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ABSTRACT

Spin-mechanics studies interactions between spin systems and mechanical vibrations in a nanomechanical resonator and explores their
potential applications in quantum information processing. In this review, we summarize various types of spin-mechanical resonators and dis-
cuss both the cavity-QED-like and the trapped-ion-like spin-mechanical coupling processes. The implementation of these processes using
negatively charged nitrogen vacancy and silicon vacancy centers in diamond is reviewed. Prospects for reaching the full quantum regime of
spin-mechanics, in which quantum control can occur at the level of both a single spin and a single phonon, are discussed with an emphasis
on the crucial role of strain coupling to the orbital degrees of freedom of the defect centers.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0024001

I. INTRODUCTION

A spin-mechanical resonator, in which electron spins couple to a
mechanical mode with a high quality factor as illustrated in Fig. 1(a),
provides an experimental platform for the quantum control of both
spin and mechanical degrees of freedom. This system resembles the
well-known cavity QED system that couples atoms, including artificial
atoms, to cavity photons.1–3 A spin-mechanical system can thus be
viewed effectively as a phononic cavity QED system.4 In such a system,
the vibration of the mechanical oscillator enables quantum control of
the spins.5–11 Conversely, the mechanical vibration can, in principle, be
controlled through its coupling to the spins.12–15 Mechanical vibrations
can also be used to mediate coherent interactions between spins.16–25

There are, however, important differences between spin-
mechanical and cavity QED systems. Compared with optical waves,
mechanical waves cannot propagate in vacuum and are consequently
immune to scattering losses into vacuum, a loss mechanism that is
unavoidable in nano-optical systems. Nanomechanical systems can
thus feature loss rates that are many orders of magnitude smaller than
those of their optical counterparts, though quality factors of nanome-
chanical and nano-optical resonators can be comparable. In addition,
mechanical vibrations can couple to nearly any type of quantum sys-
tems, including charge, spin, and superconducting, as well as optical
qubits.26–32 These special properties of the mechanical degrees of free-
dom make them highly desirable for applications such as buses or
transducers in quantum networks.

When a spin couples to a mechanical oscillator, the mechanical
strain can induce state mixings as well as energy shifts of the spin states,
as discussed in a comprehensive earlier review on spin-mechanics.33

The strain-induced state-mixings can lead to a mechanically driven
transition between the relevant spin states [see Fig. 1(b)]. This transi-
tion can be described by the Jaynes–Cummings Hamiltonian, which
is widely used in the cavity QED. In comparison, the strain-induced
energy shifts can lead to sideband (i.e., phonon-assisted) transitions
driven by either optical or microwave fields [see Fig. 1(c)]. The side-
band transitions are analogous to those in trapped ion systems.34,35

A spin-mechanical resonator featuring sideband transitions can thus
be viewed as a solid-state analog of trapped ions.9,12,36 Sideband
transitions can provide greater flexibility than direct mechanically
driven transitions for the quantum control of mechanical as well as
spin degrees of freedom. The sideband transitions, however, are
considerably weaker than the relevant direct transitions. A spin-
mechanical resonator can be configured to behave like either a cavity
QED or a trapped ion system.

The experimental pursuit of spin-mechanics has been in part
stimulated by the remarkable recent advances in two closely related
fields, cavity optomechanics and circuit-QED-based quantum acous-
tics. For example, quantum control of mechanical systems at the
single-phonon level, including the generation of phononic Fock states,
has been demonstrated by coupling a mechanical oscillator to a super-
conducting qubit or to a photonic crystal optical resonator.37–40
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Phonon-mediated entanglement between two superconducting qubits
as well as entanglement between two distant mechanical oscillators
has also been realized.41,42

