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1 Unit Cell Design and SEM Analysis

The goal of the OMC cavity design is to achieve an optical/mechanical cavity mode
pair which simultaneously enables optical readout of the SiV centre’s spin properties
and optomechanical readout of the mechanical mode properties. This requires high
values of {gso, gom, gsm} and low values of {κo, κm}. There has been a great deal of
previous work on designing mode pairs which satisfy these criteria [1]. We choose the
fundamental TE-like optical mode, mechanical ‘breathing mode’ pair, which features a
near-optimal photoelastic overlap integral between the optical Ey field component with
the strain ϵY Y field component, which enables large optomechanical coupling. The TE-
like optical mode also supports efficient spin-photon interactions and the mechanical
breathing mode supports efficient spin-phonon interactions for an SiV oriented 45◦

relative to the beam.
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Fig. S1 (a) SEM of the cavity region of the device studied. (b) Parameterized diagram of the OMC
cavity unit cell. (c) SEM of 5 unit cells in the OMC cavity with best fit unit cells drawn in blue.
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The cavity region of the fabricated device is shown in Fig. S1. A unit cell design
akin to the conventional elliptical hole shape is used (where the hole is defined by
its major/minor axis lengths) except an additional parameter R is introduced, which
determines the radius of curvature near the hole edge.

To accurately compare the experimental results to simulation, we took detailed
SEM images of each unit cell hole in the OMC. Image processing on the SEM images
then extracts the fabricated unit cell parameters, with the addition of the parameter
rfil to account for rounding at the vertical extents of the unit cell hole. For the device
under study, we observe the measured parameters in Table 1.

Parameter Measured Value Designed Value
Beam thickness (th) 150 nm 160 nm
Beam width (w) 530 nm 540 nm

Radius (R) 110 nm 100 nm
Angle (θ) 36◦ 36◦

Hole height (hy) 240 nm 236 nm
Fillet radius (rfil) 30 nm 0 nm

Table 1 Comparison of SEM and Nominal Parameter Values

These parameters deviate from the nominal parameters of our device within normal
fabrication tolerances, but do lead to measurable shifts in device properties.

2 Simulation of the Optomechanical Cavity

The optical TE-like and mechanical breathing modes were simulated using the geo-
metric parameters obtained from SEM images (see SI section 1). Fig. S2a and Fig. S2b
show the simulated profiles of these modes. The masked implantation process embeds
SiV centres within a 62.5 nm x 62.5 nm area (green square shown in Fig. S2a and Fig
S2b). The TE-like mode has a simulated wavelength of 736 nm and a quality factor of
3.2 × 104. The breathing mode has a simulated frequency of 12.29 GHz and a quality
factor of 2.4 × 105. While the measured optical Q-factor is similar to the simulated
quality factor, the measured mechanical Q-factor is much lower than the simulated
value.

Finally, Fig. S2c shows the optomechanical coupling rate of the breathing mode
(orange dot) as well as those of all simulated mechanical modes from 5 - 28 GHz,
which covers the range of data measured as part of the spin T1 spectrum in Fig.
4. With the exception of modes around 12 GHz, nearly all modes display negligible
optomechanical coupling to the TE-like mode due to the strict symmetry requirements
for such coupling [1].

3 Determination of Extrinsic Optical Cavity Loss
Rate

It was observed that the quality factor and depth of resonance dip changed after the
device was cleaned and cladded in ALD alumina. We suspect, but do not know, that
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Fig. S2 (a) Electric field profile of TE-like optical mode. Green box indicates masked implantation
aperture, ensuring good alignment between E-field and SiV location which enables large spin-photon
coupling. (b) Strain (ϵXX + ϵY Y + ϵZZ) profile of mechanical breathing mode. (c) Calculation of
optomechanical coupling rate for full spectrum of mechanical eigenmodes. The orange dot signifies
the breathing mode, showing that it satisfies the large gOM requirement for optomechanical readout
of the mechanical mode properties.

the cleaning was the step responsible for the slight Qo increase. Fits to both spectra
assuming an undercoupled cavity yields κe ≈ 4 GHz. Fits assuming an overcoupled
system do not yield consistent results for κe leading us to believe that our devices are
undercoupled with κi ≈ 11 GHz and κe ≈ 4 GHz for the ALD alumina-cladded case.
This is the best measurement of κe that we can make in the absence of cavity optical
phase response measurements, which are difficult due to the relatively large opti-
cal linewidths of our device relative to the available bandwidth of visible-wavelength
electro-optic modulators and photodetectors.

