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Diamond optomechanical crystal (OMC) devices with embedded color center spins are promising platforms for a broad
range of applications in quantum sensing, networking, and computing, offering an interface between a GHz-frequency
mechanical mode and both optical photons and coherent spins. A crucial but elusive step toward realizing this platform
is to engineer a device with a high-quality factor mechanical mode while preserving the bulk-like coherence of embed-
ded spins. Here, we demonstrate sideband-resolved diamond OMCs with mechanical quality factors in excess of 10°
at cryogenic temperatures and find coherence times up to 7; =227 us for embedded nitrogen-vacancy (NV) centers.
Furthermore, we measure these devices across five orders of magnitude in intracavity optical power, demonstrating
robust power handling and a high optomechanical cooperativity (C > 1) at cryogenic temperatures, which is essential
for a broad range of quantum protocols requiring strong, coherent interactions between photons and phonons. These
results are enabled by a robust, high-throughput method for forming single-crystal diamond membranes in combina-
tion with chemical vapor deposition (CVD) diamond overgrowth with nitrogen §-doping. We discuss the prospects of
this platform for hybrid spin-mechanical devices in the quantum regime. ~ © 2026 Optica Publishing Group under the terms of
the Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.577541

1. INTRODUCTION

Mechanical systems have risen to prominence in the fields of

Single-crystal diamond is a promising material platform for

hybrid mechanical systems, featuring excellent optical, mechani-

quantum sensing and quantum information science due to their
long second-scale lifetimes [1] and demonstrated operation in
the single-phonon quantum regime [2,3]. They can serve as key
auxiliary components in hybrid quantum systems, offering ver-
satile coupling to diverse quantum degrees of freedom, including
photons [4], charge qubits [5], spin qubits [6], and solid-state spins
[7], while maintaining high quality factors. For example, they can
facilitate coupling between distant quantum systems [8] and can
enable quantum information transfer across different energy scales
[9,10]. Mechanical systems have great potential for quantum sens-
ing [11-13], quantum memories [2], and quantum transduction

[10,14].

Journal © 2026 Optica Publishing Group

cal, and thermal properties [15]. Importantly, it hosts a variety
of highly coherent defect-center spins, such as nitrogen-vacancy
(NV) and silicon-vacancy (SiV) centers [8]. Theoretical proposals
suggest the use of an engineered coupling between these localized
spin-based qubits and the long-lived delocalized phononic modes
of diamond mechanical oscillators for, e.g., phononic networks
of defect-center spins [16], dissipative superradiant spin ampli-
fication [17], improved spin readout via an optomechanically
induced transparency-assisted dispersive interaction [18], and
mechanically mediated spin-spin entanglement such as two-axis

twisting-induced spin squeezing via bosonic parametric driving of
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an optomechanical crystal [19]. Several experiments have demon-
strated strain-mediated coupling between diamond mechanical
modes and embedded NV [20,21] and SiV centers [22—24].

In optomechanical devices, optical control over mechanical
modes can enable, for instance, ground-state cooling [25,26]
and remote quantum entanglement of mechanical oscillators
[27]. A key figure of merit for accessing the quantum regime of
mechanical motion in these devices is the optomechanical coop-
4g(2)nc
KYm
coupling strength (i.e., the energy exchange rate between pho-

tons and phonons), k and yi,, respectively, denote the energy loss
rates of the optical and mechanical modes, and 7 is the average
number of photons in the optical cavity. In cavity optomechanics,
efficient cooling to the ground state is possible with large coop-
erativity and in the resolved-sideband regime [25,26,28], where
the mechanical resonance frequency wy, exceeds the optical cavity
linewidth « [29].

