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We predict a set of unusual quantum acoustic phenomena resulting from sound-matter interac-
tions in a fully tunable solid-state platform, in which an array of solid-state spins in diamond are
coupled to quantized acoustic waves in a one-dimensional (1D) optomechanical crystal. We find
that, by a spatially varying laser drive that introduces a position-dependent phase in the optome-
chanical interaction, the mechanical band structure can be tuned in situ, consequently leading to
unconventional quantum sound-matter interactions. We show that quasi-chiral sound-matter inter-
actions can occur, with tunable ranges from bidirectional to quasi-unidirectional, when the spins are
resonant with the bands. When the solid-state spins’ frequency lies within the acoustic band-gap,
we demonstrate the emergence of an exotic polariton bound state, which can mediate long-range
tunable, odd-neighbor and complex spin-spin interactions. This work expands the present explo-
ration of quantum phononics and can have wide applications in quantum simulation and quantum
information processing.

Research of light-matter interactions in nanostructures
injects new vitality to quantum optics [1]. The confine-
ment of electromagnetic waves to small dimensions and
engineered structures not only results in an enhanced
light-matter coupling, but also gives rise to new quan-
tum phenomena, such as chiral light-matter interactions
[2–8], many-body physics in a band gap [9–13], and topo-
logical photonics [14–17]. These ideas are also explored
in circuit quantum electrodynamics with superconduct-
ing qubits [18–21] and optomechanical systems [22–31].

Phonons, the quanta of mechanical waves, are poten-
tial candidates for implementing on-chip quantum infor-
mation processing and networks, because the speed of
acoustic waves is much slower than that of light [32–36].
Moreover, mechanical systems can interface with various
quantum emitters, ranging from superconducting circuits
[37–40], and quantum dots [41], to solid-state defects [42–
52]. In particular, hybrid systems composed of defect
centers in diamond and phononic nanostructures (such
as phononic waveguides or crystals) provide a promising
platform for quantum applications due to their long co-
herent times and scalability [53–64]. However, compared
to light, the realization of chiral sound-matter interac-
tions remains an outstanding challenge due to lack of
polarization in phonons. Moreover, rich physics result-
ing from quantum sound-matter interactions near acous-
tic band gaps remains largely unexplored.

In this work, we explore unconventional quantum in-
teractions between sound and matter in a fully tunable
solid-state device, with silicon-vacancy (SiV) centers in
diamond coupled to the acoustic waves in a 1D optome-
chanical crystal. We show that, through utilizing op-

tomechanical crystals [65–74], the acoustic band struc-
tures of sound waves can be tuned in situ by a suitably
designed laser drive that introduces a position-dependent
phase in the optomechanical interaction. Moreover, we
find a number of unprecedented phenomena resulting
from the interactions between solid-state spins and acous-
tic waves with tunable bands. When the spins are reso-
nant with the bands, we predict a quasi-chiral sound-
matter interaction with a tunable range from bidirec-
tional to quasi-unidirectional. When the spins’ frequency
lies within the middle bandgap, we analyze the emergence
of an exotic bound state with alternating photon and
phonon components. This polariton bound state can be
exploited to mediate long-range tunable, odd-neighbor
and complex spin-spin interactions. The exclusive ad-
vantage of this highly tunable solid-state system is that,
the band structures of the acoustic waves and the result-
ing sound-matter interactions can be tuned in situ; thus
providing a promising platform for the exploration of un-
usual quantum acoustic phenomena. This work opens
new routes for quantum acoustics and could have ap-
plications in quantum simulation and quantum informa-
tion processing, including the simulation of spin models
[13], quantum state transfer [58, 62] and entangled states
preparation [75, 76] via unidirectional phonon channels,
etc.

