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1. Introduction

Quantum information technology promises to revolutionize compu-
tation, communication, and sensing, but realizing this promise requires con-
trol over the way quantum information is transterred onto, between, and
away from sets of qubits (Kimble, 2008; Reiserer and Rempe, 2015;
Wehner et al., 2018). Pioneering experiments in the field relied on carefully
controlled interactions between isolated collections of atoms and their envi-
ronment, allowing for the implementation of fundamental quantum tech-
nology protocols. These demonstrations spurred a search for quantum
platforms that could be scaled up to large quantum circuits capable of han-
dling many qubits and quantum operations. Optically addressable spins in
solid state that can be interconnected using quantum photonic links emerged
as a leading candidate for this role (Aharonovich et al., 2016; Atature et al.,
2018; Awschalom et al., 2018).

Among solid state systems, diamond has long been considered as a prom-
ising material for realization of scalable quantum technology: it hosts a wide
range of color centers (Bradac et al., 2019; Goss et al., 1996; Iwasaki et al.,
2017; Rogers et al., 2014a; Siyushev et al., 2017; Tcherniyj et al., 2017).
within its wide bandgap, many of which have long spin coherence times
(Abobeih etal., 2018; Bar-Gill et al., 2013) and bright coherent optical tran-
sitions. These color centers can be introduced into the diamond during the
crystal growth process (Lesik et al., 2014; Michl et al., 2014; Teraji et al.,
2015), including delta (Ohno et al., 2012; Osterkamp et al., 2015) or spot
(Chen et al., 2017, 2019; Ohno et al., 2014) doping, or generated in already
grown diamond through ion implantation (Schroder et al., 2017; Ziegler
et al., 2010), vacancy generation (Capelli et al., 2019; Chen et al., 2017;
Ohno et al., 2014; Pezzagna et al., 2010), or annealing (Naydenov et al.,
2010; Yamamoto et al., 2013). In general, these techniques allow for spatially
targeted creation of color centers with accuracy down to tens of nanometers.

Historically, the most prominent of diamond’s color centers has been the
nitrogen vacancy (NV) center, which benefits from long coherence times
even at room temperature (Abobeih et al., 2018; Balasubramanian et al.,
2009) and spin-selective optical transitions that can be used to entangle
the spin with photons (Bernien et al., 2013; Hensen et al., 2015; Pfaff
et al., 2014; Togan et al., 2010). Unfortunately, the NV center was found
to suffer from spectral diffusion and charge instability when inside diamond
nanostructures, which limits its usefulness for quantum information
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applications (Chu et al., 2014; Cui et al., 2015; Faraon et al., 2012) Fixing
the NV stability problem remains an active and important area of research
(Bluvstein et al., 2019; Radtke et al., 2019; Ruf et al., 2019; Sangtawesin,
2019; van Dam et al., 2019). In the meantime, group IV color centers, such
as the negatively-charged silicon vacancy (Si1V) center, have emerged as a
promising alternative because they are more stable in diamond nanostructures
(Evans etal., 2016). Furthermore, most of these color centers have microwave
transitions which can be used to coherently control their spin states, allowing
for straightforward implementation of single qubit gates (Childress et al., 2006;
Jelezko et al., 2004; Pingault et al., 2017).

The speed and fidelity of information transfer between different color
center memories dramatically depend on the efficiency with which photons
can interact with, and be distributed between, the quantum memories (both
on chip and between different chips). This has spurred research activities
aimed at realization of low-loss waveguides and optical resonators in dia-
mond. All of these devices require optical isolation provided by refractive
index contrast from the surrounding bulk material. One way to achieve this
is through free-standing structures that rely on diamond as a device layer
and air (or vacuum) as low index cladding. In traditional nanophotonic
material platforms (Dietrich et al., 2016; Lipson, 2005) this is accomplished
through heteroepitaxial growth or bonding of the device layer on top of
a sacrificial layer, which is then etched away to suspend nanophotonic
devices. However, the lack of techniques for heteroepitaxial growth of pure
diamond thin films (Schreck et al., 2017) on foreign substrates meant
that nanofabrication techniques for bulk diamond had to be developed.
Focused ion beam milling was initially explored, but this approach was limited
by device yield and reproducibility (Babinec et al., 2011; Bayn et al., 2011;
Riedrich-Moller et al., 2011). To overcome this, a thin film diamond plat-
form was developed and used in initial diamond quantum photonic experi-
ments (Hausmann et al., 2012, 2013). However, this approach turned out
to be incompatible with the post-fabrication processing (annealing, acid
cleaning, etc.) needed to recover properties of color centers embedded within,
particularly their optical coherence and stability. As a result, bulk diamond
nanostructuring based on crystallographic (Khanaliloo et al.,, 2015a; Xie
et al., 2018) or angled etching has been developed (Atikian et al., 2017;
Burek et al., 2012). Suspended waveguides and photonic crystal cavities that
were fabricated using these methods enabled the first demonstration of
memory-enhanced quantum communication (Bhaskar et al.,, 2020)—an
important benchmark for creation of long distance quantum networks.
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Fig. 1 Three types of diamond spin-qubit interactions that are covered in this chapter:
(A) spin-photon interaction mediated by a photonic cavity fabricated in diamond;
(B) spin-phonon interaction mediated by a diamond nanomechanical resonator;
(C) photon-phonon interaction in optomechanical cavity that can also be combined
with spin-mechanical coupling.

Importantly, the suspended devices that provide optical isolation also
provide mechanical isolation and allow for acoustic energy to be concen-
trated. Thus, the fabrication techniques used to create suspended photonic
devices in diamond are ideally suited for realizing low-loss diamond
nanomechanical devices as well. This has stimulated interest in, and explo-
ration of, mechanical degrees of freedom for controlling and interfacing
diamond spin qubits. Of particular interest are group IV spin qubits that fea-
ture large strain susceptibilities (Maity et al., 2018; Meesala et al., 2018),
while cantilevers and phononic crystals have emerged as promising platforms
to control and enhance spin-strain coupling (Barfuss et al., 2015; Hong et al.,
2012; Lee etal., 2017; Meesala et al., 2018; Sohn et al., 2018). Development
of electromechanically deformable waveguides (Machielse et al., 2019),
surface acoustic wave resonators (Maity et al., 2020), and optomechanical
cavities (Burek et al., 2016) promises to enable coherent spin-phonon
interactions and coherent control of single- and multi-qubit interactions
mediated by phonons.