4 Power Dependent Mechanical Linewidth

With sufficiently large input power, the effects of optomechanical backaction can
become significant relative to the intrinsic mechanical linewidth of the mechanical
mode. Our devices are in the sideband unresolved regime where ωm < κ, so we use
an optical probe detuning of ∆o = ±(κo/2)/(2π) to measure the blue (red) sideband
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Fig. S3 Optical reflectance measurement of the bare optical cavity and the cleaned and ALD alumina
cladded cavity. The total optical decay rate is ∼ 20 GHz for the bare cavity and ∼ 15 GHz for the
ALD alumina clad cavity.

optical power dependence of the mechanical mode linewdith. On the blue sideband,
optomechanical backaction counteracts the intrinsic damping mechanisms thereby nar-
rowing the mechanical linewidth towards zero (the phonon lasing threshold), whereas
on the red sideband, the optomechanical backaction further damps the mechanical
mode. The slope of the curves in Fig. S4 are related to the optomechanical coupling
rate, while the y-intercept is the intrinsic mechanical dissipation rate. The solid traces
in the lower part of the plot correspond to the bare device, while the dashed traces
in the upper part of the plot correspond to the same device after cladding in ALD
alumina.

An increase in intrinsic linewidth from ∼350 kHz to ∼650 kHz is observed following
the cladding of the OMC in alumina. Both of these values are two to three orders of
magnitude narrower than the corresponding ∼12GHz frequency feature observed in
the spin decay spectrum measurement in Fig. 3. We attribute this difference to excess
mechanical dissipation introduced by the gas deposition procedure required to achieve
the optical resonance condition between the TE-like optical mode and the SiV centre’s
ZPL.

5 Calibration of Spin Transition Frequency

The spin-selective optical transition frequencies depicted in Fig. 2a shift linearly as a
function of the magnitude of the applied magnetic field. Specifically, both f↓↑′ − f↑↑′
and f↓↓′ − f↑↓′ allow us to estimate ωs/(2π). Here f↑↑′ and f↓↓′ are as shown in Fig.
1c. f↓↑′ is the optical transition between the |↓⟩ and the |↑ ′⟩ state (the leftmost line
in Fig. 3a) and f↑↓′ is the optical transition between the |↑⟩ and the |↓ ′⟩ state (the
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Fig. S4 Power dependent mechanical mode linewidth with laser parked on the red (blue) sideband
for the red (blue) trace before (after) ALD alumina cladding is show with the solid (dashed) lines.
Extrapolated intersection of the red/blue sideband curves yield an intrinsic mechanical linewidth of
∼ 350 kHz (∼ 650 kHz) before (after) ALD alumina cladding.

rightmost line in Fig. 3a). The optical transitions have a maximum Purcell enhanced
linewidth of 3.5GHz, which practically eliminates the effects of spectral diffusion on
our experiment. For any given magnetic field orientation, a linear fit to the estimated
spin transition frequency at several calibration field magnitudes yields a conversion
constant between applied field magnitude and spin transition frequency. In the case of
a perpendicular field shown in Fig. S5, we get a conversion constant of 2.700± 0.001
GHz/kG. We note that using the difference in peak frequencies of these broad optical
lines is not a direct measurement of the narrow spin transition frequency. While the
statistical uncertainty in this estimator is very small, reflecting its high precision, this
does not account for systematic errors like differential AC stark shifts between the var-
ious optical line measurements which limit its accuracy. Here, we use these calibrations
as a coarse spin-transition frequency measurement and then use sharp identifiable fea-
tures in the observed spectra to line up and compare measurements under different
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Fig. S5 Calibration of the spin transition frequency versus applied magnetic field. (a) For any given
magnetic field orientation, (in this case perpendicular to the SiV centre’s symmetry axis), the spin-
selective optical transitions shift linearly as a function of the applied field magnitude. (b) The spin
transition frequency can be estimated from f↓↑′ − f↑↑′ and from f↓↓′ − f↑↓′. A linear fit with zero
y-intercept to these estimates yields a conversion factor between the magnetic field magnitude and
the spin transition frequency (in this case, 2.7 GHz/kG).

conditions. Observation of the ∼12 GHz mode (whose frequency is known to high pre-
cision from optomechanical measurements) then offers a useful reference to identify
the frequency of other features with high confidence.