Model.– We consider a hybrid system of an array of
SiV centers integrated to an optomechanical crystal, as
depicted in Fig. 1. By deforming periodically the holes
in an optomechanical crystal, an array of coupled de-
fect cavities can form, which strongly co-localize phonons
and photons. In each unit cell, there is a standard op-
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FIG. 1. (Color online) (a) Schematic of a 1D optomechani-
cal crystal embedded with SiV centers arrays. The photons
and phonons are co-localized in a nanocavity and two adja-
cent nanocavities are coupled via the tunnelling effects or a
waveguide. Physical structure (b) and coupling scheme of the
electronic ground state (c) of SiV center.

tomechanical interaction Ĥn = ~ωcâ
†
nân + ~ωM b̂

†
nb̂n −

~g0â
†
nân(b̂

†
n+ b̂n), with ân and b̂n are annihilation opera-

tors for photonic and phononic modes, respectively. The
frequency of optical (acoustic) cavities ωc (ωM ) and the
coupling strength g0 are assumed to be identical for each
unit cell. The optical cavities are driven by a laser with
a site-dependent phase e−inθ, with θ ∈ [0, 2π) a tunable
constant, which can be utilized to break the time-reversal
symmetry. We derive the linearized interaction by replac-
ing the cavity field ân → ân+αe

−inθe−iωLt, and keeping
the terms up to first order in α, with α the average light-
field amplitude of the laser and ωL the driving frequency.
For the intercell interaction, we assume the tight-binding
model involving only the nearest-neighbor hoppings. We
have verified the validity of this basic model via a full-
wave simulation of the optomechanical system [77]. Thus
the whole Hamiltonian of the 1D optomechanical system
in real space is given by (~ = 1)

ĤOM = ∆/2
∑

n

â†nân + ωM/2
∑

n

b̂†nb̂n −G
∑

n

e−inθâ†nb̂n

− J
∑

n

â†n+1ân −K
∑

n

b̂†n+1b̂n +H.c., (1)

with detuning ∆ = ωc − ωL, enhanced coupling strength
G = g0α, and hopping rate J (K) for photons (phonons).
By imposing periodic boundary conditions and

introducing the Fourier transformation âk/b̂k =

1/
√
N

∑N
n=1 e

−iknd0 ân/b̂n (d0 is the lattice constant, and
hereafter we choose d0 = 1 for simplicity), the optome-
chanical Hamiltonian in reciprocal space can be written
as ĤOM =

∑

k V̂
†
k Ĥ(k)V̂k, with V̂

†
k = (â†k−θ, b̂

†
k) and

Ĥ(k) =

(

−2J(k) −G
−G −2K(k)

)

. (2)

Here J(k) = J cos(k−θ), K(k) = K cos(k), and ∆ ≈ ωM

is taken as the energy reference. Physically, a phonon
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FIG. 2. (Color online) Band structure ω(k) of a 1D optome-
chanical crystal under different system parameters. (a), (b)
θ = 1.1π. (c) θ = 1.2π. (d) The size of bandgap ε2 and asym-
metric area ε1 as a function of θ. Here, J = 20K, G = 2K.
Note the relevant frequencies are shifted by ∆ ≈ ωM .

with momentum k is coupled to a photon with momen-
tum (k − θ), resulting in asymmetric hybridization po-
laritons, when θ 6= {0, π}. This Hamiltonian can be eas-

ily diagonalized as ĤOM =
∑

k(ωu(k)û
†
kûk + ωl(k)l̂

†
k l̂k),

where the polariton operators ûk and l̂k are related to
âk−θ and b̂k by means of a unitary transformation:

(

ûk
l̂k

)

=

(

− sin θk cos θk
cos θk sin θk

)(

âk−θ

b̂k

)

, (3)

with sin θk = −G/
√

G2 + (ωl(k) + 2K(k))2, cos θk =

−G/
√

G2 + (ωu(k) + 2K(k))2 and the dispersion

ωu/l(k) = −J(k)−K(k)±
√

(K(k)− J(k))2 +G2.(4)

The dispersion of polaritonic energy bands can be tuned,
and becomes either symmetric or asymmetric via chang-
ing θ, as shown in Figs. 2(a,b,c). The bands are mostly
optical and mechanical in nature except around the band-
edges (coupling points). Moreover, a sizable bandgap ǫ2
emerges, and can be tuned in a wide range of θ [see Fig.
2(b,d)]. In addition, the band asymmetry characterized
by ǫ1 is also tunable [see Fig. 2(b,c,d)]. The bandgap is
maximized for θ = π, and vanishes for θ ∼ 1.14π, where
ε1 reaches its maximum.
We now consider integrating a single or multiple solid-

state spins into this 1D optomechanical crystal. In this
work, we take into account SiV centers, as shown in
Fig. 1(c). The levels |g〉 and |e〉 are coupled to the acous-
tic modes either (I) indirectly by a Raman process or
(II) directly by adding an off-axis magnetic field [50, 58].
Thus, in terms of spin operators {σ̂z, σ̂+, σ̂−}, the free
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Hamiltonian is Ĥfree = ω0/2
∑

m σ̂m
z , and the effective

interaction Hamiltonian reads Ĥint = geff
∑

m(σ̂m
+ b̂xm

+
H.c.). Here, ω0 is the transition frequency of the effective
two-level system, geff is the effective spin-phonon cou-
pling strength, and xm denotes the position at which the
mth spin is coupled to the phononic waveguide. Lastly,
working in momentum space, Ĥint becomes

