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ABSTRACT: Phonons are envisioned as coherent intermediaries
between different types of quantum systems. Engineered nanoscale
devices, such as optomechanical crystals (OMCs), provide a
platform to utilize phonons as quantum information carriers. Here
we demonstrate OMCs in diamond designed for strong for
interactions between phonons and a silicon vacancy (SiV) spin.
Using optical measurements at millikelvin temperatures, we
measure a line width of 13 kHz (Q-factor of ~4.4 X 10°%) for a
6 GHz acoustic mode, a record for diamond in the GHz frequency
range and within an order of magnitude of state-of-the-art line
widths for OMCs in silicon. We investigate SiV optical and spin
properties in these devices and outline a path toward a coherent
spin—phonon interface.
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Micro/ nanomechanical systems have emerged as a
promising platform for quantum science and technol-
ogy owing to their ability to coherently interact with a wide
variety of quantum systems.' > Optomechanical crystals
(OMCs), which confine optical photons and acoustic phonons
on a wavelength scale and thus can enable eflicient photon—
phonon interactions,* have attracted significant attention. The
optomechanical interaction has been used to demonstrate
quantum ground-state cooling of a macroscopic mechanical
mode,’ squeezed Iight,6 microwave-to-optical transduction,”
and a telecom spin—photon interface using an intermediary
mechanical mode,® as depicted in Figure 1(a). Wavelength-
scale confinement of phonons in OMCs could also allow for
strong coupling between a mechanical mode and a strain-
sensitive defect spin qubit.” Single-crystal diamond is a natural
platform for such devices since it hosts a variety of color-center
spin qubits and features low mechanical dissipation, large
Young’s modulus, and a wide optical transparency win-
dow.""~"> This has motivated activity on coherent acoustic
driving of nitrogen vacancy (NV) spins in a variety of
diamond-based devices such as bulk-acoustic resonators and
cantilevers.”'>™!° Relative to the NV center, the silicon
vacancy center (SiV) in diamond is better suited as a spin—
phonon interface since it provides nearly 4 orders of magnitude
higher strain susceptibility (~100 THz/strain) for the ground
state spin.”'® Recently, this has been leveraged to demonstrate
low power and coherent acoustic control of a single SiV spin
and proximal nuclear spins.”'” Importantly, the SiV maintains
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good optical properties in nanofabricated structures in terms of
its narrow zero-phonon line (ZPL) and spectral stability, which
allow for high fidelity and high efficiency spin—photon
entanglement generation."® OMCs in diamond have been
demonstrated and proposed to enhance the spin—phonon
interaction strength toward the strong spin—phonon coupling
regime.'”** However, their performance at millikelvin temper-
atures and their compatibility with SiV centers have not yet
been investigated. Operation in this temperature regime is
crucial to maintain good SiV spin coherence, improve
mechanical quality factors, and thereby achieve high
cooperativity spin—phonon interactions capable of operating
near the single-phonon regime.

In this work, we report diamond OMCs which support
optical and mechanical modes measured at f,, = 189.6 THz
(1580.8 nm) and f,,., = 5.76 GHz with high quality factors of
Qupe ~ 15,000 and Qynec, ~ 440,000, respectively, measured at
millikelvin temperatures. These OMCs have a large simulated
zero-point mechanical fluctuation of x,,¢ = 3.58 fm, an effective
motional mass of 158 fg, and an expected spin—phonon
coupling strength (g,,) of up to 1.65 MHz, which is large
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Figure 1. (a) Illustration of the coupled optical, mechanical, and spin
degrees of freedom in the SiV-OMC devices. The inset shows the
atomic structure of the SiV center in diamond. (b) Scanning electron
micrograph of a typical diamond OMC device fabricated by an angled
etching technique. The location of the SiV center is indicated with an
orange dot. The inset shows the schematic of a unit cell of diamond
optomechanical crystals with geometric parameters of (a, w, h,, h,) =
(528,936, 197, 578) nm and a bottom apex half angle of 6 = 35°. (c)
Optical mode profile (E, component) of the fundamental quasi-
transverse electric (TE) mode at fopt = 1972 THz (iopt = 1520 nm).
The inset shows the cross-sectional profile of the optical mode. (d)
Displacement and (e) strain profile of the mechanical (flapping)
mode supported by the OMC device at f,,., = 6.6 GHz. The insets of
parts d and e show the 3D displacement profile of a unit cell and the
cross-sectional strain profile, respectively.

