate. A res-
onant laser at 618.61 nm is scanned twice over the cavity
resonance, while the transmitted laser is detected with an
SPC. A Lorentzian fit to the transmission peak yields a
cavity-field decay rate of (15 ± 1) GHz.

The finesse is determined by the cavity-scan length
[Fig. 7(b)], where a voltage is applied to the z piezo while
recording the transmitted laser intensity with a photodi-
ode. The piezo voltage is swept from 0 to 3 V and back
(dark blue trace), allowing multiple forward and backward
piezo ramps to be analyzed to estimate an average finesse.
Each resonance (light blue lines) is fitted with a Lorentzian.
From the ratio of the FSR to the FWHM, we extract an
average finesse of Fexp,618 = 4600 ± 500 at 618.7 nm.

Figure 7(c) displays the transmission spectra of a
WLED, recorded over a total duration of 2 h, showing indi-
vidual spectra. To estimate the effective change in cavity
length, �Leff, we track the shift in wavelength position of
the fundamental cavity mode over time. Specifically, the
shift in resonance wavelength between the spectra acquired
at t = 0 and t = 2 h is used to quantify the cavity length
variation, �Leff = (λres,2 h − λres,0)/2. The corresponding
values of �Leff are presented in Fig. 1(d) of the main text.

APPENDIX C: CAVITY MODE DISPERSION

We further characterize the cavity mode dispersion to
investigate the influence of the ND on the cavity field.
Using a WLED, we record the wavelength-dependent cav-
ity resonances as a function of the cavity length. The

transmitted light is collected through the transmission fiber
and recorded with a spectrometer. A total of 300 con-
secutive spectra are acquired while scanning the cavity
length from 5.0 to 3.7 μm. The data reveal the presence of
the fundamental mode along with higher-order modes, as
shown in Fig. 8. The dashed lines show the simulated data
obtained with the model for an empty cavity, including the
Gouy phase (1).

For the simulation, an ROC of 24 μm has been used, and
the longitudinal mode index m varies from 11 to 17. The
overlap of the simulated resonances and experimental data
demonstrates that introducing the ND in the hemispherical
structure does not alter the mode profile.

APPENDIX D: PL SPECTRUM PROBING AT 100 K

PL spectral probing at 100 K is performed by tuning
both the wavelength of the excitation laser and the cav-
ity length to enable detection of ZPL emission through
mdet = 12 and green excitation through mexc = 14.

In Fig. 9 (lower panel), we report all the recorded
spectra as a function of the excitation wavelength. The

FIG. 8. Cavity transmission spectra with the integrated ND
probed by a WLED showing the wavelength-dependent position
of the cavity resonances at different cavity lengths. Dashed lines
are the simulated cavity resonances.
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FIG. 9. PL spectrum probing at 100 K. Upper panel: aver-
aged counts from all the spectra. Lower panel: cavity-modulated
PL spectra at 100 K as a function of the excitation-laser wave-
length. The dashed lines represent the laser wavelength used in
the main paper to be on resonance with optical transitions C and
D: (533.25 ± 0.03) or (534.50 ± 0.03) nm, respectively.

dashed vertical lines mark the positions of the excita-
tion laser obtained from the Lorentzian fit (533.25 ± 0.03)
and (534.50 ± 0.03) nm for transitions C and D, respec-
tively. The laser wavelength obtained for the C transition
is used in the main text for measurements resonant with the
emitter, without detuning.

APPENDIX E: BAD-EMITTER REGIME

The total spontaneous decay rate (γ ) of an emitter
can be expressed as the sum of the emitter’s natural
linewidth (γ0), determined by its radiative lifetime, and
the pure dephasing rate (γ ∗) arising from interactions with
phonons, γ = γ0 + γ ∗. At 100 K, the phonon population
in the host lattice is still substantial, leading to significant

FIG. 11. Pulsed lifetime measurement of transitions C and
D coupled to a higher-order cavity mode. The resulting life-
time values from the linear fit are (23 ± 3) ns and (22 ± 2) ns,
respectively.

pure dephasing. In this regime, the dephasing rate domi-
nates over the lifetime-limited contribution (γ ∗ � γ0), and
we approximate γ ∼ γ ∗. Thus, we assume that the sponta-
neous decay rate is equal to the FWHM of the PL spectrum
acquired at 100 K. This corresponds to γ ∗

C = (210 ± 20)

GHz and γ ∗
D = (410 ± 20) GHz.