Ĥint =
geff√
N

∑

k,m

σ̂m
+ e

ikxm(cos θkûk + sin θk l̂k) + H.c..(5)

Band regime.– We consider the spins resonant with
only the one side of upper band at the wavevector k1
and k2 in Figs. 2(b,c). The corresponding decay rates are
γ1 = g2eff cos

2 θk1
/|v1g | and γ2 = g2eff cos

2 θk2
/|v2g |, relating

to the left (v1g < 0) and right (v2g > 0) propagating acous-
tic waves, with cos2 θk1,2

the weights of the phononic
components of the polaritons in the upper band, and
v1,2g = ∂ω/∂k|ω=ω0,k=k1,2

the group velocity. The con-
dition γ1 > γ2 is always maintained, which reflects the
chiral coupling between the spins and the acoustic modes
in the optomechanical crystal.
For the case of N SiV centers, the optomechanical

crystal-mediated interaction between the spins is realized
by the emission and reabsorption of real polaritons propa-
gating in the crystal, thus inheriting the chiral properties
of the emission. However, in this system the exchange of
virtual excitations between spins is possible even in the
dissipative regime, due to the interplay with the band-
edges on the other side of the Brillouin zone. Together
with the band- and band-edge-induced interactions, the
spin dissipative dynamics is quasi-chiral. Unlike the uni-
directional interaction exploiting helical topological edge
states [86, 87], here the quasi-chiral interaction results
from the breakdown of the time-reversal symmetry in
the topologically trivial acoustic band structure.
To gain more insight into this regime, we consider

the Markovian approximation, where the degrees of free-
dom of the optomechanical crystal can be adiabatically
eliminated. In this case, the effective motion equation
describing the spins’ dynamics has the form dρ̂s/dt =
∑

i,j Γij(σ̂
i
−ρ̂sσ̂

j
+ − σ̂j

+σ̂
i
−ρ̂s) + H.c. [88], where ρ̂s is the

reduced density matrix for the spins, Γij is the optome-
chanical crystal-mediated interaction, 2Re(Γii) = γ1+γ2
is the decay rate into the waveguide modes, and Im(Γii)
is the Lamb shift. In this system, the collective decay
rates have the following expression [77]

Γij = lim
s→0+

g2eff
2π

∫ π

−π

dkeikxij

( cos2 θk
s− i(ω0 − ωu(k))

+
sin2 θk

s− i(ω0 − ωl(k))

)

, (6)

with xij = xj−xi the distance between two distant spins.
We can divide Γij into three parts as

Γij = P.V.Γij + γ1e
ik1xijΘ(xij/v

1
g) + γ2e

ik2xijΘ(xij/v
2
g),

γ 2
/γ

1
P.

V
.Γ

ij
(K

)
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FIG. 3. (Color online) (a) Cauchy’s principal value of Γij

versus position xij with ω0 = 0.5K, and θ = 1.1π. (b,c) The
ratio γ2/γ1 of decay into the right and left propagating modes
of the crystal versus the spins frequency ω0.

with P.V. being the Cauchy’s principal value, and Θ
the Heaviside function defined such that Θ(0) = 1/2.
The second and third parts describe the dynamics domi-
nated by the resonant k-modes that the polariton is emit-
ted by spin i and then is recaptured by spin j, when
xij < 0 (k1-mode) and xij > 0 (k2-mode), respectively.
The probability of these two processes are different, i.e.,
γ1 6= γ2, similar with chiral quantum optics [3, 89, 90].
In order to reveal the physics behind the Cauchy’s prin-
cipal value, we numerically plot P.V.Γij as a function
of xij in Fig. 3(a). We find that it accounts for the
long-range interaction induced by the band-edges, with
a strength max{|gijedges|} < γ1 ∼ g2eff/2K, and localized
within −15 . xij . 15. Beyond this range, the cou-
pling between the spin and the optomechanical crystal is
completely chiral.