Optomechanical crystals (OMCs), comprising photonic and
phononic crystal structures on the nano- to micro-meter scale
[30], host co-localized optical and mechanical modes that can be
engineered with high quality factors. Due to their high mechanical
frequency and amenability to optomechanical quantum con-
trol, they serve as an excellent starting point for operation in the

erativity, C =

, where g¢ represents the optomechanical

quantum regime. Ground-state cooling [26] and entanglement
of mechanical quantum states [27] have been demonstrated with
GHz-frequency silicon OMCs.

The attractive features of OMCs combined with the prospect of
strain-mediated coupling to embedded spins in defect-containing
hosts provide strong motivation to realize spin-coupled diamond
OMC devices. In recent years, there has been progress in fabri-
cating diamond OMC:s [24,31-33], though experiments are still
sparse due to challenges in nanofabrication, and the demonstrated
optomechanical properties have lagged their Si counterparts. One
major challenge is the formation of thin films of single-crystal
diamond, and several approaches have been pursued to this end.
In the diamond-on-insulator (DOI) method [34,35], diamond
membranes are bonded to another material and subsequently
thinned to reach the target device thickness. However, the resulting
membranes typically exhibit thickness variations of several microns
across a mm-scale lateral extent, severely limiting the throughput
of devices with a target thickness. Other techniques include top-
down fabrication of bulk diamond, such as angled etching [31,33]
and quasi-isotropic etching [24,36,37].
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Another promising method for forming high-quality, uniform-
thickness, single-crystal diamond thin films for spin-coupled
diamond optomechanics involves the smart-cut technique [38], a
well-established nanofabrication technique for materials beyond
diamond, followed by subsequent chemical vapor deposition
(CVD) diamond overgrowth [39]. The diamond smart-cut process
creates a subsurface damaged layer that can be selectively removed,
thus enabling the separation of a uniformly thin diamond layer
from the bulk. This method has been explored for diamond opti-
cal and mechanical nanostructures [40—46] and features several
advantages. The thickness uniformity enables high-throughput
fabrication of nanostructures across the full diamond membrane.
The rectangular cross-section, in contrast to the triangular cross-
section from angled-etching approaches, eliminates the need
for specialized etching techniques. Furthermore, a rectangular
cross-section easily enables acoustic shielding structures around
the OMC that are required for a full phononic band gap [47].
The mechanical breathing mode induces a uniform strain profile
along the nanobeam thickness, permitting spins to be placed at the
midpoint in depth where they are protected from surface-induced
decoherence [48] and allowing for a larger uniform strain region.
We note that the subsequent CVD overgrowth of high-quality dia-
mond on smart-cut membranes is essential for good spin, optical,
and mechanical properties [49].

Here, we present diamond OMC devices fabricated via
the smart-cut method with high mechanical quality fac-
tors Qm = (1.9040.04) x 10° and optical quality factors
Qo = (3.781 £ 0.004) x 10* in the resolved-sideband regime.
The frequency- Q product for the 6.23 GHz mechanical mode is
1.18 x 10'® Hz. We characterize the optomechanical properties
at liquid-He temperatures, demonstrating an optomechanical
cooperativity of 54 measured at a large intracavity photon num-
ber n. = 41,000 enabled by the high power-handling capability
of diamond. Additionally, we measure the room-temperature
spin properties of an NV center embedded within the OMC and
observe a long spin coherence time of 227 ps as well as high spin-
dependent optical contrast. We discuss the potential for strong
mechanical coupling of these devices to embedded spins in the
quantum regime.

2. DEVICE DESIGN AND FABRICATION

Our photonic/phononic cavity structure is formed by patterning

elliptical holes of varying size and spacing to form cells [Fig. 1(a)]
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Fig. 1.