In this chapter, we discuss the progression of integrated diamond devices
used to couple color centers to single photons (Section 2, Fig. 1A) and single
phonons (Section 3, Fig. 1B), as well as optomechanical devices (Section 4,
Fig. 1C) that can enable coherent interactions between optical and mechan-
ical degrees of freedom.

2. Photonic devices

The rapid development of fabrication technology for coupling indi-
vidual diamond color centers to itinerant photons has allowed the diamond
photonics platform to emerge as a leading candidate for the implementation
of quantum networking protocols. Pioneering experiments with the NV
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center (Hensen et al., 2015), together with the recent demonstration of
memory-enhanced quantum communication based on the SiV center
(Bhaskar et al., 2020), have laid the groundwork for implementation of
the full quantum repeater protocol (Duan et al., 2001)—a technology which
would make the creation of long-distance quantum networks possible. Here
we trace the development of integrated diamond nanophotonic devices
that have enabled the creation of the spin-photon interfaces that form the
backbone of these technologies.

2.1 Surface-etched devices for photon extraction into

free space
The first structures that were developed to overcome total internal reflection
at the diamond-air interface, and thus increase the collection efficiency for
photons emitted by color centers, were diamond nanopillars (Fig. 2A). In
these devices, light from color centers is coupled to the optical mode of a
nanopillar, emitted into free space at the pillar’s facet, and collected by a lens.

Fig. 2 Surface-etched devices in diamond for photon extraction into free space.
(A) Scanning electron microscope (SEM) image showing an array of ~2um tall and
~200nm wide diamond nanowires containing NV centers. (B) SEM image of solid
immersion lens (SILs). Focused ion beam is used to etch the SlLs around a specific
NV-center. Inset scanning confocal microscope image of NV A (logarithmic color scale).
kct, 1000 counts. (C) SEM image of the immersion metalens consisting of subwavelength
pillars extending from the surface of a single-crystal diamond substrate designed to cre-
ate a high-numerical-aperture immersion lens for coupling NV center photoluminescence
to a collimated beam in air The metalens is fabricated using electron-beam lithography
and O,-based dry etching. Panel A: reprinted from Hausmann, BJ.M. et al. 2011. Single-color
centers implanted in diamond nanostructures. New J. Phys. 13, 045004, © IOP Publishing
and Deutsche Physikalische Gesellschaft. Reproduced by permission of IOP Publishing.
CC BY-NC-SA. Panel B: reprinted by permission from Springer Nature Customer Service
Centre GmbH: Robledo, L. et al. 2011. High-fidelity projective read-out of a solid-state spin
quantum register. Nature 477, 574—578, © 2011. Panel C: reprinted from Huang, T.-Y.
et al. 2019. A monolithic immersion metalens for imaging solid-state quantum emitters.
Nat. Commun. 10, 2392 licensed under the terms of the Creative Commons Attribution 4.0
license.
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Nanopillars could be fabricated on the surface of diamond using reactive
ion etching (RIE) (Babinec et al., 2010; Hausmann et al., 2011), implanted
with ions and subsequently annealed to create color centers inside them.
Alternatively, they could be fabricated in substrates with sufficient natural
abundance of color centers such that each nanopillar probabilistically con-
tained individual emitters. Diamond nanopillars allowed for a 10-fold
increase in photon collection efficiency when compared to bulk diamond
and have found many applications in quantum sensing and scanning magne-
tometry in particular (Batzer et al.,, 2020; Maletinsky et al., 2012). To
enhance the light-matter interaction (e.g., via the Purcell effect) needed
for quantum information applications, diamond pillars could be surrounded
by metal (Choy et al., 2011, 2013). This, however, came at the expense of
increased optical losses introduced by the metal layer.

These early device experiments uncovered an important shortcoming of
NV centers: although they are stable emitters in bulk diamond, their optical
properties degrade substantially when they are close to etched diamond sur-
faces. To address this problem while still overcoming the total internal
reflection of emitted photons, solid immersion lenses (SILs) have been fab-
ricated around individually targeted color centers (Fig. 2B). This could be
done either by patterning and then reflowing resist masks prior to etching
(Lee et al., 2007) or by using focused ion beam (FIB) milling to pattern
desired structures (Marseglia et al., 2011). Importantly, NV centers in
SILs are separated from the etched surfaces by several microns and
thus are less susceptible to fabrication-induced damage. As a result, SILs pre-
serve the stability of optical transitions of NVs while enabling dramatic
improvements in photon extraction efficiency. These structures were work-
horses in many of the seminal NV center quantum optics experiments
(Hensen et al., 2015; Humphreys et al., 2018; Kalb et al., 2017; Robledo
et al., 2011).

Metasurfaces have also recently emerged as a promising platform for
achieving high collection efficiency (Fig. 2C), combining the scalability
of the planar nanofabrication technology used for diamond nanopillars with
the optical stability characteristic of color centers inside SILs. By carefully
tuning the shape and spacing of structures fabricated with top-down etching
technology, the emission of a single color center buried microns below the
surface of the diamond can be efficiently routed into collection optics
(Huang et al., 2019).

Research on surface-etched diamond nanophotonic structures has
allowed the development of a variety of techniques for collecting light from
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subsurface emitters without compromising their optical properties. As a
result, these approaches are primarily used in concert with color centers
which are sensitive to electric fields and other forms of etch-induced dam-
age, such as the NV center. However, these techniques are limited in the
overall fraction of emitted photons they can collect by the unavoidable pho-
ton emission into the substrate and thus are not sufficient for the realization
of efficient spin-photon interfaces.

2.2 Freestanding photonic devices for enhanced spin-photon

interactions and efficient photon collection
One established route toward an interface between nanophotonic devices
and color centers consists of a single-mode waveguide implanted with indi-
vidual color centers. When properly designed, waveguides enhance the
photonic density of states near the emission wavelength of color centers.
In addition to diamond nanopillars discussed above, this approach has been
pursued in the case of SiV and germanium vacancy (GeV) color centers
embedded inside angle-etched diamond waveguides (Bhaskar et al., 2017;
Burek et al., 2017).