For our spin decay spectroscopy measurements, we use the f↑↑′ and f↓↓′ transitions
because of their large photon scattering rate and comparatively small movement as a
function of the applied magnetic field magnitude. The value of the conversion constant
depends on the angle of the applied magnetic field and is calibrated at every angle for
the angle-dependent measurements in Fig. 4. In particular, for a given field magnitude,
a magnetic field oriented perpendicular to the SiV centre’s symmetry axis will produce
the minimum spin transition frequency, whereas a field aligned with the symmetry
axis will produce the maximum spin transition frequency. The value of the conversion
constant also depends on the static crystal strain experienced by the SiV centre, which
can be inferred from the ground state orbital splitting [2]. It was observed to change
after ALD alumina cladding (see SI section 9), and to a lesser extent after repeated
gas tuning. Therefore, this calibration curve is retaken after any material deposition
performed to tune the optical resonance.

6 Raw Data for Spin Relaxation Measurements

An example histogram of the photon counts measured by the APD connected to the
time-tagger for a particular time delay τ of the optical pulse sequence is shown in Fig.
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Fig. S6 An example histogram of photon detection times collected from the inset optical pulse
sequence and a particular value of τ .

S6. The initialization peak seen at the beginning of each pulse corresponds to a short
time of increased reflection from the device as the spin is pumped to the opposite state
(shaded). The repump pulse at the beginning of the sequence, which is resonant with
the f↑↑′ transition, is intended to ensure that the spin population begins predominantly
in the |↓⟩ state. Following this repump pulse, the pump and probe pulses are resonant
with the f↓↓′ transition. The pump pulse then pumps the spin population into the |↑⟩
state and produces an initial peak fluorescence corresponding to maximum population
in the |↑⟩ state. After the variable wait time τ , the height of the initial fluorescence
signal on the probe pulse relative to the height of the initialization peak on the pump
pulse is a measurement of the fraction of the population that has relaxed into the |↓⟩
state. As τ is increased beyond the characteristic spin T1 time, the SiV centre’s spin
population decays towards its thermal equilibrium value. The f↑↑′ and f↓↓′ transitions
are nominally spin-conserving, but in a magnetic field not aligned with the SiV centre
symmetry axis, this spin selection rule is relaxed and the transitions can be used to
polarize the spin. In some of our spin relaxation measurements, we found that the
repump pulse does not completely polarize the spin population with the maximum
fidelity, however the timescale of the spin relaxation, which is the quantity of interest
in our measurements, is unaffected.
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7 Temperature-Dependent Spin Decay
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Fig. S7 Example spin decay curves measured with a 1 kG magnetic field with θ ≈ 55◦ (corresponding
to a spin transition frequency of 2.8 GHz). Blue (red) curves measured with the pump/probe laser
parked on the f↑↑′ (f↓↓′) transition.

We performed thermometry measurements by probing the SiV centre spin relax-
ation with low input laser powers on the order of 1 pW. The measurement in Fig. S7
shows that intialization in the spin up state (blue data in Fig. S7) produces a greater
contrast in the spin relaxation curve at long time delays (relative to 1/γs) when com-
pared with initialization in the spin down state (red data in Fig. S7). The data is taken
at a magnetic field magnitude of 1 kG and orientation of θ ≈ 55◦. The characteristic
exponential timescale of spin relaxation for both cases is similar. At long time delays,
the spin will relax to a thermal state. Based on the temperature of the SiV’s environ-
ment, T and the energy difference between the spin qubit levels, ℏωs the steady-state
population in the spin up and down states is given by the relations:

p↑(τ ≫ T1) =
1

e
ℏωs
kBT + 1

(1)

p↓(τ ≫ T1) = 1− 1

e
ℏωs
kBT + 1

(2)
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Fig. S8 Temperature dependent spin decay curves. With an applied magnetic field of 3 kG aligned
with the laboratory z-axis (corresponding to a spin transition frequency of 8.3 GHz), the spin decay
is measured at five different elevated temperatures. Measurements are performed on both probe tran-
sitions while applying controlled heat to the mixing plate and keeping the optical probe powers
constant. Using the steady state population, an SiV temperature estimate was extracted. The inset
shows a plot of this estimated SiV temperature against the temperature recorded on the MXC ther-
mometer of the dilution fridge.