A wide variety of solid-state spin systems can be incorporated in
spin-mechanical resonators. Defect spins in silica as well as epitaxially
grown semiconductor quantum dots (QDs) have been used in earlier
studies.43,44 Color centers in diamond, which have emerged as promis-
ing qubit platforms for quantum information processing,45–48 have
recently attracted strong interest for spin-mechanics studies.
Negatively charged nitrogen vacancy (NV) centers feature long spin
decoherence times for electron spins even at room temperature. In
comparison, interstitial group IV color centers in diamond, such as
negatively charged silicon vacancy (SiV), germanium vacancy, tin
vacancy, and lead vacancy centers, feature relatively strong strain cou-
pling to ground-state orbital degrees of freedom and, as a result, rela-
tively short spin decoherence times at room temperature.48 Though
their room temperature spin properties are inferior to the NV center,
the group IV color centers exhibit superior optical properties, with a
dominant zero-phonon line in their fluorescence spectra. In addition,
defect centers in semiconductors such as silicon and silicon carbide,
which allow large-scale nanofabrication, can also serve as excellent
spin systems for spin-mechanics studies.47

In the following, we first summarize different types of nano-
mechanical resonators used for spin-mechanics studies. We then
discuss spin-mechanical coupling processes including direct
mechanically driven spin transitions and sideband spin transitions
and review the respective experimental implementations using
color centers in diamond. A particular emphasis is on the prospects
of reaching the full quantum regime of spin-mechanics, in which
quantum control can occur at the level of both the single spin and
single phonon, and on the crucial role of orbital strain coupling in
reaching this regime.

II. NANOMECHANICAL RESONATORS FOR SPIN-
MECHANICS

For spin-mechanics studies, the important mechanical parame-
ters of a nanomechanical resonator are the mechanical frequency, xm,
quality factor, Qm, and mass, meff. Figure 2 shows several types of
nanomechanical resonators used in spin-mechanics studies. Two of
the simplest and most widely used nanomechanical resonators are
cantilevers and double-clamped beams [see Fig. 2(a)].49–59 The out-of-
plane mechanical modes with relatively low frequencies (e.g., xm/2p
< 10MHz) in a cantilever or nanobeam can feature Qm on the order
of 106. Clamping losses, however, severely limit Qm of compressional
in-plane mechanical modes, which can have frequencies that are
orders of magnitude greater than those of the out-of-plane modes.
Cantilevers and double-clamped beams are relatively easy to fabricate
and characterize and are a convenient choice for spin-mechanics
studies with relatively small xm. Note that clamping losses can be
suppressed via phononic engineering, for example, by embedding the
nanomechanical resonator in a phononic crystal.60–62

Structures such as microdisks feature mechanical breathing
modes as well as acoustic whispering gallery modes (WGMs).
Diamond microdisks with a diameter near 5lm have been success-
fully fabricated [see Fig. 2(b)].63 These microdisks feature mechanical
breathing modes with xm/2p near 2GHz and Qm near 104, limited by
the clamping loss of the pedestal that supports the microdisk. This
type of resonator also supports optical WGMs, which can couple to
the mechanical breathing modes via radiation pressure force.63–66

Optomechanical crystals, which were initially developed for
cavity optomechanics studies,67 can also serve as spin-mechanical res-
onators. Diamond optomechanical crystals [see Fig. 2(c)] can feature
xm/2p of a few GHz and can host NV centers as well as group-IV
color centers.68,69 The difficulty of diamond nanofabrication has lim-
ited Qm to below 104, which is considerably smaller than that has been
achieved for silicon optomechanical crystals.61 For both optomechani-
cal crystals and microdisks, optomechanical processes can be used for
the excitation and characterization of mechanical modes and can also
be combined with spin-mechanical processes for potential applications
such as coupling to an optical quantum network.66

Considerable successes of spin-mechanics studies and, especially,
circuit-QED-based quantum acoustics studies have been achieved
with surface acoustic wave (SAW) resonators.10,11,39,72,73 In these types
of resonators [see Fig. 2(d)], SAWs, which propagate on the surface of
an elastic material, are confined between two distributed Bragg reflec-
tors, which are typically made with metallic interdigital transducers
(IDTs) patterned on a piezoelectric material. Curved IDTs have been
developed for Gaussian confinement of the mechanical modes.10