In order to extract emitted photons from the waveguide into an optical
fiber, an interface between these two modes must be constructed. This is
commonly accomplished through either physical fiber-to-waveguide con-
tact or through vertical couplers designed to efficiently scatter light into a
collection objective. Examples of vertical couplers include notches
(Burek et al., 2014) (Fig. 3A), photonic crystal mirrors (Hausmann et al.,
2012) (Fig. 3B), and grating couplers (Faraon et al., 2013) (Fig. 3C).
While easy to implement, these approaches sufter from low collection effi-
ciencies. However, recent progress with inverse design techniques (Dory
et al., 2019) (Fig. 3D) suggests that further improvements are possible.

Direct fiber collection has so far proved more efficient than vertical cou-
pling, as tapered diamond-to-fiber interfaces have demonstrated the ability
to collect more than 95% of the waveguide-coupled photons (Burek et al.,
2017) (Fig. 3E). This is achieved by tapering the ends of both the optical
fiber and the diamond waveguide, creating an adiabatic effective mode tran-
sition from the fiber’s mode into the waveguide’s mode. However, this
technique can currently only be used to couple to individual diamond
devices, as it requires the use of bulky nanopositioning stages. Permanent
bonding of fiber tips to diamond devices—fiber pigtailing—would make
it possible to address multiple photonic devices simultaneously.
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Fig. 3 Different photon extraction strategies for integrated diamond quantum photonics. (A) Scanning electron microscope (SEM) image of suspended
1-dimensional photonic crystal nanobeam cavity with notches. Inset shows a magnified view of the notch used to extract light. (B) SEM image of a device
composed of a diamond microring resonator and a waveguide with photonic crystal mirrors. Inset shows close-up view of photonic crystal mirror.
(Q) SEM image of a device composed of a diamond microring resonator and a waveguide with grating couplers. (D) a. SEM image of a suspended diamond
waveguide that is terminated with inverse-designed vertical couplers; b. SEM image of closer view of the coupler; c. Optical microscope image of the device.
(E) a. Schematic of the adiabatic coupling between a single-ended conical optical-fiber taper (blue) and a diamond waveguide taper (red) b. Optical microscope
image taken when an optical-fiber taper in contact with a waveguide taper. Panel A: reprinted by permission from Springer Nature Customer Service Centre GmbH:
Burek, M.J. et al. 2014. High quality-factor optical nanocavities in bulk single-crystal diamond. Nat. Commun. 5, 5718, © 2014. Panel B: reprinted with permission from
Hausmann, BJ.M. et al. 2012. Integrated diamond networks for quantum nanophotonics. Nano Lett. 12, 1578—1582, Copyright 2012 American Chemical Society.
Panel C: reprinted from Faraon, A. et al. 2013. Quantum photonic devices in single-crystal diamond. New J. Phys. 15, 025010 licensed under the terms of the Creative
Commons Attribution 3.0 license. Panel D: reprinted from Dory, C. et al. 2019. Inverse-designed diamond photonics. Nat. Commun. 10, 3309 licensed under the terms of
the Creative Commons Attribution 4.0 license. Panel E: reprinted figures with permission from Burek, M.J. et al. 2017. Fiber-coupled diamond quantum nanophotonic
interface. Phys. Rev. Appl. 8, 024026, Copyright 2017 by the American Physical Society.
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A final technique for extracting photons from diamond waveguides
involves using a pick-and-place process to couple them to nanophotonic
devices patterned in other materials (Najafi et al., 2015). In this technique,
diamond nanophotonic devices are patterned in such a way that they can be
lifted individually or in groups as large as 128 devices (Wan et al., 2019) from
the diamond substrate and attached to waveguide devices patterned in more
traditional materials. In exchange for added fabrication complexity, this
allows for on-chip integration of diamond color centers with materials with
nonlinear optical or piezoelectric properties. As a result, this technique
shows promise for offering new device functionalities, including complex
photon routing and multiplexing, while maintaining the efficient photon
extraction required for quantum optics experiments.

Realization of near unity photon collection efficiency as well as high-
cooperativity spin-photon interfaces requires the introduction of resonant
optical structures to enhance and direct photon emission. Although initial
demonstrations using ring resonators and whispering gallery mode structures
achieved measurable emitter-cavity coupling (Lee et al., 2012; Santori et al.,
2010), photonic crystal cavities have emerged as the dominant technology
for resonant enhancement due to their high optical quality factors and
small mode volumes. Both one- and two-dimensional photonic crystal cav-
ities (Fig. 4A—F) have been demonstrated (Evans et al., 2018; Hausmann et al.,
2013; Mouradian etal., 2017; Riedrich-Moller etal., 2011; Wan etal., 2018),
but the former has been more extensively implemented.

One-dimensional photonic crystal cavities created using an angled etch
approach (Fig. 4E and F) were used to demonstrate spin-photon interfaces
with cooperativities C, > 100 (Bhaskar et al., 2020). Here, C,= gﬁ/ 2K,Ys 18
defined as the ratio of the spin-photon coupling rate g, (roughly 10 GHz for
state of the art devices) to the optical loss rate x, and spin decay rate y,
(Reiserer and Rempe, 2015). For the demonstrated devices, more than
99% of emitted resonant photons are emitted into the cavity. These photons
can be efficiently coupled into the waveguide and, using the aforementioned
tapered fiber interface, extracted into the fiber. Microwave coherent control
of the color center spin state, another requirement for many quantum optics
experiments, can be achieved with on-chip coplanar microwave waveguides
(Nguyen et al., 2019).