Due to the broad emitter linewidth (γ � κ), only a frac-
tion (κ/γ ∗) of the total emission is spectrally resonant with
the cavity mode and effectively couples into it [64]. In this
regime, the Purcell factor can be approximated as [25]

Fbad-emitter ≈ 4g2

κ + γ0
× κ

γ ∗ . (E1)

Since in the bad-emitter regime γ ∗ > g, we expect
Fbad-emitter < 1. As a consequence, the cavity would not
alter the emitter’s lifetime but rather channel the emis-
sion into a well-defined cavity mode [25]. With this model,

(a) (b) (c)

FIG. 10. Cavity-induced enhancement of the spontaneous decay rate of optical transition D across different temperatures. (a) Decay
rate (γ1), extracted from fitting g2(t) functions measured under varying excitation powers. The solid line represents the linear fit. The
estimated lifetime values are (13 ± 1) ns at 30 K and (21 ± 6) ns at 100 K. The green and yellow squares are the lifetime values
estimated from the pulse measurements. (b) Logarithmic scale of pulsed lifetime measurements at three different temperatures (4, 40,
and 100 K). The dashed lines are the linear fits to extrapolate the lifetime values. The obtained lifetime values are (13.1 ± 0.3) ns at
4 K and (21 ± 2) ns at 100 K. (c) Purcell factor, estimated as the ratio between the free-space and cavity-modulated lifetimes as a
function of cavity detuning. The cavity length varies between fully off resonance and on resonance.
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TABLE IV. Summary of the main parameters.

Parameter Condition Symbol Value Units Origin

Emitter Properties
ZPL 297 K ZPL 620.1 ± 0.1 nm Gaussian fit
Free-space lifetime 297 K τ0 21.7 ± 0.3 ns Pulsed lifetime measure
C transition 100 K ZPLC,100 K 618.6 ± 0.1 nm Spectrum
C transition linewidth 100 K γ 210 ± 20 GHz Lorentzian fit
C transition 4 K ZPLC,4 K 618.54 ± 0.03 nm Lorentzian fit
D transition 100 K ZPLD,100 K 620.3 ± 0.1 nm Spectrum
D transition linewidth 100 K γD 410 ± 20 GHz Lorentzian fit
D transition 4 K ZPLD,4 K 620.22 ± 0.03 nm Spectrum
Mirror
Radius of curvature x ROCx 25 μm AFM
Radius of curvature y ROCy 22 μm AFM
Transmission 618 nm T618 650 ppm Data from Laseroptik
Transmission 533 nm T533 6400 ppm Data from Laseroptik
Cavity
Theoretical finesse 618 nm Fideal,618 4800 Data from Laseroptik
Measured finesse 618 nm F618 4600 ± 500 Cavity scan
Theoretical finesse 533 nm Fideal,533 400 Data from Laseroptik
Measured finesse 533 nm F533 400 ± 100 Cavity scan
Theoretical quality factor Qideal 56400 F618, mdet
Beam waste ω0 1.31 μm ROC, Leff
Mode volume Vmode 21 λ3 ω0, Leff
Ideal Purcell Fcav 205 Qideal, ω0, Vmode
Measured linewidth κ 15 GHz Lorentzian fit
Measuring cavity parameters
Effective cavity length Leff 3.7 μm WLED spectrum
Detection mode number mdet 12 WLED spectrum, m
Excitation mode number mexc 14 WLED spectrum
Purcell enhancement C transition
Measured quality factor 4 K Qexp 3100 ± 600 Lorentzian Fit
Vibration-limited Purcell 4 K Fvib 10 ± 2 Qexp
Measured Purcell 4 K FP 1.78 ± 0.04 Eq. (2)
Measured Purcell 40 K FP,40 K 1.55 ± 0.04 Eq. (2)
Cavity-emitter lifetime 4 K τ4 K 12.2 ± 0.3 ns Pulsed lifetime measure
Cavity-emitter lifetime 40 K τ40 K 15.8 ± 0.2 ns Pulsed lifetime measure
Cavity-emitter lifetime 100 K τ100 K 21 ± 1 ns Pulsed lifetime measure
Purcell enhancement D transition
Measured quality factor 4 K Qexp-D 3900 ± 700 Lorentzian Fit
Vibration-limited Purcell 4 K Fvib 12 Qexp
Measured Purcell 4 K FP 1.67 Eq. (2)
Cavity-emitter lifetime 4 K τ4 K 13.1 ± 0.3 ns Pulsed lifetime measure
Cavity-emitter lifetime 100 K τ100 K 21 ± 2 ns Pulsed lifetime measure

we can explain the observation of no lifetime reduction in
either optical transition.

APPENDIX F: PURCELL ENHANCEMENT OF D
OPTICAL TRANSITION

For optical transition C, we investigate the interaction
between the cavity electric field and the D optical transi-
tion. The Purcell enhancement is estimated with Eq. (2).
The cavity-modulated lifetime (τp ) is estimated through
power-dependent second-order autocorrelation functions
(g2(t)) and pulsed lifetime measurements.

From the linear form of the obtained γ1 values, life-
time values of (13 ± 1) and (21 ± 6) ns are observed at
temperatures of approximately 10 and 100 K, respectively
[Fig. 10(a)]. The resulting lifetime values from pulsed
lifetime measurements are τ10 K,D = (13.1 ± 0.3) ns at 10
K and τ100 K,D = (21 ± 2) ns at 100 K [Fig. 10(b)]. The
measured pulsed lifetime [yellow and green squares in
Fig. 10(a)] intersects with the linear extrapolation of the
power-dependent values at zero excitation power, confirm-
ing the reliability of the extracted lifetimes.