relative to our measured mechanical line width (13 + 1 kHz)
and greviously measured SiV spin decoherence rates (~100
Hz).”' The diamond OMCs were fabricated with an angled
etching technique.”” By measuring the dependence of the
mechanical line width on the optical pump power, we inferred
an optomechanical coupling strength of go\/27 ~ 30.3 + 1.6

kHz at the single photon and phonon level. We characterized
single SiV centers embedded in these high-Q diamond OMCs
and observed excellent optical properties. However, we
observed a reduced spin lifetime (T;) of SiV centers in
OMCs compared with expected values,”" likely due to optically
induced local heating. Such heating, caused by parasitic optical
absorption, has previously been noted as a source of excess
acoustic damping in OMCs at millikelvin temperatures.””**
We discuss alternative OMC device architectures to mitigate
the impact of optically induced heating on spin and mechanical
properties.

Our diamond OMCs consist of a free-standing diamond
waveguide with triangular cross-section”” and a one-dimen-
sional (1D) array of elliptical air-holes [Figure 1(b)]. To form
photonic and phononic cavities in the same region, we locally
vary the lattice constant and eccentricity of the air-holes.
Details of the tapering method can be found in the Supporting
Information. The optical and mechanical modes of diamond
OMCs are then simulated using the finite-difference time-
domain (FDTD) method (Lumerical) and the finite element
method (FEM) (COMSOL). Figure 1(c) shows the field
distribution of a quasi-transverse electric (TE) optical
resonance at A, = 1520 nm. The calculated Q,,; and mode
volume are 5 X 10° and 0.50(4op/n)*, respectively, where n =
2.4 is the refractive index of diamond. The designed OMC also
supports a so-called “flapping” mode [Figure 1(d)], with a
large zero-point motion x,, of 3.58 fm at 6.6 GHz. This mode
has large mechanical displacements near the edge of the cavity
region and large strain fields near the center [Figure 1(e)],
making it possible to achieve large optomechanical coupling to
a quasi-TE optical mode.'” The maximum strain amplitude
and optimal SiV spin location are in the center of the
waveguide between the holes of the cavity region and close to
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Figure 2. Room temperature characterization of diamond OMC. (a) SEM of a diamond OMC device with a tapered waveguide for adiabatic
coupling with a tapered optical fiber. Our optical cavities are designed to be a single-side waveguide coupled with an extrinsic coupling rate x, and
an intrinsic optical loss rate ;. (b) Simplified schematic of the characterization setup. ®-m, electro-optic phase modulator; VOA, variable optical
attenuator; DAQ, data acquisition device; RSA, real-time spectrum analyzer; VNA, vector network analyzer. (c) Normalized reflection spectrum of

the OMC optical mode. A Lorentzian fit (black curve) yields 1

opt

=1580.8 nm and a line width of 12.3 GHz (total optical Q-factor of 1.54 X 10*).

(d) Phase response of the optical resonance. k./(27) ~ 9 GHz is obtained by fitting (black curve). (e) Power spectral density (PSD) of the
mechanical “flapping” mode measured on the RSA with laser detuning of A = —k/2. A Lorentzian fit yields a mechanical line width of 1.63 MHz

(mechanical Q-factor of 3500).
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Figure 3. Millikelvin temperature characterization of diamond OMCs. (a) Schematic of the dilution refrigerator setup and optical path. SiV centers
are measured with a confocal microscope built on top of the cryostat. A single-ended tapered optical fiber is used to couple telecom wavelength
light into the OMC device of interest. Two lasers are used to address the SiV spin-selective optical transitions, and a pulsed green laser is used as a
charge repump for the SiV. Zero-phonon line (ZPL) and phonon sideband (PSB) emission are collected on separate avalanche photodiodes. (b)
Mechanical mode spectrum of an OMC device measured at ~50 mK with the probe laser parked on the blue sideband (A = k/2) at low input
power (n. ~ 100). The mechanical line width is 13 + 1 kHz, corresponding to a mechanical Q-factor of 4.4 X 10°. (c) Mechanical line width of the
OMC device as a function of intracavity photon number #.. Blue (red) points are the experimental data taken with the laser tuned to the blue (red)
optomechanical sideband of the cavity (A = +k/2). Gray circles indicate the intrinsic mechanical line width (y;) values and are obtained by taking
the average of the red and blue detuned data points. The inset shows the calculated optomechanically induced damping (Yo = ieq — 71); @ linear

fit yields gon/27 ~ 30.3 + 1.6 kHz.

the top surface of the device. The details of the cavity
simulation can be found in the Supporting Information.