Combining these technologies has allowed for the demonstration of
high-fidelity interfaces between photons and long-lived SiV color center
spins (Nguyen et al., 2019). These interfaces can be used to entangle photons
and quantum memories with high efficiency—a key step to implementing a
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Fig. 4 Progression of diamond nanophotonic crystal devices. (A) Fabrication schematic for thin film bonding diamond techniques. A thin film
of diamond is bonded (or grown) onto a sacrificial substrate. The diamond film is then thinned and patterned, before being chemically under-
cut. (B) Scanning electron micrograph (SEM) of suspended diamond nanophotonic crystals made using the thin film bonding technique.
(C) SEMs of nanophotonic crystal cavities focussed ion beam (FIB) patterned into thin film diamond grown on iridium/yttria-stabilized zirconia
(Ir/YSZ) carrier wafer. (D) Fabrication process and SEMs for crystallographic undercut etched photonic crystals carved out of bulk diamond.
Here the shape of the photonic crystal is patterned onto the surface of bulk diamond before being crystallographically undercut using a low-
bias oxygen ICP-RIE etch. This technique offers exceptional flexibility and can be used to realize 2-dimensional photonic crystals. (E) Angled
undercut fabrication technique. Here photonic crystal designs are patterned into the surface of bulk diamond before being undercut using
angled oxygen ion beams. This technique results in triangular cross-section 1D nanophotonic crystals that have thus far demonstrated the
highest performance. Subsequent deposition of microwave coplanar waveguides (CPWs) allows for coherent control of SiV spin state.
(F) Schematic of experimental setup used in Bhaskar et al. (2020) and Nguyen et al. (2019). SiV centers are embedded within triangular
cross-section photonic crystals, coupled to waveguide modes which can transfer photons into optical fibers. CPWs are used to control
SiV spin while the entire device is operated inside a dilution refrigerator at 100 mK. (G) Experimental results from Bhaskar et al. (2020).
Top: High-fidelity spin-photon interface leads to large contrast in cavity reflection coefficient based on SiV spin state. In the spin down
(up) spin state, shown in blue (orange), the SiV reflects few (most) of the photons routed towards the cavity, allowing for single-shot,
high-fidelity readout of the SiV spin state (inset). Bottom: Demonstration of memory-enhanced communication beyond the repeaterless
bound. Red line represents the theoretical limit on the communication rate set by photon loss through the communication channel.
Green line is the raw communication rate enabled by the diamond SiV-photon interface, while the black dots represent the communication
rate after correction for errors. Panels A and B: reprinted with permission from Hausmann, BJ.M. et al. 2013. Coupling of NV centers to photonic
crystal nanobeams in diamond. Nano Lett. 13, 5791-5796, Copyright 2013 American Chemical Society. Panel C: reprinted by permission from
Springer Nature Customer Service Centre GmbH: Riedrich-Moller, J. et al. 2011. One- and two-dimensional photonic crystal microcavities in single
crystal diamond. Nat. Nanotechnol. 7, 69—74, © 2014. Panel D: reprinted from Wan, N.H., Mouradian, S., Englund, D. 2018. Two-dimensional
photonic crystal slab nanocavities on bulk single-crystal diamond. Appl. Phys. Lett. 112, 141102 with the permission of AIP Publishing. Panel E:
reprinted by permission from Springer Nature Customer Service Centre GmbH: Burek, M.J. et al. 2014. High quality-factor optical nanocavities
in bulk single-crystal diamond. Nat. Commun. 5, 5718, © 2014. Panel F: reprinted figures with permission from Nguyen, C.T. et al. 2019.
Quantum network nodes based on diamond qubits with an efficient nanophotonic interface. Phys. Rev. Lett. 123, 183602, Copyright 2019 by
the American Physical Society. Panel G: reprinted by permission from Springer Nature Customer Service Centre GmbH: Bhaskar, M.K. et al.
2020. Experimental demonstration of memory-enhanced quantum communication. Nature 580, 60—64, © 2020.



230 Cleaven Chia et al.

wide variety of quantum information technologies. For example, a recent
demonstration (Nguyen etal., 2019) of memory-enhanced quantum commu-
nication using this SiV-nanophotonic cavity system is a key step towards the
implementation of a full quantum repeater protocol and the creation of large
quantum networks (Bhaskar et al., 2020; Wehner et al., 2018) (Fig. 4G). In
addition, this technology shows great promise for generating large cluster
states (Nielsen, 2004; Raussendorf et al., 2003) with nontrivial entanglement
topologies. Pioneering work with the nitrogen vacancy center (Abobeih etal.,
2019; Bradley et al., 2019) and the recent preliminary efforts with group IV
color centers (Nguyen et al., 2019) have demonstrated that diamond color
centers can be efficiently linked with nearby nuclear spins. This result in com-
bination with high fidelity spin-photon interfaces could make it possible to
form cluster states that can be used for quantum computation or long distance
communication (Gimeno-Segovia et al., 2019).

2.3 Summary

Great progress in diamond photonics over the past decade has enabled new
benchmark quantum optics experiments and made reproducible production
of individual diamond photonic devices possible. Broad application of these
technologies is in large part prevented by the difficulty in scaling these tech-
niques to fabricate and address larger collections of devices in an economical
manner. Fortunately several newly developed techniques—including thin
film (Piracha et al., 2016) and isotropic etching (Khanaliloo et al., 2015a;
Wan et al., 2018)—provide promising routes towards realization of these
goals. Open challenges in the field include routing photons on-chip,
improving compatibility with non-inversion symmetric color centers such
as the NV center, tuning photonic crystal cavities individually, and enabling
higher temperature operation of optical devices.

3. Mechanical devices

Diamond displays remarkable mechanical properties such as the
highest Young’s modulus among all materials and low thermoelastic
damping (Tao etal., 2014). As a result, the MEMS community has been his-
torically interested in diamond for high frequency mechanical resonators up
to several GHz (Burek et al., 2016; Dow et al., 2013; Gaidarzhy et al., 2007;
Kirsch et al., 2006; Rodriguez-Madrid et al., 2012). From a quantum tech-
nology standpoint, low dissipation mechanical devices are at the heart of
proposals for hybrid quantum systems (Schuetz et al.,, 2015; Wallquist
et al., 2009) that utilize phonons to coherently interface disparate qubit
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platforms. Since color centers, being embedded in a solid-state matrix, are
sensitive to lattice deformations (Davies et al., 1976; Sternschulte et al.,
1994), there has been growing interest in exploring their interactions
with acoustic degrees of freedom. In this section, we review the recent
development of diamond mechanical devices for tuning and classical control
of color centers, and their potential for phononic quantum information
processing.

3.1 Frequency tuning and stabilization of emitted photons

To take advantage of optically active color centers as spin-photon interfaces,
the photons emitted by multiple centers must be indistinguishable (Bernien
et al., 2012; Hensen et al., 2015; Sipahigil et al., 2012, 2014). However,
color centers generally display an inhomogeneous distribution of their emis-
sion wavelengths due to local variations of strain caused by lattice defects.
This considerably hampers efforts to collectively interface groups of color
centers unless the emitters can be tuned with respect to each other.
While electric field tuning using the Stark eftect is the most common tech-
nique (Bassett et al., 2011; Tamarat et al., 2006), not all color centers can be
tuned this way. In particular, centro-symmetric group IV color centers,
such as the SiV, GeV and tin vacancy (SnV) centers, are insensitive to electric
fields to first order and cannot be tuned by Stark shift. Their large suscep-
tibility to strain (Maity et al., 2018; Meesala et al., 2018) instead makes strain
tuning an ideal technique. The neighboring nuclei and electronic orbitals are
modified by strain in the crystal (Hughes and Runciman, 1967; Lee et al.,
2016; Maze etal., 2011; Meesala et al., 2018), which shifts the energy levels
of the orbitals and consequently tunes the transition wavelengths.