Diamond and SiC-based SAW resonators, with xm/2p ranging from a
few hundred MHz to a few GHz and with Qm as high as a few times of
104, have been developed for spin-mechanics studies. Much higher Qm

has been achieved for SAW resonators used in circuit-QED-based
quantum acoustics studies.39

Bulk acoustic resonators (BARs), which resemble optical
Fabry–P�erot cavities, are natural mechanical resonators. In these reso-
nators, the relevant mechanical vibrations are confined between
two surfaces. Strong 3D spatial confinement of the mechanical modes
can be achieved when one of the surfaces is suitably curved [see
Fig. 3(e)].70 Materials-loss limited Qm can, in principle, be achieved

FIG. 1. (a) Schematic illustrating a spin coupling to mechanical strain of a cantile-
ver. (b) Direct mechanically driven spin transition. (c) Sideband (i.e., phonon-
assisted) spin transition, which can be driven by either microwave or optical fields.
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with BARs.74,75 BARs, however, feature a relatively large size and, cor-
respondingly, a relatively largemeff.

Similar to BARs, a thin elastic plate with free boundaries can also
serve as a natural mechanical resonator. Compressional in-plane
modes in these Lamb wave resonators have relatively high xm. For
example, a thin, rectangular diamond plate with a length of 9lm fea-
tures a fundamental symmetric compressional mode with xm/2p near
1GHz. Mechanical loss due to tethers that support the thin plate can
limit Qm of a Lamb wave resonator. This anchor loss, however, can be
greatly reduced by embedding the resonator in an artificial crystal lat-
tice with a phononic bandgap that spans the frequencies of the rele-
vant Lamb modes [see Fig. 2(f)].71 Lamb wave resonators have been
widely used in micro-electromechanical systems, for which the excita-
tion and characterization of the mechanical modes are carried out
with the use of IDTs. New excitation and characterization techniques
are needed when it is difficult or detrimental to incorporate IDTs into
the resonator structure.

In addition to the monolithic spin-mechanical systems shown in
Fig. 2, composite spin-mechanical systems have also been extensively
used. For example, spins near the surface of a bulk material can be
coupled to a sharp ferromagnetic tip mounted on a mechanical reso-
nator, such as a cantilever.5,43,76 In addition, self-assembled QD nano-
wires and optically levitated diamond nanoparticles have also been
explored as spin-mechanical systems.77,78

The two primary loss mechanisms for a mechanical resonator are
the clamping or anchor loss and the intrinsic material loss due to
acoustic attenuation. For many nanomechanical systems, such as
nanobeams, optomechanical crystals, and Lamb wave resonators, the
clamping loss can be greatly reduced via phononic bandgap engineer-
ing, i.e., embedding the resonators in a phononic crystal, as discussed

FIG. 2. (a) Confocal optical image of a diamond cantilever with NV centers. Adapted with permission from Ref. 53. Copyright 2014 Authors licensed under a Creative
Commons Attribution (CC BY) license. (b) Diamond microdisk resonator. Adapted with permission from Ref. 63. Copyright 2016 Optical Society of America. (c) Diamond opto-
mechanical crystal. Adapted with permission from Ref. 68. Copyright 2016 Optical Society of America. (d) Surface acoustic wave (SAW) resonator with curved IDTs. Adapted
with permission from Ref. 11. Copyright 2020 Authors licensed under a Creative Commons Attribution (CC BY) license. (e) Diamond bulk acoustic resonator (BAR) with a
radius of curvature of 20lm for the hemispherical top surface. Adapted with permission from Ref. 70. Copyright 2019 American Chemical Society. (f) Optical image of diamond
Lamb wave resonators (9.5 � 4.5lm2) embedded in a phononic crystal square lattice with a period of 8 lm and with a membrane thickness near 1 lm. The color fringes are
due to slight variations in the membrane thickness. Adapted with permission from Ref. 71. Copyright 2019 AIP Publishing.