Given the calculated profiles of optical and mechanical
modes, we estimate the optomechanical coupling rate between
the optical mode and the mechanical flapping mode gon/27 to
be 127 kHz. This value is comparable with the values
previously reported in diamond OMCs at similar frequencies.'”
We also calculated the spin—phonon coupling rate g, from the
simulated mechanical flapping mode assuming a single SiV is
coupled to the maximum strain located at a depth of 20 nm
below the diamond surface [see inset in Figure 1(d)]. The
maximum achievable g,,/27 at this implantation depth is 1.65
MHz.

The OMC:s are fabricated on electronic-grade single-crystal
diamond substrates (Element Six). The OMC fabrication
process, previously described in ref 25, consists of the following
steps: (i) patterning of alignment markers, (ii) generation of
SiV centers at a 20 nm depth via masked implantation and
annealing,”®*” (iii) OMC fabrication via vertical and angled
etching.2 Steps (ii) and (iii) are performed aligned to the
markers defined in (i) (see the Supporting Information for
more details of the fabrication process). For this sample, silicon
ions are implanted in the diamond substrate with a dose of
1.25 X 10'?/cm? and a beam energy of 27.5 keV. The sample is
then annealed at ~1400 K in an ultrahigh vacuum furnace at
pressures <107® Torr to activate SiV centers. Figure 2(a)
shows a scanning electron microscopy (SEM) image of the
fabricated OMCs. The structure incorporates a tapered
waveguide region at its end (right side) for high optical
coupling efficiency to a tapered optical fiber.”* To mechan-
ically support the OMC and thermally anchor it to the cold
bath of the diamond substrate for cryogenic experiments, we
introduced two adiabatically widened anchors, designed to
have low scattering loss, between the OMC and the tapered
waveguide and one on the other side between the OMC and
the clamp [Figure 3(a)].

We performed room temperature characterization of the
fabricated OMCs using a home-built optical fiber coupling

setup,'” illustrated in Figure 2(b). We investigate the optical
mode of the optical mode of the OMC by measuring the
reflection spectrum [Figure 2(c)] with an ~1550 nm tunable
laser source coupled via the tapered waveguide—tapered
optical fiber interface. We fit the resonance with a Lorentzian
function and obtained a line width of x/27 = 12.34 GHz
(corresponding to an optical Q of 15,400). To determine
whether the cavity Q is limited by intrinsic or extrinsic losses,
we measured the phase response of the cavity mode.”” This is
accomplished by detuning the probe laser from the cavity
resonance by 0.18 nm (21.3 GHz) and then sweeping a
sideband generated by an electro-optic (EO) phase modulator
across the cavity resonance. The resulting RF beat note of the
reflected optical power is recorded on a high bandwidth
photodiode connected to a vector network analyzer (VNA).
Figure 2(d) shows the phase response of the optical resonance.
Using k extracted from the cavity reflection spectrum, a fit to
the phase response allows us to extract intrinsic and extrinsic
cavity loss rates (k;, k,)/27 = (3.17, 9.17) GHz, where k = k; +
K. We can therefore conclude that our optical cavity is
overcoupled, deviating somewhat from the targeted critical
coupling condition (Supporting Information). For mechanical
mode spectroscopy, we set the probe laser detuning from the
cavity resonance (A) to +x/2 where displacement sensitivity is
maximum; we then measured the RF modulation of the probe
laser due to the thermal occupation of the mechanical mode.*
The reflected signal is detected by a high bandwidth
photodetector connected to a real-time spectrum analyzer
[Figure 2(b)]. Figure 2(e) shows the power spectral density
(PSD) of the “flapping” mechanical mode measured at room
temperature. By fitting the PSD to a Lorentzian function, a
room temperature mechanical quality factor of Qe ~ 3500 is
measured (in air), likely limited by multiphonon damping
mechanisms.”" Given the measured optical cavity loss rate (x =
12.34 GHz) and the frequency of the targeted mechanical
mode (fecn ~ 5.76 GHz), our OMC system is in the sideband
unresolved regime, where a probe laser detuning of A = +k/2
is optimal.”” Future improvements in fabrication may enable us
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Figure 4. (a) Energy level diagram of the relevant SiV states. (b) Optical spectrum of the zero magnetic field SiV ZPL resonance fluorescence when
pumping the A-line with SO0 nW of power at the sample. (c) Photoluminescence excitation (PLE) spectrum of the SiV A-line spin-selective optical
transitions in the presence of a 0.4 T z-axis magnetic field (misaligned from the SiV axis by $4.7°); the average optical line width is 815 MHz. Laser
frequency is defined relative to the zero magnetic field A-line transition frequency. The inset shows the population recovery of the SiV spin qubit
measured with a pump—probe technique on the A2 and A3 transitions; the decay time constant T is 6.1 * 0.7 ps. The blue curve is a fit result