A diamond cantilever structure with embedded NV centers and dynam-
ically driven by a piezoelectric transducer was used to achieve stroboscopic
frequency tuning of the NV fluorescence, and demonstrate overlap of the
optical transitions of two different NVs (Lee et al., 2016). Similarly, static
tuning was demonstrated on color centers implanted into a diamond canti-
lever (Fig. 5A). Electrodes were patterned on and below the cantilever to
apply a voltage-dependent force. The controllable bending of the cantilever
applied a static strain to the color centers (Maity et al., 2018; Meesala et al.,
2018; Sohn et al., 2018), and tuned their optical transitions. The applied
static strain can also improve the spin coherence properties of SiV centers
(Sohn et al., 2018), and likely other group IV centers as well (Siyushev
et al., 2017; Trusheim et al., 2020), by reducing their coupling to thermal
phonons.
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Building on this achievement, strain has been used to tune two SiV cen-
ters into resonance with each other, and likewise with two GeV centers
(Fig. 5B) (Machielse et al., 2019; Maity et al., 2018). Superradiant emission
has been demonstrated with two SiV centers in resonance, a signature that
the emitted photons are indeed indistinguishable (Machielse et al., 2019).
Furthermore, emitters in nanostructures can display some amount of spectral
wandering due to their close proximity to surfaces, where charge traps and
dangling bonds generate electric field noise. By combining strain tuning
with a feedback mechanism, the emission from color centers can be stabi-
lized spectrally, and thus reduce slow spectral wandering at frequencies
below 5Hz (Fig. 5C) (Machielse et al., 2019).

3.2 Classical qubit control using mechanical vibrations

Mechanical coherent control of color center qubits can be used as an alter-
native to microwave (Childress et al., 2006; Jelezko et al., 2004; Pingault
et al., 2017) and all-optical control (Becker et al., 2018; Pingault et al.,
2014; Rogers etal., 2014b; Yale et al., 2013). Fast microwave control of spin
qubits typically relies on the small magnetic dipole moment and hence
requires high power, which can lead to undesirable heating in cryogenic
conditions. Optical control relies on a lambda scheme, which is difficult
to combine with single-shot readout that relies on cycling transitions
(Neumann et al., 2010; Robledo et al., 2011; Sukachev et al., 2017).
These are not limitations for mechanical control.

The first realizations of coupling between the NV spin and a mechanical
resonator was mediated with an external magnetic field gradient (Arcizet
et al., 2011; Kolkowitz et al., 2012; Rabl et al., 2009, 2010; Rugar et al.,
2004) (Fig. 6A). The motion of the NV spin in such magnetic field leads
to a coupling directly proportional to the gradient strength and to the ampli-
tude of the mechanical oscillations, and reaches 10-70Hz per phonon
(Arcizet et al, 2011; Kolkowitz et al., 2012; Rugar et al., 2004).
A microwave field resonant with the spin transition when the system is at
rest drives the spin depending on the position of the NV in the gradient field
when the mechanical system is oscillating. This can synchronize the spin and
the oscillation and result in an effective coupling between the mechanical
resonance and the spin (Hong et al., 2012; Pigeau et al., 2015).

The NV ground state corresponds to an orbital singlet, and because
the spin transition between the m;= —1 and m;= +1 states is magnetic



234 Cleaven Chia et al.

HBAR
»
NV-Dense
Diamond
High NA
Objective Aiehina

Fig. 6 (A) lllustration of the working principle of magnetically-mediated coupling
between a single NV spin and a mechanical resonator. (B) Schematic and an optical
micrograph of a diamond slab with a high-overtone bulk acoustic resonator (HBAR) with
a microwave loop antenna in red. (C) Schematic of NV centers (in red) in a diamond
cantilever driven mechanically by a piezoelectric transducer. (D) Schematic of a surface
acoustic wave (SAW) device on diamond. Panel A: reprinted by permission from Springer
Nature Customer Service Centre GmbH: Rabl, P. et al. 2010. A quantum spin transducer
based on nanoelectromechanical resonator arrays. Nat. Phys. 6, 602—608, © 2010.
Panel B: reprinted with permission from MacQuarrie, E.R. et al. 2015. Coherent control
of a nitrogen-vacancy center spin ensemble with a diamond mechanical resonator.
Optica 2, 233, © The Optical Society. Panel C: reprinted by permission from Springer
Nature Customer Service Centre GmbH: Barfuss, A., Teissier, J., Neu, E., Nunnenkamp, A.,
Maletinsky, P. Strong mechanical driving of a single electron spin. Nat. Phys. 11,
820-824, © 2015. Panel D: reprinted from Maity, S. et al. 2020. Coherent acoustic control
of a single silicon vacancy spin in diamond. Nat. Commun. 11, 193 licensed under the terms
of the Creative Commons Attribution 4.0 International License.

dipole-forbidden, it cannot be easily driven with a microwave field
(MacQuarrie et al., 2013). It can, however, be driven by strain (MacQuarrie
et al., 2013, 2015a; Meesala et al., 2016; Teissier et al., 2014). This direct
spin-strain coupling relies on a strain-induced variation of the zero-field
splitting constant which corresponds to the dipolar interaction between
the two electron spins forming the NV S=1 ground state (Doherty
et al., 2012; Maze et al., 2011). This yields a orbital strain susceptibility of
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about 10 GHz/strain (Barson et al., 2017), leading to a single phonon cou-
pling of up to 2Hz in the best devices (Meesala et al., 2016). In contrast, the
NV excited state possesses a much larger orbital strain susceptibility of 1
PHz/strain (Davies et al., 1976) which enables strain coupling to electronic
orbitals (Lee et al., 2016), but it lacks the coherence properties of the ground
state spin.