FIG. 3. (a) Schematic of the mechanically driven transition between the ms ¼ 61
ground spin states in a NV center. The splitting between the two spin states is set
by a magnetic field along the NV axis. (b) Mechanically driven transitions between
mixed spin states in SiV ground-state doublets. The SiV center is subject to an off-
axis magnetic field, which induces spin mixing as well as lifts the doublet degener-
acy. (c) Mechanically driven Rabi oscillations between the ms ¼ 61 states for a
NV spin ensemble in a diamond BAR with xm/2p¼ 771MHz. Adapted with permis-
sion from Ref. 7. Copyright 2015 Optical Society of America.
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earlier. For materials such as silicon and diamond, the intrinsic mate-
rial loss can become insignificant at low temperature.

III. SPIN-MECHANICSWITH DIRECT MECHANICALLY
DRIVEN TRANSITIONS
A. Analogy to the cavity QED

For simplicity, we consider a two-level spin system, described by
jþi and j–i, coupling to a mechanical mode of a spin-mechanical res-
onator through a pure strain-induced state-mixing process. The spin-
mechanical interaction Hamiltonian can thus be written as

V? ¼ �hgðb̂ þ b̂
þÞðjþih�j þ j�ihþjÞ; (1)

where b̂ is the annihilation operator for the mechanical mode and g is
the single-phonon spin-mechanical coupling rate. This interaction
Hamiltonian can lead to the resonant transition between the two spin
states. Under the rotating wave approximation (RWA), the
Hamiltonian reduces to the well-known Jaynes–Cummings
Hamiltonian. The spin-mechanical coupling rate is related to the rele-
vant strain coupling constant, d, by

g ¼ xzpf kmd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�h
2meffxm

s
kmd; (2)

where km and xzpf are the wave number and zero-point fluctuation for
the mechanical mode, respectively, and xzpf km is effectively the strain
induced by the zero-point fluctuation. In addition to g, the dynamics
of the spin-mechanical system are also characterized by cs and cm, the
full linewidth for the spin and mechanical system, respectively.

Similar to the cavity QED, we can use the cooperativity, a dimen-
sionless parameter defined as C ¼ 4g2=cscm, to characterize the
strength of the spin-phonon interaction. In the regime of cm > (g, cs),
the spin-phonon coupling can lead to enhanced decay of the spin sys-
tem, with the effective spin linewidth given by (1þ C)cs. This process is
similar to the enhanced spontaneous emission or Purcell process in the
cavity QED. In the regime of cs > (g, cm), the coupling of the mechani-
cal oscillator to a single spin can lead to an increase in the damping of
the mechanical system, with the effective mechanical linewidth given by
(1þ C) cm. Quantum control at the level of both the single phonon and
single spin can occur when C> 1, which can be considered as the full
quantum regime of spin-mechanics. Note that this regime, which
requires 2g >

ffiffiffiffiffiffiffiffiffi
cscm

p
, is more forgiving than the strong-coupling

regime, which requires 2 g > (cs, cm). The strong coupling regime is
required for the formation of the Jaynes–Cummings ladder but is not
needed for certain quantum spin-mechanical processes.

B. Experimental realization of direct mechanically
driven transitions

Although the model interaction Hamiltonian given in Eq. (1) is
exceedingly simple, spin-mechanical coupling in actual experimental
systems depends on the properties of the relevant spin states as well as
the symmetry of the crystal. For example, NV ground states are
characterized by a spin triplet with ms¼�1, 0, and 1, as shown in
Fig. 3(a). NV centers have C3v crystal symmetry, with the NV axis
orientated along the [111] direction of the diamond lattice as the sym-
metry axis.45 While axial strain, which is along the NV axis, preserves
the crystal symmetry and thus only induces energy shifts in the spin
states, transverse strain induces a state mixing between the ms ¼ 61