At 100 K, no lifetime reduction is observed, consistent
with the operation of the cavity in the bad-emitter regime.
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In contrast, at approximately 10 K, we measure a life-
time reduction leading to a Purcell factor of FP = 1.67.
Further deviations from the ideal Purcell enhancement
arise from nonunity quantum efficiency (approximately
80% [16]) and a limited Debye-Waller factor (around
56%). Each of these factors reduces the fraction of emis-
sion coupled into the D optical transition. Accounting for
all these effects, we estimate a corrected Purcell enhance-
ment of FP,ZPL = 3.72. By detuning the cavity resonance
from the Sn-V− center frequency and performing pulsed
lifetime measurements [Fig. 10(c)], we measure a cavity-
field decay rate of κD = (120 ± 30) GHz, resulting in a
quality factor of Qexp-D = (3900 ± 700). This value agrees
with Qexp-C (Table IV) reported in the main text, confirm-
ing both the results and the degradation of the cavity due
to vibrations. Taking into account the cavity Qexp-D and the
position of the nanodiamond within the hemispherical cav-
ity structure, we estimate a maximum achievable Purcell
factor (Fvib), under experimental conditions, of 12. From
the ratio between FP and Fvib, we estimate an alignment of
the D transition with the electric field of the cavity mode of
31% [Eq. (3)]. This includes both the dipole misalignment
and the reduction in effective coupling strength due to the
branching ratio.

APPENDIX G: COUPLING TO HIGHER-ORDER
MODE

As shown in Fig. 2(b), the Sn-V− center, for a cavity
length of 3.4 μm, couples to a higher-order cavity mode.

To investigate whether this coupling leads to a Purcell
enhancement of the spontaneous emission rate for optical
transition C (or D), the OPO laser wavelength is fixed to
excite transition C (D) through the cavity mode mexc = 13
and detect ZPL counts through this higher-order mode.
Achieving this double-resonance condition requires set-
ting the effective cavity length to Leff = 3.4 µm. As in Sec.
IV, the OPO is pulsed off with an EOM while recording
the fluorescence decay rate. During the acquisition time,
the cavity is kept in resonance with the emitter frequency
by actively adjusting the cavity length to compensate
for temperature-induced drifts during the measurement.
The resulting histogram is fitted with a single exponen-
tial function, yielding lifetime values of (23 ± 3) ns for
optical transition C and (22 ± 2) ns for optical transi-
tion D (Fig. 11). The larger uncertainties arise from the
lower number of detected photons due to reduced coupling
efficiency to the higher-order mode. Comparing these life-
times with the free-space lifetimes reported in Appendix
A shows no measurable reduction, indicating the absence
of significant Purcell enhancement in this configuration.
Although the emitter is coupled to a higher-order cav-
ity mode at a shorter cavity length, the coupling strength
remains too weak to substantially modify the spontaneous

emission rate. As a result, the cavity does not noticeably
affect the emitter lifetime under these conditions.
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De Santis, R. Debroux, D. Gangloff, C. Purser, K. C. Chen,
M. Walsh, J. J. Rose, J. N. Becker, B. Lienhard, E. Bersin,
I. Paradeisanos, G. Wang, D. Lyzwa, A. R.-P. Montblanch,
G. Malladi, H. Bakhru, A. C. Ferrari, I. A. Walmsley, M.
Atatüre, and D. Englund, Transform-limited photons from
a coherent tin-vacancy spin in diamond, Phys. Rev. Lett.
124, 023602 (2020).

[79] I. Y. Eremchev, A. O. Tarasevich, M. A. Kniazeva, J. Li,
A. V. Naumov, and I. G. Scheblykin, Detection of single
charge trapping defects in semiconductor particles by eval-
uating photon antibunching in delayed photoluminescence,
Nano Lett. 23, 2087 (2023).

054063-16

https://doi.org/10.1038/s41534-022-00552-0
https://doi.org/10.1038/ncomms7173
https://doi.org/10.1021/acsphotonics.3c01559
https://doi.org/10.1063/5.0139003
https://doi.org/10.1103/PhysRevX.11.041041
https://doi.org/10.1038/srep11179
https://doi.org/10.1039/D2NR05470A
https://doi.org/10.1103/PhysRevLett.124.023602
https://doi.org/10.1021/acs.nanolett.2c04004

	I. INTRODUCTION
	II. ASSEMBLY OF THE HYBRID ND-CAVITY SYSTEM
	A. Experimental platform
	B. Creation and positioning of the single Sn-V- center
	C. Characterization of the hybrid ND-cavity system

	III. CAVITY COUPLING OF THE SINGLE Sn-V- CENTER
	IV. CAVITY-ENHANCED INTERACTION OF THE Sn-V- CENTER IN THE WEAK-COUPLING REGIME
	V. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX A: FREE-SPACE CHARACTERIZATION
	B. APPENDIX B: CHARACTERIZATION OF THE EXPERIMENTAL PLATFORM
	C. APPENDIX C: CAVITY MODE DISPERSION
	D. APPENDIX D: PL SPECTRUM PROBING AT 100 K
	E. APPENDIX E: BAD-EMITTER REGIME
	F. APPENDIX F: PURCELL ENHANCEMENT OF D OPTICAL TRANSITION
	G. APPENDIX G: COUPLING TO HIGHER-ORDER MODE
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