Design and simulation of 1D diamond optomechanical crystal (OMC). (a) Schematic of an OMC unit mirror cell. The indicated dimensions are

varied through optimization with final values (2, w, 4., hy) = (650, 800, 343, 617) nm and nanobeam thickness # = 250 nm. (b) Simulated fundamen-
tal TE-like optical mode profile of the cavity resonance at w, /27w = 192 THz. E, is the normalized y-component of the electric field. (c) Simulated funda-
mental mechanical breathing mode profile of the cavity resonance at w,, /27 = 6.34 GHz. The color represents the normalized displacement field ampli-
tude. (d) Simulated optical band structure of the unit mirror cell. The red lines correspond to the optical modes of both odd vector symmetry in the y axis
and even vector symmetry in the z axis. The gray-shaded region denotes the light cone with unguided modes. (e) Simulated mechanical band structure of
the unit mirror cell. The red lines are mechanical modes of even vector symmetry in both the y and z axes, while the blue lines correspond to other modes.



Research Article

Vol. 13, No. 3 / March 2026 / Optica 487

along the length of a 1D nanobeam. The central defect cell
hosts the fundamental transverse-electric-like (TE) optical and
mechanical breathing modes, while mirror cells on either side of
the nanobeam host symmetry-dependent optical and mechanical
quasi-bandgaps to confine the mechanical and optical modes of
interest. Cells between the defect cell and the mirror cells adiabati-
cally transition the cell geometry to minimize scattering losses. The
optical and mechanical modes of our geometry are simulated using
the finite element method software COMSOL, and the resulting
mode profiles are shown in Figs. 1(b) and 1(c). The photonic and
phononic band structure diagrams of the mirror unit cells are
shown in Figs. 1(d) and 1(e), where red-shaded regions indicate
quasi-bandgaps surrounding the frequencies of the optical and
mechanical modes of interest, indicated by dashed black lines.
The dimensions of the OMC device are chosen to optimize the
optomechanical cooperativity C. We use a genetic algorithm to
maximize the product go Q,, where g¢ and Q, are extracted from
COMSOL simulations. We note that C o g§ Qonc & (g0 Qo)?
at a given laser power. The parameters are also constrained to
ensure the mechanical and optical modes lie within their respec-
tive quasi-bandgaps. We do not include Q,, explicitly in the
fitness function because mechanisms limiting Q,, in diamond
OMG:s are not yet well understood and thus difficult to capture
in simulation. The simulations of the optimized OMC device
geometry yield an optical resonance at A, = 1559 nm, a mechani-
cal resonance at w,,/2mw =6.34 GHz, and g¢/2m =184 kHz.
Detailed optimization procedures are described in Section 3A of
Supplement 1.

Figure 2(a) summarizes the steps for fabricating OMCs in thin-
film diamond. We start with an electronic grade (100)-oriented
single-crystal diamond sample (Element Six) polished to a sur-
face roughness (R,) of <300 pm. A subsurface damaged layer
is formed by He-ion implantation at an energy of 150 keV and a
fluence of 5 x 10'® ions/cm?, followed by graphitization upon
high-temperature vacuum annealing. The result is a 400-nm-thick
diamond layer atop a 100-nm-thick graphite layer. The top dia-
mond layer is partially damaged due to the traversal of He ions, and
hence to improve the device material quality, we use CVD to grow
a497-nm-thick '2C isotopically purified layer with a §-doped °N
layer at a depth of 144 nm. After growth, NV centers are formed
via 200 keV electron irradiation and 850°C annealing for 8 h. We
next pattern 16 square membranes (400 m x 400 pm) on the
2 x 2 mm diamond via photolithography and plasma etching. We
electrochemically etch the graphite below a single target membrane
in 250 mM K,SOy4 aqueous solution with Pt wires [50] until only
a small corner region of graphite tethers the diamond membrane
to the substrate. Next, the diamond membrane is transferred via
flip-chip bonding onto a Si carrier piece spin-coated with hydrogen
silsesquioxane (HSQ) and heated to 450°C to cure the HSQ under
400 N of applied force. After HSQ curing, the bulk diamond sam-
ple is retracted from the silicon, leaving only the target membrane
bonded to the Si piece. We then use ArCl, and O, reactive ion
etching (RIE) to thin the membrane down to the target thickness
of 250 nm, removing the partially He-ion-damaged diamond in
the process.