states. In this case, the underlying mechanical vibration can directly
drive the spin transition between the ms ¼ 61 states, as indicated in
Fig. 3(a). By measuring the effects of the strain on the coherent spin
dynamics in Hahn echo and dynamical decoupling experiments,
earlier studies have determined the NV ground-state strain coupling
constants to be djj=2p¼ 13.3GHz and d?=2p¼ 21.5GHz, for the
axial and transverse strain, respectively.53 Slightly different results
were obtained in a related experiment.52 Note that mechanically
driven transitions between the ms ¼ 0 and ms ¼ 61 states have also
been theoretically predicted and experimentally observed, indicating
the feasibility of all-acoustic quantum control of NV spin states.79,80 In
addition, a detailed theoretical analysis of the NV ground-state spin-
strain coupling in diamond nanomechanical systems suggests the
potential for sensing applications.81

In comparison, SiV centers have D3d crystal symmetry, with the
SiV axis as the symmetry axis. SiV ground states are characterized by
orbital components, jexi and jeyi, as well as spin components, j "i and
j #i. Spin-orbit coupling leads to the formation of two doublets. In the
absence of mechanical strain and external magnetic fields, the degener-
ate upper doublet, featuring jeþij "i and je�ij #i, is separated by
kso/2p¼ 47GHz from the degenerate lower doublet, featuring
je�ij "i, jeþij #i, where je6i ¼ ðjexi6ijeyiÞ=

ffiffiffi
2

p
.82 Mechanical strain

can couple much more strongly to the orbital components, i.e., the
spatial degrees of freedom, than to the spin components. The orbital
strain coupling, however, cannot induce state-mixing between the two
states in a given doublet, since these states have different spin projec-
tions. By applying an off-axis magnetic field, we can not only lift the
doublet degeneracy but also induce a spin mixing between states in
different doublets. Transitions between the mixed spin states in a given
doublet can now take place via the orbital strain coupling, as illustrated
in Fig. 3(b), where the prime symbol indicates states with spin
mixing. The effective spin-mechanical coupling rate is given by
g ¼ kmxzpf dðcSiVB?=2ksoÞ, where cSiVB?=2kso characterizes the
amount of spin-mixing, with B? being the transverse magnetic field
and cSiV being the SiV spin gyromagnetic ratio.83 In this case, d is an
orbital strain coupling constant and d/2p is of order 1 PHz.83

Direct mechanically driven spin transitions have been explored
in a variety of spin-mechanical systems such as cantilevers, BARs, and
SAW resonators.6–8,10,11,53 NV centers have been used in diamond
cantilevers and BARs. SiV centers in diamond and divacancy centers
in SiC have been used in SAW resonators. Mechanically driven Rabi
oscillations have been realized in all these systems.7,8,10,11 Figure 3(c)
shows an earlier experimental demonstration of mechanically driven
Rabi oscillations between the ms ¼ 61 states in a NV spin ensemble
in a BAR.7 In this experiment, the mechanical oscillations or stress
waves were generated electrically with electrodes patterned on the
ZnO piezoelectric film deposited on the diamond surface. The energy
separation between the two spin states was set by an external magnetic
field along the NV axis. In addition to the Rabi oscillations, dressed
spin states due to strong mechanical driving have also been observed.8

Similar to the microwave-dressed spin states,84,85 the acoustic-dressed
spin states have also been used for the suppression of spin dephasing
induced by the nuclear spin bath in diamond.8,86

C. Toward the quantum regime with C > 1

The regime of C> 1 has thus far not been achieved for spin-
mechanical systems. The strain coupling of the NV ground spin states
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is extremely weak (which leads to the robust NV spin coherence even
at room temperature). For a numerical estimate, we consider a dia-
mond mechanical resonator with meff¼ 10 pg and xm/2p¼ 1GHz.
With d?=2p¼ 21.5GHz, we have g/2p near 10Hz. For NV-based
spin-mechanical systems, it is thus difficult to achieve C> 1 via the
ground-state strain coupling.