Our measurements yield an estimated SiV temperature of ∼ 150 mK in the steady
state. This is elevated above the thermometer readings on the copper sample mount
(65 mK) and the mixing plate thermometer (44 mK), likely due to residual optical
probe heating [3]. Nonetheless, at this temperature of ∼ 150 mK, the 12 GHz mechan-
ical breathing mode of our device is expected to be close to the ground state with an
expected thermal phonon occupancy of 0.02 quanta. This temperature is also signifi-
cantly below the temperature for > 99% population in the lower orbital branch of the
SiV ground state, calculated to be ∼885mK, given ∆gs = 85 GHz (see SI section 9).
Around this temperature, the phonon population resonant with the 85 GHz ground
state orbital transition can act as an additional channel for spin relaxation via an
Orbach process which can dominate the direct spin-relaxation pathway [2, 4].

Fig. S8 shows the temperature-dependent spin relaxation data measured by apply-
ing a controlled amount of heat to the mixing plate of the dilution fridge. As the
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mixing plate temperature is raised, the spin qubit is found to decay faster with a
steady state (τ ≫ 1/γs) population value tending towards 0.5 which corresponds to a
completely mixed spin state. This behavior is expected at higher temperatures relative
to the spin transition frequency. The SiV temperature estimate for each measurement
can be extracted from the long-time population saturation value and is shown inset
to Fig. S8. In the temperature range probed in these measurements, the SiV temper-
ature estimate from this method is in good agreement with the temperature reading
on the mixing plate thermometer.

8 Simulation of Spin-Phonon Coupling to the
Mechanical Breathing Mode
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Fig. S9 (a) XY slice plot of simulated gsm in the cavity region. Large gsm can be realized where
strain is concentrated near the cavity centre.(b) XY slice plot of simulated gsm for the implantation
aperture region. gsm is sensitive to the in-plane location, with maximal gsm found at the hole edges
where strain is maximized. (c) YZ slice plot of simulated gsm for the aperture region. The SiV centres
are nominally implanted at the beam centre (z=0), but gsm is insensitive to depth.
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The strain profile of the breathing mode is used to calculate the strength of the
spin-phonon coupling gsm for an ideal zero static-strain SiV. Using perturbation theory
[2, 5] the vacuum spin-phonon coupling rate gsm is given by:

gsm =
2γsBx

λSO,GS

√
β2 + γ2 (3)

where

β = d(ϵXX − ϵY Y ) + fϵXZ (4)

γ = −2dϵXY + fϵY Z (5)

and the components of the static strain tensor ϵ are in the coordinate frame of the
SiV centre.

With the exception of Fig. 4b, Extended Data Fig. 3, Extended Data Fig. 4, and
Extended Data Fig. 5, the data shown in this paper was taken using a magnetic field
aligned to the z- axis in laboratory frame (θ ≈ 55◦). In this case, the magnetic field
component perpendicular to the SiV centre’s high-symmetry axis BX is related to the
spin transition frequency by ωs by equation γsBX ≈ ωs√

2
, on resonance ωs = ωm. The

spin-mechanical coupling rate can then be expressed as:

gsm ≈
√
2ωm

λSO

√
(d(ϵXX − ϵY Y ) + fϵY Z)2 + (−2dϵXY + fϵXZ)2 (6)

The SiV centre’s spin transition is sensitive to the strain transverse to its symmetry
axis, precisely at the SiV centre’s location in the cavity. Large gsm can be achieved
in areas of maximal strain as seen in Fig. S9 for the mechanical breathing mode of
our OMC devices. Fig. S9c shows that gsm is largely insensitive to depth, but highly
sensitive to in-plane location. Simulations suggest that under ideal conditions of low
crystal strain (strain ≪ λso = 46 GHz in the orbital ground state) and a magnetic field
orientation perpendicular to the high-symmetry axis of the SiV [2], gsm can reach a
maximum value of 9 MHz. This is roughly a factor of 30 larger than the experimentally
observed gsm. This difference is well explained by the non-ideal conditions in our OMC
devices, in particular the non-zero static crystal strain (see SI section 9) and expected
error in the SiV centre’s position with respect to the strain coupling maximum.