Microwave-driven dynamical decoupling sequences of an NV spin can
be synchronized with the mechanical resonance of the cantilever in which it
is embedded, and this was first used to directly couple the mechanical
motion to the NV spin (Ovartchaiyapong et al., 2014). Direct coherent con-
trol of the NV spin was then demonstrated using a stress wave generated by a
piezoelectric transducer on bulk diamond (Fig. 6B) (MacQuarrie et al.,
2015a) and by driving the oscillation of a diamond cantilever (Fig. 6C)
(Barfuss et al., 2015). The mechanical dressing of the spin states also leads
to a decoupling from the magnetic environment and thus to an extension
of the coherence time (Barfuss et al., 2015; MacQuarrie et al., 2015b).

Surface acoustic waves (SAWs) have also been used to control diamond
spins. SAWs are acoustic vibrations that are confined to the surface of the
substrate, and thus offer a stronger concentration of acoustic energy than
bulk modes. They are usually generated by interdigital transducers (IDTs)
(Fig. 6D). SAWs can be used as a classical coherent phonon source to control
the state of color centers, as demonstrated in recent works (Golter et al.,
2016; Maity et al., 2020). This coupling between SAWs and color center
spins can be enhanced by using acoustic cavities (Schuetz et al., 2015).
Compared to the more common microwave control, acoustic control of
spin qubits allows the source of the driving field to be spatially well-separated
from the spin qubit (tens of microns, as opposed to a few microns for micro-
wave). This ensures that the heat generated by the source can be more effi-
ciently dissipated and does not result in thermally-induced decoherence of
the color center spin, which is an even more important consideration when
scaling up the number of devices on chip (Maity et al., 2020).

3.3 Toward phonons as on-chip quantum information carriers

Up to this point we have primarily considered the interactions of color cen-
ters in diamond with classical strain fields. However, much like electromag-
netic systems, mechanical systems can operate at the individual phonon
level. In fact, using phonons as information carriers in hybrid quantum
systems can be advantageous. Phonons can couple to various quantum
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systems including superconducting qubits, color centers, trapped ions, and
quantum dots (Lee et al., 2017). Importantly, phonons can be better con-
fined in resonators than photons which may scatter into the continuum
of vacuum modes.

To achieve coherent quantum state transfer between phonons and color
center spins, the spin-phonon cooperativity C,=4g;/ (115, + 1)7.7,» should be
greater than 1, where g, is the single-phonon coupling rate, 1y, is the thermal
phonon population in the cavity, y, is the qubit decoherence rate, and y,, is
the phonon loss rate. Several systems capable of reaching this coherent
regime have been proposed in diamond. Shallow NV centers placed under-
neath a cantilever with a magnetic tip (Kolkowitz et al., 2012; Rabl et al.,
2009, 2010) could in principle achieve spin-phonon cooperativities above 1,
assuming a sufficient magnetic field gradient, a large zero-point motion of
the tip, and the use of dynamical decoupling on the NV spin. A similar
scheme has also been proposed for the SiV center (Kepesidis et al., 2016).
A direct spin-strain coupling approach for the group IV (SiV, GeV, SnV,
and lead vacancy (PbV)) color centers takes advantage of their large spin-
strain susceptibility on the order of 100 THz/strain arising from strong
spin-orbit interaction (Maity et al., 2018; Meesala et al., 2018). The SiV dis-
plays long spin coherence times reaching 10 ms at milli-Kelvin temperatures
though, like the NV, it requires dynamical decoupling (Sukachev et al.,
2017). Static strain can also be used to increase the spin coherence of the
SiV, though this reduces its strain susceptibility (Meesala et al., 2018).

A promising approach for strong spin-phonon coupling is to embed an
SiV in a phononic crystal cavity (Burek et al., 2016; Lemonde et al., 2019;
Li et al., 2019; Meesala et al., 2018; Neuman et al., 2020). Such a structure
supports localized phononic modes in the bandgap of a one-dimensional
phononic crystal (Fig. 7A). Fig. 7B-E plot the simulated displacement
profiles of two of its localized mechanical modes with frequencies in the
phononic crystal bandgap. These cavities are designed such that the strain
induced by a single phonon 1s maximized at the location of the color center
asillustrated in Fig. 7C and E, or equivalently such that the mechanical mode
volume is minimized (Li et al., 2019). The spin transition of the color
center is brought into resonance with one of the localized mechanical modes
through Zeeman tuning, creating resonant spin-phonon coupling. Current
fabrication techniques allow the design of phononic crystals with acoustic
wavelength-scale mode volumes, giving spin-phonon coupling rates of a
few MHz (Meesala et al., 2018). Spin-phonon cooperativity above 1 can
be reached with experimentally measured mechanical quality factors of
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Fig. 7 (A) Scanning electron microscope (SEM) image of a diamond optomechanical
(photonic and phononic) cavity (as detailed in Section 4.1), with a taper on the right
for photon extraction (as described in Section 2). An SiV would be positioned at the cen-
ter of the phononic cavitiy, as illustrated. (B) Mechanical displacement and (C) trace of
strain in cross-section of the mechanical flapping mode. (D) Mechanical displacement
and (E) trace of strain tensor in cross-section of the mechanical swelling mode. Cross-
section profiles in (c) and (e) correspond to the in-plane position marked by the dashed
line across (b) and (d). The black dot in (c) and (e) indicates the ideal location of an SiV, at
the strain maximum of the respective mechanical modes. Panels B and D: reprinted with
permission from Burek, M.J. et al. 2016. Diamond optomechanical crystals. Optica 3,
1404—1411, © The Optical Society.

10° at temperatures of 4K (Chia et al., 2018). Much higher cooperativities
can be reached by operating at milli-Kelvin temperatures, which decreases
the qubit decoherence rate ¥, and improves mechanical quality factors
due to reduced coupling of mechanical modes to thermal phonons (Chia
et al., 2018).