based on an exponential function.

to fabricate sideband-resolved resonators with large sideband
asymmetries.

Next, we characterized the diamond OMCs at millikelvin
temperatures inside a dilution refrigerator (Bluefors LD250).
The diamond sample is mounted to a sample assembly that is
thermally connected to the mixing plate at a base temperature
of ~50 mK. The optical and mechanical resonances of the
OMC are measured via a tapered optical fiber routed into the
refrigerator. Figure 3(b) shows the measured PSD at ~50 mK
of the same device and the mechanical mode shown in Figure
2(c). The selected spectrum was taken with the laser tuned to
the blue optomechanical sideband (A = x/2) and at a power
level corresponding to an intracavity photon number of n, ~
100. We observe mechanical line widths as low as 13 + 1 kHz,
corresponding to Q. ~ 440,000, which is a record high value
for diamond OMCs. As expected, the Q-factor is dramatically
improved at millikelvin temperatures compared to that at room
temperature due to the lack of multiphonon damping
mechanisms at such a low temperature. We also investigated
the laser power dependence of this mechanical line width when
the laser is red and blue detuned from the optical resonance by
+x/2 in Figure 3(c). As expected, the line width broadens
when the laser is red detuned and narrows when the laser is
blue detuned. The intrinsic mechanical line width y;, obtained
by averaging the blue and red detuned line widths, rises slightly
with increasing n. indicating that optical power induced
thermal broadening may be a small effect. The optomechanical
damping rate is shown in the inset of Figure 3(c); a linear fit
yields the optomechanical coupling rate gop/27 ~ 30.3 + 1.6
kHz at the single photon and phonon level.*” The difference
between the measured and simulated (127.4 kHz) values could
be due to deviations, asymmetries, and disorder in the
fabricated device geometry, with respect to the nominal design.
Finally, we performed optical spectroscopy for single SiV
centers embedded in the same OMC device shown in Figure 2
and Figure 3 using a home-built confocal microscope setup
with an objective lens (Attocube LT-APO-VISIR, NA = 0.82)
incorporated into the dilution refrigerator [Figure 3(a)].
Figure 4(a) shows the SiV energy level structure. There are
two orbital levels in the ground state and two in the excited
state, resulting in four optical transitions labeled A—D. Figure
4(b) shows the resonance fluorescence spectrum of an SiV
center when a laser is resonantly excited at the A transition. We
clearly observed emission in the corresponding C and D