9 Measurement of SiV Static Strain Environment

Using the gas tuning capabilities of our experiment, it is possible to tune the optical
resonance of the TE-like optical mode of our devices into resonance with each of the
lines in the fine structure of an optically coupled SiV centre’s ZPL [6]. These mea-
surements are performed at zero magnetic field. At ∼4K, a distinct narrow resonance
within the optical reflection spectrum is observed at the frequency resonant with the
atomic line [7, 8]. Knowledge of the frequency splittings of an SiV centre’s fine struc-
ture is useful because it can be used as a measurement of the static crystal strain
experienced by the SiV centre. The data in Fig. S10 was taken after the device was
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Fig. S10 Optical reflection spectrum of the SiV cavity system with the optical cavity (broader
feature) gas tuned into resonance with the D (left), C (middle), and B (right) optical transitions
in the SiV fine structure. From the measured optical transition frequencies we infer a ground state
splitting ∆gs = 85 GHz and an excited state splitting ∆es = 260 GHz corresponding to a moderately
strained SiV center.

clad in ALD alumina making it impossible to reach the bluest transition (the A-line).
However, the observation of three lines is sufficient to measure the ground and excited
state splittings (∆gs = 85 GHz and ∆es = 260 GHz respectively). Note that at mil-
likelvin temperatures where the ground state phonon transition is frozen out, the B
and D line go dark due to a lack of population in the upper branch of the ground
state, making them unsuitable for measurements in this temperature range.

10 Simulation of Spin-Phonon Coupling to the
Broadband Acoustic Density of States

While our design work focused on the mechanical breathing mode, the coupling of the
SiV centre to mechanical modes in the 8.5-28 GHz frequency range was measured and
simulated as seen in Fig. S11. To model the phonon-induced decay of the SiV centre
as a function of the spin transition frequency, we sum the contributions from all of
these modes:

Γ(ω) = 4
∑
q

g2qκq

κ2
q + 4(ωq − ω)2

(7)

To account for the fact that the experimentally observed quality factor (Qq =
ωq

κq
)

is lower than what is simulated, we include a phenomenological reduction in Q so that
Q′

q = (Q−1
sim + Q−1

damp)
−1, where Qdamp = 350 based on the experimentally observed
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linewidth broadening of the breathing mode. We also account for the static-strain of
the SiV as measured in section 9, which leads to a reduction in gq.

(a)

(b)

(c)

Fig. S11 (a) Broadband spin decay spectrum for a θ ≈ 55◦ magnetic field, also shown in Fig. 4.
Shaded regions indicate observed resonances of increased Purcell enhancement, attributed to local-
ized mechanical modes. (b) Simulated spin decay spectrum Γx,y,z for different choices of SiV-centre
location relative to the cavity centre (in nm). Note that some experimental features are reproduced
(namely Purcell enhancement due to the ∼ 12 GHz breathing mode) for both locations, but quali-
tatively distinct features are observed at other frequencies. (c) Cavity diagram indicating the chosen
points for simulation, the implantation aperture is shown in green.

The highly local nature of spin-phonon coupling poses a modeling challenge due
to the uncertain position of the SiV centre within the implantation aperture, which is
50 nm wide in both the x and y directions. As seen in Fig. S11, even a few nanome-
ter change of the in-plane location of the SiV centre results in qualitatively distinct
spin decay spectra. While this sensitivity could, in principle, be used to determine the
precise SiV location, in practice, the complexity of the spectrum and the difficulty of
modeling real-world imperfections—such as the aforementioned Q-factor degradation
from ALD alumina and deposited gas (as shown in Fig. 3b and Extended Data Fig.
3) and device roughness and non-uniformity resulting from the quasi-isotropic etching
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method, limit the accuracy of such simulations. Nonetheless, many of the experimen-
tally observed features are seen in our simulations. In particular, a resonance in the
spin decay rate due to the 12 GHz breathing mode of the device can be observed consis-
tently. The agreement of these simulations with both the spin-decay spectroscopy and
optomechanical spectroscopy measurements on the 12 GHz breathing mode support
the validity of this simulation approach.
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