With a high-cooperativity spin-phonon interface, coherent phenomena
involving color center spins and single phonons can be realized. Cooling of a
mechanical resonator using a color center spin (Delord et al., 2017; Giannelli
etal., 2016; MacQuarrie et al., 2017) has been experimentally realized with
a levitated nanodiamond (Delord et al., 2020), while proposals exist for
phonon-mediated spin-state squeezing (Bennett et al., 2013; Rao et al.,
2016), and phonon lasing using color center spins (Kepesidis et al., 2013).
In further analogy to photonic systems, various phonon-mediated quantum
network architectures have been proposed. Fig. 8A shows a proposed spin-
phonon quantum network consisting of SiV centers embedded in a diamond
waveguide, where single phonons created by a Raman process transfer
quantum states between qubits (Lemonde et al., 2018). In another proposal,
shown in Fig. 8B—D, diamond color center spins facilitate quantum state
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Fig. 8 (A) Proposed quantum network architecture using SiVs in a triangular cross-
section diamond nanobeam; inset shows the level structure of the SiV ground-state
manifold. (B) Proposed quantum network architecture consisting of emitters in cavities
coupled to waveguides. Each waveguide alternates in resonant frequency between
wg and wy,. (C) Schematic for a proposed quantum network node consisting of a rect-
angular diamond resonator supporting mechanical modes with frequencies resonant
with both w, and @, and connected to phononic crystal waveguides A (B) to its left
(right) resonant with w, (@p). (D) Phononic crystal bandstructure showing overlapping
band gaps for the two waveguides A and B in (C). Panel A: reprinted figures with permis-
sion from Lemonde, M.-A. et al. 2018. Phonon networks with silicon-vacancy centers in
diamond waveguides. Phys. Rev. Lett. 120, 213603, Copyright 2018 by the American
Physical Society. Panels B—D: reprinted from Kuzyk, M.C,, Wang, H. 2018. Scaling phononic
quantum networks of solid-state spins with closed mechanical subsystems. Phys. Rev. X, 8
licensed under the terms of the Creative Commons Attribution 4.0 International License.

transfer in a one-dimensional chain of phononic cavities sandwiched
between waveguides with alternating resonant frequencies (Kuzyk and
Wang, 2018). State transfer proceeds via a triple swap process; first mapping
the first color center spin state to the resonant frequency of the first mechan-
ical resonator, then propagating the excitation through the waveguide to the
second mechanical resonator, and finally mapping the phonon onto a spin in
the second resonator.

3.4 Summary

The interfacing of color centers with mechanical degrees of freedom has
great potential for quantum information processing and on-chip quantum
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networking applications. Although much progress is still necessary to fully
exploit the capabilities of these systems, currently available systems already
reach the strong coupling regime where proof-of-principle experiments
are possible.

4. Optomechanical devices

In the absence of single phonon counters, operating mechanical res-
onators in the quantum regime can be challenging. Thus, it may be advan-
tageous to couple them to other degrees of freedom which can be probed
with higher efficiency. In the previous section, we discussed color center
qubits with spin degrees of freedom as sensitive probes of such modes.
Here we present the optomechanical approach where the motion of a
mechanical resonator modulates an optical mode incident on the same res-
onator (Aspelmeyer et al., 2014). Properties of the mechanical mode can
then be read out from itinerant photons.

4.1 Optomechanical crystals

One candidate for interfacing mechanical motion with optical modes in
diamond is the optomechanical crystal (OMC) (Burek et al., 2016) which
is a simultaneous photonic and phononic crystal (Fig. 9A and B). The
OMC co-localizes an optical mode in the telecom wavelength range
(~200 THz) with two few-GHz frequency scale mechanical resonances,
termed flapping and swelling modes (Fig. 7B and D). The mechanical
quality factors in current diamond OMC devices in ambient conditions,
measured to be a few thousand, are comparable to those in similar OMCs
fabricated from other materials such as silicon (Eichenfield et al., 2009), gal-
lium arsenide(Balram et al., 2014), silicon nitride (Grutter et al., 2014), and
gallium phosphide (Schneider et al., 2019). The mechanical quality factors in
diamond OMC:s improve to a few hundred thousand at 4K (Chia et al.,
2018). The wavelength-scale confinement of the optical and mechanical
modes in all three directions results in single-photon optomechanical cou-
pling rates g, ~100 to 200kHz in diamond (Burek et al., 2016). Using the
optomechanical interaction, a blue-detuned pump laser can amplify the
mechanical mode (Fig. 9C) to phonon lasing (Fig. 9E), and a red-detuned
pump can damp the mechanical mode (Fig. 9D) (Aspelmeyer et al., 2014).
The same interaction can also be used to optically probe the mode’s phonon
occupancy and coherently drive photon-phonon transfer (Fig. 9F) (Chan
et al., 2011).
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Fig. 9 (A) Scanning electron microscope (SEM) image of diamond OMC, taken at
60 degree tilt. (B) Close-up SEM of central region of diamond OMC. (C) Scattering picture
of cavity optomechanics: for a blue-detuned pump at ), optical cavity enhances lower
motional sideband at w,— £,,, which scatters into optical cavity resonance at w.,, by
creating a phonon, leading to amplification of the mechanical mode at £2,,.. (D) For a
red-detuned pump, the cavity enhances the upper motional sideband at w,+,,;
scattering into the optical cavity resonance is accompanied by annihilation of a phonon,
leading to damping of the mechanical mode. (E) Optomechanically-induced amplifica-
tion of the OMC flapping mode, where each RF spectrum corresponds to their respec-
tive colored points in the inset. Phonon lasing occurs when the threshold is crossed
(purple spectrum) (F) Optomechanically-induced damping of the OMC swelling mode
as optomechanical cooperativity is increased. Panels A, B and E: reprinted with permission
from Burek, M.J. et al. 2016. Diamond optomechanical crystals. Optica 3, 1404—1411,
© The Optical Society. Panels C and D: reprinted with permission from Aspelmeyer, M.,
Kippenberg, T.J., Marquardt, F. 2014. Cavity optomechanics. Rev. Mod. Phys. 86,
1391—-1452, Copyright 2014 by the American Physical Society.

Coherent photon-phonon interactions can be achieved when the
optomechanical cooperativity C,,,=4n, g%/Koym is greater than 1, where
n. 1s the intracavity photon number, k, is the total optical mode loss rate,
and y,, is the intrinsic mechanical mode damping rate. The interaction
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can be shown to be coherent by observing optomechanically induced trans-
parency (OMIT), whereby tuning a strong laser pump into resonance with
the red sideband and sweeping a weak probe across the optical resonance
results in destructive interference between the probe photons and the pump
photons scattered by the mechanical mode (Burek etal., 2016; Safavi-Naeini
et al., 2011; Weis et al., 2010).