6834

transitions originating from the same SiV center. From the
distance between C and D transition lines, we infer a ground
state splitting Ay, ~ 60 GHz, which is slightly larger than the
zero-strain value of ~46 GHz.” This indicates that the SiV is
slightly strained, likely due to residual strain induced by ion
implantation or nanostructuring.g’16 Low-strain SiV centers are
advantageous for efliciently coupling to mechanical motion
since the strain susceptibility of the spin transition decreases
with increasing strain.”” To perform spin spectroscopy on the
same SiV center, we then applied a 0.4 T magnetic field along
the lab z-axis (54.7° from the SiV axis), which further splits
each energy level into two due to the spin 1/2 of the SiV. This
in turn splits each optical transition in four. To carry out
photoluminescence excitation (PLE) measurements of SiV
centers, we scanned a tunable laser over the zero-phonon line
(ZPL) transitions [named A—-D in Figure 4(a)] using a
tunable CW Ti:sapphire laser (M Squared). We also used a
520 nm green laser for periodically repumping the sample to
maintain the charge state of the Siv.' Figure 4(c) displays the
high-resolution PLE spectrum measured for the A transition,
showing four peaks (named Al—A4) resulting from Zeeman
splitting of the A transition under a magnetic field. In these
measurements, we used a second tunable CW laser to repump
one of the spin-dependent optical transitions and increase the
visibility of other transitions. PLE resonances from Al (A3)
and A2 (A4) transitions are clearly observed by scanning the
first CW laser, while the stationary repump laser is resonant
with the A3 (A2) transition. To examine the spin properties of
the SiV centers, we conduct spin lifetime (T,) measurements
on A3 using a pump—probe technique,21 consisting of
initialization and read-out pulses with a variable interpulse
time delay, while a repump pulsed laser is tuned to the A2
transition (see details in the Supporting Information). The
inset of Figure 4(c) shows the population recovery from the
initialized spin state to the other spin state as a function of the
interpulse delay time. The observed T is 6.1 + 0.7 us, which is
much shorter than the expected value of milliseconds at
millikelvin temperatures for highly transverse magnetic
fields.”** A likely reason for the reduced spin T is confocal-
laser-induced heating of the local environment of the SiV
center. Such heating can lead to elevated thermal occupation of
the high frequency (~50 GHz) phonon modes responsible for
incoherent transitions between the ground state orbital levels,
and thereby a reduction in spin T;.” Note that telecom laser
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power input via the tapered waveguide led to an unexpected
SiV fluorescence quenching® (see the Supporting Informa-
tion). To mitigate the effects of laser-induced heating on SiV
centers, it is essential to reduce the necessary optical probe
power required for SiV control and read-out. Indeed, cavity
QED experiments with SiV centers’® accomplish this by
embedding SiV centers in photonic crystal cavities which
support resonances close to SiV ZPL transitions (737 nm) and
delivering probe signals via a tapered optical fiber interface.
This reduces the laser probe powers to sub-nW levels,*® which
is orders of magnitude smaller than the power directed to SiV
centers in our experiments (~1 yW). We note that this was
not possible in our work where the optical cavity is designed to
operate at telecommunication wavelengths, far detuned from
the SiV center’s ZPL. As a result, for the devices used in this
work, optical excitation and collection of SiV fluorescence
through the diamond waveguide port is less efficient than it is
through the confocal microscope. Future work will focus on
realizing diamond OMCs with optical resonances near the 737
nm wavelength range which will allow for efficient and
resonantly enhanced excitation, control, and read-out of SiV
centers via a tapered optical fiber interface, to minimize optical
probe heating effects. Furthermore, 2D structures realized in
recently demonstrated diamond membranes™* could be utilized
to increase the thermal conductivity between an OMC device
and its cold thermal bath, thus minimizing heating effects.>
With the reduced heating expected from these new designs, we
expect to detect signatures of the acoustic resonance of the
OMC in spin spectroscopy.

In summary, we have demonstrated high-Q diamond OMC
devices with single SiV centers and measured a high-frequency
(~6 GHz) mechanical mode with a line width of 13 + 1 kHz
(Q ~ 4.4 x 10°) at millikelvin temperatures, within an order of
magnitude of state-of-the art line widths in silicon OMCs.”*
The usage of phononic bandgap shields between the OMC and
the bulk substrate could further improve the mechanical Q-
factors.”” The pump power dependence of this line width
allowed us to measure an optomechanical coupling rate of 30.3
+ 1.6 kHz at the single photon and phonon level, a value
comparable with previous diamond OMCs. We confirmed that
single SiV centers can maintain good optical properties even in
the nanocavity and that their spins can be initialized and read
out. From the pump power dependence of the OMC
mechanical line width and spin lifetime measurements, we
found that the coherence of the SiV spin and the OMC
mechanical mode could be negatively impacted by laser-
induced heating. The use of an efficient tapered diamond
waveguide—tapered optical fiber interface”® and of optical
cavities resonant with the SiV ZPL*® could greatly reduce
optical probe powers and the associated heating. Based on the
minimum measured mechanical line width x = 13 + 1 (kHz),
typical SiV spin decoherence rates (y ~ 100 Hz),”' and the
simulated spin—phonon coupling rate ggp/27 (1.65 MHz), our
OMC system could reach the strong spin—phonon coupling
regime where ggp > &, y. With reduced optical heating effects,
we envision that high Q-factor diamond OMCs with SiV
centers will allow the investigation of spin—phonon inter-
actions in highly engineered acoustic structures and enable
phonon-mediated interfaces between spins and other quantum
platforms.
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