For interstitial group IV centers in diamond, such as SiV centers,
spin–orbit coupling in the ground states can enable relatively strong
ground-state orbital strain coupling, as discussed above. For a SiV cen-
ter in an off-axis external magnetic field and with cSiVB?=2kso � 0.1, g
can be nearly four orders of magnitude greater than that for a NV cen-
ter in an otherwise identical nanomechanical resonator. For diamond
spin-mechanical resonators, group IV centers are thus a more promising
choice than NV centers in achieving C> 1 for the cavity-QED-like
spin-mechanical coupling.83

For many semiconductors, such as Si, GaAs, and InAs, the
valence band features strong spin–orbit coupling, leading to the for-
mation of the heavy hole and light hole bands, whereas the bottom of
the conduction band is s-like. In this regard, holes and acceptors,
which are associated with the valence bands, are more promising for
achieving relatively strong cavity-QED-like spin-mechanical coupling
than electrons and donors, which are associated with the conduction
band, as indicated in a recent experimental study.58

The composite spin-mechanical system discussed in Sec. II
exploits the interaction between a spin and a magnetic field
gradient. This interaction can also lead to cavity-QED-like spin-
mechanical coupling. Earlier analysis suggests that C> 1 is achiev-
able with the composite system.13,76 The composite system has
been used for the detection of a single spin via magnetic resonance
force microscopy,43 the mechanical control of single spins,5 the
sensing of mechanical motion via coherent spin dynamics,76 and
quantum transducers.16

IV. SPIN-MECHANICSWITH SIDEBAND TRANSITIONS
A. Analogy to trapped ions

We assume that two spin states, jþi and j�i, can couple to an
excited state, jei, through two dipole optical transitions with transition
frequencies �þ and ��, respectively, forming a K-type three-level sys-
tem, as shown in Fig. 4(a). Two optical fields, with frequencies xþ and
x� and Rabi frequencies Xþ and X�, drive the two respective transi-
tions, with the optical interaction Hamiltonian in the RWA given by

VOpt ¼
�hXþ
2

e�ixþt jeihþj þ �hX�
2

e�ix�t jeih�j
� �

þ h:c: (3)

For simplicity, we assume that strain coupling only leads to an
energy level shift of jei, with the interaction Hamiltonian given by

Vjj ¼ �hGðb̂ þ b̂
þÞjeihej; (4)

where G ¼ kmxzpf D, with D being the deformation potential. The
mechanical interaction Hamiltonian can be diagonalized with the

Schrieffer-Wolff transformation, U ¼ exp ½gðb̂þ � b̂Þjeihej�, where g
¼ G/xm.

12,18 The overall effective interaction Hamiltonian after the
transformation is then given by

Veff ¼
�hXþ
2

e�ixþtþgðb̂þ�b̂Þjeihþj þ h:c:

� �

þ �hX�
2

e�ix�tþgðb̂þ�b̂Þjeih�j þ h:c:

� �
� �hG2

xm
jeihej: (5)

Equation (5) has a form that is similar to the interaction Hamiltonian
for trapped ions.34 Note that g¼G/xm, which is generally much
smaller than one, resembles the Lamb-Dicke parameter for trapped
ions. Because of the last term in Eq. (5) (a polariton shift), the effective
optical transition frequencies are now ~�6 ¼ �6 � G2=xm.