We fabricate approximately 50 OMC devices on a transferred
membrane [Fig. 2(b)] via e-beam lithography (EBL), followed by
O, RIE. Each device [Fig. 2(c)] consists of an OMC nanobeam
cavity, an optical waveguide for delivering light from an optical
fiber to the device, and acoustic shields for suppressing clamping-
induced mechanical damping. The devices are diced within a

(a) He ions Electrochemical
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Fig.2. (a) Steps for diamond OMC device fabrication: (1) Subsurface
damage layer formation, (2) CVD diamond overgrowth with PN
8-doping, (3) electrochemical etching of patterned membranes, (4)
membrane transfer to a Si carrier piece, and (5) patterning OMC devices.
(b) Optical microscope image of a diamond membrane with approxi-
mately 50 fabricated OMC devices. (c) SEM image of a device, showing a
pair of OMCs surrounded by acoustic shields and a tapered waveguide for
optical coupling.

few pum of the diamond device edge to enable optical coupling
to a lensed fiber with a 14 pm working distance. Detailed fabri-
cation procedures are described in Section 1 of Supplement 1.
We note that the production rate for diamond OMC:s using this
membrane technique is significantly higher than our previously
used diamond-on-insulator (DOI) approach [32]. Many useful
devices can now be fabricated on one membrane (see Section 4D of
Supplement 1).

3. OPTOMECHANICS CHARACTERIZATION

We first present optical and mechanical spectroscopy of a dia-
mond OMC device at cryogenic temperatures. We sweep the
wavelength of a tunable external cavity diode laser to measure the
optical response of the OMC [Fig. 3(a)] and extract an optical
resonance wavelength of A, = 1576.87 nm and an optical quality
factor of Q, = (3.781 4 0.004) x 10%. With the laser tuned
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Fig.3. (a) Optical resonance of the diamond OMC. A Fano-resonance

fit (blue line) gives an optical quality factor of (3.781 % 0.004) x 10%.
(b) Mechanical resonance of the diamond OMC at 7=4 K.
A Lorentzian fit (blue line) gives a mechanical quality factor of
(1.90 £0.04) x 10° at a center frequency of 6.23 GHz. (c) Total
mechanical linewidth (y,,) as a function of intracavity photon number
(n.) due to backaction cooling (laser on the red motional side band)
and amplification (laser on the blue motional side band). The data are
collected at 4K. Fitting the lines to Eq. (1) yields an optomechanical cou-
pling strength (go) of 216 & 1 kHz. Inset: Magnified blue-sideband data

atlow 7.

to the red motional sideband of the OMC cavity, the mechani-
cal Brownian motion of the cavity imprints a modulation at the
mechanical frequency via optomechanical coupling. The power
spectral density of the modulated tone for an intracavity photon
number of 2. = 0.27 is shown in Fig. 3(b), from which we extracta
mechanical quality factor of Qp, = (1.90 & 0.04) x 10° at a sam-
ple stage temperature of 4 K. The mechanical resonance frequency
is Wy /2m = 6.23 GHz. Measurements performed at a sample
stage temperature of 160 mK yield a comparable, though slightly
lower, Qp, (see Section 4C of Supplement 1). These measured
parameters put our diamond OMCs in the resolved-sideband
regime, with 4wy, /k = 4.96. We note that this is the highest Q,,
reported for diamond OMC devices to date [33] and it is higher
than the frequency-jitter-limited Q. ~ 1.31 x 10° of Si OMCs
reported by MacCabe ez 4/. [1], where significantly higher Q,, was
also measured for the same device via ringdown measurements
with short optical pulses. Future experiments will probe diamond
OMGC:s using pulsed measurement schemes and will elucidate the
origins of mechanical damping in these devices.