4.2 Microdisks

Cavity optomechanical effects in diamond have also been observed in
microdisks (Fig. 10A) (Lake et al., 2018, 2019; Mitchell et al., 2016, 2019),
which support multiple optical whispering gallery modes (WGMs). These
WGMs couple to mechanical radial breathing modes with frequencies of
~2 GHz and mechanical quality factors of a few thousand (Mitchell et al.,
2016). The microdisks exhibit optomechanical cooperativities greater than 1,

(ii)
b4
(iii)

=

Fig. 10 (A) SEM of microdisk in Mitchell et al. (B) Scheme for wavelength conversion
between two optical modes at A;and 4, via optomechanical couplings G, and G; to
the mechanical radial breathing mode at w,. (C) SEM of diamond waveguides.
(D) (i) Schematic of waveguide-optomechanical system composed of diamond
waveguide and tapered fiber, (i) Odd (—) and even (+) optical supermodes in
waveguide-optomechanical system, (iii) Displacement profiles of relevant mech-
anical modes. Panels A and B: reprinted with permission from Mitchell, M., Lake, D.P,
Barclay, P.E. 2019. Optomechanically amplified wavelength conversion in diamond micro-
cavities. Optica 6, 832, © The Optical Society. Panels C and D: adapted from
Khanaliloo, B, Jayakumar, H, Hryciw, A.C, Lake, D.P, Kaviani, H, Barclay, P.E. 2015.
Single-crystal diamond nanobeam waveguide optomechanics. Phys. Rev. X, 5, licensed under
the terms of the Creative Commons Attribution 4.0 license.
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allowing coherent optomechanical interactions to be demonstrated via OMIT
(Lake et al., 2018; Mitchell et al., 2019).

Since microdisks support multiple optical modes, they are a natural
platform for multimode cavity optomechanics. One application is
optomechanically-amplified wavelength conversion, which uses a pump
that is blue-detuned from the first optical mode to create a phonon in the
mechanical mode, and a pump red-detuned from the second optical mode
to annihilate the phonon and scatter into the second optical resonance
(Fig. 10B) (Mitchell et al., 2019). Another application is optical pulse storage
and manipulation (Lake et al., 2019), where an optical signal is stored in the
radial breathing mechanical mode, and the the signal can be stored for longer
periods of time or be phase-shifted by coupling the mechanical mode to a
second optical mode.

4.3 Waveguides

Optomechanical effects in single-crystal diamond nanostructures are not
limited to optical cavities but can also be observed in waveguide-coupled
geometries (Fig. 10C) (Khanaliloo et al.,, 2015b). In such waveguide-
optomechanical systems, optomechanical coupling occurs between optical
modes hybridized between the waveguide and an optical fiber, and mechan-
ical modes from flexural motion (Fig. 10D). The mechanical mode displace-
ment modulates the gap between the optical fiber taper and the diamond
waveguide, which in turn modulates the mechanical mode damping rate.
Phonon lasing can be observed in waveguide-optomechanical systems
where the mechanical mode damping rate approaches zero.

4.4 Summary

The optomechanical systems described above can be used to couple between
photonic and phononic degrees of freedom at disparate energy scales, typ-
ically hundreds of THz frequencies for photonic modes and MHz to GHz
frequencies for phononic modes. It is also possible to couple these systems
with strain-susceptible spin qubits defined in color centers, as discussed in
Section 3, to form a hybrid quantum system with photonic, phononic,
and spin degrees of freedom (Wallquist et al., 2009). Optical modes can
be completely detuned from the optical transitions of color center qubits.
Telecom frequencies are often used due to their low losses in optical fibers
over long distances. Optical power scattered into the mechanical sidebands
can be used to measure the phonon occupation of the mechanical mode
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(Chan etal., 2011). This could be a useful measurement tool for experiments
involving coherent interactions between color center spins and nano-
mechanical resonator modes. In another approach, the color center can
be directly coupled to both the optical and mechanical modes. This offers
a path towards transferring quantum information between qubits, photons
and phonons, thus taking advantage of the strengths of each of these infor-
mation carriers.

5. Conclusions and outlook

Diamond nanofabrication techniques have come a long way since the
first demonstration of diamond nanowires (Babinec et al., 2010) 10 years
ago. This progress has enabled realization of sophisticated quantum photonic
devices (Burek et al., 2014) that provide high-fidelity spin-photon inter-
faces, culminating in recent demonstration of memory-enhanced quantum
communication protocols which form the basis for further developments in
quantum networking technology (Bhaskar et al., 2020). At the same time,
these advances have inspired development of the nascent field of quantum
phononics (quantum acousto-dynamics) that relies on phonons as on-chip
information carriers. Coherent acoustic control of the SiV center electron
spin has been recently demonstrated using surface acoustic waves (Maity
et al., 2020). Efficient spin-phonon interfaces can be realized by fabricating
complex nanoscale electromechanical (Machielse et al., 2019) and
optomechanical (Burek et al., 2016) systems in diamond, and leveraging
the large strain susceptibility of group IV diamond color centers (Meesala
et al., 2018; Sohn et al., 2018).

Going forward, the next steps for diamond quantum photonic platform
include engineering optically mediated entangling gates between spins and
progressing towards long-distance device-independent quantum key distri-
bution (DIQKD). One of the main challenges will be scaling the technology
up. In order to realize quantum repeaters for example, it will be important to
integrate a large number of quantum photonic devices into chip-scale
systems (Wan et al., 2019), as well as to improve the yield and precision
of techniques for the incorporation of stable spin qubits with minimal inho-
mogeneous broadening. Promising approaches include shallow implanta-
tion followed by regrowth (Rugar et al., 2020) and implantation and
annealing at high temperatures (Iwasaki et al., 2017). We also expect that
for experiments at milli-Kelvin temperatures, acoustic control of spin qubits
may replace microwave and optical control approaches. Finally, to reduce
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the cost and complexity of the experiments and quantum repeater nodes, it
will be important to move away from milli-Kelvin temperatures. This can be
accomplished either by using the emerging color centers with larger strain
susceptibilities like the SnV center (Iwasaki et al., 2017; Trusheim et al.,
2020), or using either phononic density of state engineering or strain
(Sohn et al., 2018) to control the incoherent interactions of the current
workhorse—the SiV center. One of the near-term goals for the field of
quantum phononics will be the experimental demonstration of high coop-
erativity between a single spin and a single phonon, followed by phonon-
mediated interaction between two spin qubits, and finally realization of
quantum gates using this approach.
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