In the limit that xþ is tuned to near the red sideband of the jþi
to jei transition, i.e., near ~�þ � xm [see Fig. 4(b)], we keep only the
resonant terms in Eq. (5). In this case, the blue-sideband transitions
[see Fig. 4(b)] are off-resonant. These transitions can be ignored if the
spin-mechanical system is in the so-called resolved sideband regime,
i.e.,xm is large compared with the linewidths of the optical transitions.
To the lowest order in g, the resulting effective interaction
Hamiltonian can be written as

VR ¼ �hgXþ
2

e�ixþt b̂jeihþj þ �hX�
2

e�ix�t jeih�j
� �

þ h:c:; (6)

where the first term corresponds to the first order red-sideband optical
transition, with a sideband resonant condition xþ ¼ ~�þ � xm and
an effective Rabi frequency XR ¼ gXþ

ffiffiffi
n

p
, with n being the average

phonon number. Effective Hamiltonians for higher order red sideband
transitions as well as for blue sideband transitions can be similarly
derived from Eq. (5).

In the limit of large dipole detuning and the optical fields being
near the Raman resonance defined by �� � x� ¼ �þ � xþ � xm,
jei can be adiabatically eliminated. In this case, Eq. (6) can be reduced
to a Hamiltonian for a sideband spin transition, as illustrated schemat-
ically in Fig. 4(a). The resulting interaction Hamiltonian has a form
similar to that for the sideband optical transition, with a Rabi

FIG. 4. (a) A K-type three-level system driven by two optical fields as well as a
mechanical vibration leading effectively to a sideband spin transition. (b) Sideband
optical transitions. Left: Red sideband. Right: Blue sideband.
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frequency Xss ¼ 2g
ffiffiffi
n

p
, where g ¼ gXþX�=ð4jDjÞ is the effective

single-phonon spin-mechanical coupling rate, with D being the rele-
vant dipole detuning.24 The cooperativity for the spin-mechanical cou-
pling process is still C ¼ 4g2=cscm. Similar to trapped ion systems,34

the sideband spin as well as sideband optical transitions can be used
for quantum control of both mechanical and spin degrees of freedom
and for mediating coherent interactions between the spins.

An advantage of using the resonant Raman process for spin-
mechanical coupling is that it is no longer necessary to match the
mechanical resonance to the frequency of the spin transition since the
Raman resonant condition as well as the sideband resonant condition
can be achieved through the adjustment of the relevant laser frequen-
cies. Furthermore, the spin-mechanical coupling can be turned on or
off via the external laser fields. These features have been exploited in a
phononic network architecture with alternating phononic crystal
waveguides, in which any two adjacent mechanical resonators can
form a closed mechanical subsystem.24,25 This architecture overcomes
the inherent obstacles in scaling mechanical quantum networks and
avoids the technical difficulty of employing chiral or unidirectional
spin-phonon interactions.

B. Experimental realization of sideband transitions

The deformation potential, D, is determined by the change of the
bandgap induced by a fractional change in the lattice constant of the
crystal and can be viewed as arising from orbital strain coupling. D is
of the order of the bandgap and depends weakly on the crystal symme-
try. This is in contrast to the strain-induced state mixing discussed in
Sec. III, which depends sensitively on the symmetry properties. The
sideband optical transitions can be realized in nearly all defect centers
and QDs that feature spectrally narrow zero-phonon lines. Strain-
induced frequency shift of optical transitions has been characterized in
detail for both NV and SiV centers.83,87 From these studies, we have
D/2p of order 1 PHz for both types of defect centers. The strain-
induced shift has also been used for the electromechanical control of
defect center transition frequencies83,87 and the relevant decay rates of
the defect centers.88

Sideband optical transitions, including higher order transitions
under relatively strong acoustic driving, have been observed in earlier
studies of QDs and in both NV and SiV centers using SAW resonators
as well as BARs.9,11,44,89 Figure 5(a) shows an experimental demonstra-
tion of sideband optical transitions for a NV center.9 The two side-
bands in the figure correspond to optical excitations via the respective
red and blue sideband transitions. Rabi oscillations via sideband (i.e.,
phonon assisted) optical transitions have also been demonstrated for
the NV center.9 In addition, microwave-driven sideband spin transi-
tions have been demonstrated for the ms ¼ 0 to ms ¼ 61 transitions
in the NV ground states via the axial strain coupling.52

Figure 5(b) shows an experimental demonstration of optically
driven sideband spin transitions, for which a K-type three-level system
consisting of the Ey excited state, the ms¼ 0 state, and one of the
ms ¼ 61 states in a NV center is used.36 The triplet spectral feature in
the figure is due to the hyperfine coupling between the electron spin
and the nitrogen nuclear spin. The spectral linewidth (0.7MHz) of the
individual resonances in Fig. 5(b) is determined by the linewidth of
the spin transition.