We characterize the optomechanical coupling between the
optical and the mechanical modes by measuring the backaction-
induced mechanical damping rate as a function of .. With a laser
tuned to the red (A = —w,) or blue (A = w,,) motional sideband,
the total mechanical damping rate is given by

2
4wm
4gine ( « )

2
(%)

Ym =Vi + ’ A =ZFown, (1)

where ¥y, is the total mechanical damping rate, y; is the intrinsic
mechanical damping rate, go is the optomechanical coupling
strength, 7. is the average number of photons in the cavity, and
k is the optical decay rate [51]. A fit to data collected at 7= 4K
[Fig. 3(c)] yields go/2m =214.8 = 0.8 kHz on the red-sideband
and go/2m =218 £ 3 kHz on the blue-sideband. At the highest
measured 7. of 41,000, our device achieves an optomechanical
cooperativity C =54 £ 5, demonstrating robust optical power
handling. For comparison, previously reported C values for
diamond OMC:s range up to 19.9 [31]. We note that this cooper-
ativity is calculated using y;/2m = 28 kHz extracted from fitting
the data in Fig. 3(c) to Eq. (1). The 3.28 kHz damping rate mea-
sured in Fig. 3(b) is lower presumably due to decreased parasitic
optical absorption at much lower 7.. The 7. and 7" dependence
of Q, will be the subject of future study. In this regime of C > 1,
photons and phonons interact coherently, making diamond
OMC:s a promising candidate platform for e.g., ground-state cool-
ing, quantum state transduction, and optomechanically assisted
single-spin readout [18].

4. NV CENTER CHARACTERIZATION

With the goal of integrating defect-based spin qubits into optome-
chanical structures, it is important that the fabrication process
preserves the qubit properties, leaving them as “bulk-like” as
possible. The NV center is an optically addressable spin in dia-
mond exhibiting long room-temperature quantum coherence
time (73), and coupling its spin degree of freedom to nanoscale
mechanical and optical cavities is promising for a variety of sens-
ing and networking applications [52,53]. However, the NV
center’s spin and optical properties are known to be highly sen-
sitive to nearby surfaces and proximal lattice damage induced by
nanofabrication [54].

Here, we investigate NV centers inside fabricated OMCs to
assess the compatibility of our fabrication process with the preser-
vation of high-quality spin properties. We use a room-temperature
confocal microscope [Fig. 4(a)] to excite the NV centers with a
532 nm laser and collect fluorescence in the 650-800 nm range
with an avalanche photodiode (APD). Microwaves for driving NV
spin transitions are delivered via an off-chip microwire. Figure 4(b)
shows a scanning confocal image of one of our devices, where
many of the bright spots correspond to fluorescent NV centers,
as verified by optically detected magnetic resonance (ODMR)
spectroscopy. Figure 4(c) shows Rabi oscillations of the NV spin
qubit encoded in the 7, =0 and m, = —1 spin states; the data
show an excellent spin-dependent fluorescence contrast of ~ 31%,
which is close to the maximum Rabi contrast typically seen for
charge-stable NV centers [55]. The Rabi contrast is defined as
(PLy—PL_y)/PLy, where PLy (PL_;) is the photolumi-
nescence rate of the NV in the m, = 0 (m, = —1) state. Both the
fluorescence rate and high contrast persist over prolonged laser
illumination, indicating that the good NV charge state initializa-
tion fidelity is stable over time and robust to high light intensity.
In Fig. 4(d), we plot the results of a Hahn-echo coherence time
measurement and fit the data to extract 7 =227 + 3 us. These
results confirm the gentle nature of our diamond growth, defect
incorporation, and device nanofabrication process, which pre-
serves the charge stability and spin coherence of embedded NV

centers.
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Fig. 4. Spin properties of NV centers embedded in OMCs.
(a) Confocal microscopy setup. (b) Scanning confocal microscope
image of an OMC device. (c) Rabi oscillations of the NV spin indicated by
the yellow arrow in (b), where the NV photoluminescence (PL) oscillates
as a function of the duration of an applied microwave pulse. Fitting the
visibility of the Rabi fringes (the Rabi contrast) gives 31.2 & 0.2% Rabi
contrast. (d) Hahn-echo coherence decay curve for the NV indicated in
(b). A stretched exponential decay fit (stretch exponent 7 = 1.44 4= 0.04)
yields 75 =227 &+ 3 ps. The coherence was sampled at times matched to
the period of N electron spin echo envelope modulation (ESEEM) to
trace the decay envelope [39].