C. Toward the quantum regime with C > 1

Optically driven sideband spin transitions can take advantage of
the strong orbital strain coupling in the excited states. For a numerical
estimate, we again consider a diamond mechanical resonator with
meff¼ 10 pg andxm/2p¼ 1GHz. For Xþ/2p¼X�/2p¼ 0.8GHz and
D/2p¼ 8GHz and with D/2p¼ 1.1 PHz, we estimate that g/2p �
10 kHz, which is promising for reaching the regime of C> 1, if Qm of
the resonator can approach 106.

A limitation for optically driven spin-mechanical coupling is the
decoherence induced by the optical excitation of jei. The optical-
excitation-induced decay rate is copt ¼ ðX=2DÞ2Cex , where X is the
optical Rabi frequency and Cex is the excited-state population decay
rate. The excited-state excitation can, in principle, be made negligibly
small with the use of a large dipole detuning. Nevertheless, the large
detuning also reduces the spin-mechanical coupling rate, which scales
with 1/jDj. In addition to the use of a relatively large dipole detuning, a
combination of techniques, such as adiabatic passage, including short-
cuts to adiabatic passage, which employs specially designed temporal
pulse shapes to speed up the adiabatic process,90–94 can be adopted for
the suppression of optically induced decoherence. It should be noted
that the effective Lamb-Dicke parameter for a spin-mechanical system
is considerably smaller than that for a trapped-ion system because of
the relatively large mass of the nanomechanical resonator.

FIG. 5. (a) Optical excitation spectrum of a NV center in the presence of a SAW
with xm/2p¼ 900MHz showing both red and blue sidebands in the resolved side-
band regime, as indicated in the inset. The drawing to the right illustrates a NV cen-
ter coupling to both optical and SAW fields, with the SAW generated by IDTs. (b)
Fluorescence from state A2 of a NV center as a function of x0 þ xm � x1 demon-
strating optically driven sideband spin transitions. The energy level diagram to the
right shows the transitions used for the experiment, with xm/2p¼ 818MHz and
D/2p¼ 100MHz. Both experiments were performed at T¼ 8 K. Adapted with
permission from Refs. 9 and 36.
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V. OUTLOOK

Spin-mechanical systems with cavity-QED-like or trapped-ion-
like spin-mechanical coupling are an emerging and versatile platform
for exploring interactions between mechanical and spin degrees of
freedom and, especially, for exploiting these interactions for applica-
tions in quantum science and technology. Rapid experimental advan-
ces in recent years including the exploration of a wide variety of
nanomechanical resonators and spin systems have led to the experi-
mental realization of all the important ingredients needed to take
spin-mechanical systems into the full quantum regime. Given the
intrinsically weak coupling between mechanical strain and pure spin
degrees of freedom, future experimental systems attempting to reach
this regime will likely combine relatively strong orbital strain coupling
with nearly materials-loss limited nanomechanical resonators made
possible by phononic bandgap engineering. The realization of the full
quantum regime of spin-mechanics can open exciting opportunities,
such as mechanically mediated spin entanglement and phononic
quantum networks of spins,16,18,21,23–25 which can serve as the building
blocks for developing spin-based quantum computers. Finally, we note
that a potential new avenue to further increase the spin-mechanical
coupling rate at the level of zero-point quantum fluctuations is to
enhance the quantum fluctuations via squeezed mechanical
motion.95–97
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