5. CONCLUSION AND OUTLOOK

The diamond OMC devices presented here exhibit high mechani-
cal quality factors exceeding 1.9 million and optical quality factors
that place them in the resolved-sideband regime. These results
are enabled by a diamond smart-cut technique combined with
CVD diamond overgrowth to fabricate uniformly thin nanoscale
diamond membranes of high material quality. The high optome-
chanical cooperativity of 54 at a circulating photon number of
41,000 demonstrates a high tolerance for intracavity optical power
that is promising for experiments where strong and coherent inter-
actions between photons and phonons are required. Our devices
compare favorably to state-of-the-art 1D Si OMC devices in terms
of mechanical quality factors measured under continuous-wave
(CW) optical probing (see Section 4E of Supplement 1) and coop-
erativity, for which good power handling compensates for relatively
lower optomechanical coupling due to diamond’s lower refractive
index. We have also demonstrated optomechanical measurements
at average circulating photon numbers as low as 7, = 0.27, a new
regime for diamond optomechanical devices, enabled by a high
optomechanical coupling rate. Taking the likely origin of the
measured mechanical damping rate of 3.28 kHz in Fig. 3(b) to be
telegraph noise stemming from interactions with local two-level
systems (TLS), this represents a mechanical coherence time of
160 ps [56]. Future work involving both CW and pulsed mea-
surements will separate the role of TLS from other mechanisms in
both loss and decoherence in diamond OMCs, and also offer an
opportunity to probe these TLS as contributors to surface-related
noise that currently limits the sensitivity and spatial resolution of
quantum sensors based on near-surface (< 10 nm depth) color
centers [48]. While further study of the interplay between these
devices and their thermal environment in cryogenic conditions
is required for operation in the quantum regime, our measure-
ments illustrate the aptitude of single-crystal diamond as a host for
optomechanical devices and constitute a first step toward utilizing
diamond OMC:s as intermediaries between quantum systems,
including both photons and spins.

As a platform for hybrid quantum systems, one of the key
attractive features of diamond is the potential for strong mechani-
cal coupling to embedded spins, and we next discuss the prospects
for both NV center and SiV center spins in diamond OMCs.

. . . 4g2
The spin—mechanical cooperativity is defined as Cyp = =532,
YmVs

where g is the spin—mechanical coupling strength, and y,
and y; are the mechanical and spin decay rates, respectively.
Using FEM simulations of the mechanical mode and reported
stress/strain susceptibility of the NV center [57], we estimate
ZsmNv/2m ~ 132 Hz and G, ny & 0.037 if an NV were located
in the high-strain region of our OMC device. With a longer 7; up
to 0.6 s reported at 77 K [58] enabled by dynamical decoupling
at cryogenic temperatures (see Section 5 of Supplement 1 for
information on the compatibility of spin-mechanical coupling
with dynamical decoupling), the expected Cyp, Ny increases to
~ 77. The prospects are significantly improved for the SiV center,
which exhibits larger strain susceptibility than the NV center due
to its strong strain-orbit coupling and different orbital character
of the ground and excited spin qubit states [22]. For an SiV center,
Zsm,siv/27 reaches 8 MHz at 3.3 T and asymptotically approaches
9 MHz in the limit of high magnetic field, and the predicted
Cam.siv exceeds 10° with the reported 75 = 13 msat 100 mK [59].
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