To gain insight into this chirality, we plot γ2/γ1 ver-
sus the spin’s frequency throughout the asymmetric area
with different values of the phase gradient in Fig. 3(b,c).
For θ = 1.1π, we find γ2/γ1 → 1 when ω0 is close to the
band-edge. Away from the band-edge, the ratio decreases
very quickly. The chirality can be tuned from bidirec-
tional to completely chiral. When θ = 1.2π, we show that
γ2/γ1 ≪ 1 over the frequency range and in particular,
we suggest a quasi-unidirectional spin-phonon coupling
when ω0 & 1.5K, where γ2/γ1 . 0.02. Actually, for the
quasi-unidirectional channel in this case, sin2 θk1

< 0.01
can be easily satisfied, such that the polariton is almost
phonon-like; which is more robust against the loss asso-
ciated with optical decay.

Bandgap regime.–We now consider the situation where
the middle bandgap is opened and the spins frequency
lies within this forbidden area for propagating photons
and phonons. In this case, there exists an exotic bound
state formed by single spins and polariton excitions in



4

C
k,
a
/b

j

C
j,
a
/b

jj

C
j,
b

C
j,
a
/b

|
|

(a) (b)

(c) (d)

/C
e /C
e

/C
e/C
e

k (d )0
-1

π

(e) (f)

FIG. 4. (Color online) (a,b) Wave function distribution both
in momentum Ck,a/b and real space Cj,a/b with θ = π. (c)
Modulus of the wave distribution in real space |Cj,a/b|. (d)
The real and imaginary parts of the wave function distribution
for the acoustic phonons, Re(Cj,b) and Im(Cj,b). θ = 1.1π in
(c,d). (e,f) Long-range, tunable and odd-neighbor interac-
tions in an array of spins, with short (e) and long (f) local-
ization length. Here, geff = 0.08K.

the single-excitation subspace. The bound state can be
obtained by solving the secular equation Ĥ|ψ〉 = EBS |ψ〉
[91, 92], with Ĥ = ĤOM + Ĥfree + Ĥint, and the general
form of the bound state

|ψ〉 = (Ceσ̂+ +

N
∑

j=1

∑

β=a,b

Cj,ββ
†
j )|g〉|vac〉, (7)

where |vac〉 denotes the vacuum state of the 1D bath.
The coefficients |Ce|2, |Cj,a|2 and |Cj,b|2 are the prob-
abilities for finding the excitations in the spin excited
state, photonic and phononic bound states at the jth
cell, when the spin is coupled to the acoustic cavity at
the j = 0 cell.
In Fig. 4, we plot the wave function distribution both

in momentum and real space with EBS = 0. First, we
consider the symmetric case with the maximal value of
the middle bandgap (θ = π). Figure 4(a) shows that
the photon and phonon distributions in k-space are sym-
metric (k → −k), and more importantly, the conditions
Ck,a = Ck+π,a and Ck,b = −Ck+π,b are satisfied, which is
crucial to the enhancement and suppression of the wave
function in certain neighbor sites in real space. In real
space, we observe several features of the bound state, as
shown in Figs. 4(b,c,d). First, the bound state is local-
ized in the vicinity of the spin with an exponential enve-
lope, which is consistent with previous studies on band
gap-induced bound states in optical (acoustic) lattices
[61, 93]. The localization length is tunable when chang-

ing the system parameters such as the optomechanical
coupling strength G.
The distinctive feature here is that the photon compo-

nent only appears in the even cavities while the phonon
component only appears in the odd cavities, with respect
to the cavity to which the spin is coupled. That is, the
photon and phonon components of the bound state are
staggered. Also the extra factors (−1)j/2 and (−1)(j−1)/2

determine the sign of Ca,j and Cb,j . Moreover, the hybrid
bound state obviously has a less photonic component,
which makes this system more resilient to the dissipa-
tion associated with photon decay. For the asymmetric
case (θ = 1.1π), the above features persist and another
distinctive feature appears: the coefficients Cj,a and Cj,b

are no longer real numbers but tunable complex numbers
as a result of the asymmetric band structure, i.e., these
describe a bound state with a tunable phase.
Now we consider the situation involving two or mul-

tiple SiV centers. When the bandgap is much larger
than the spin-phonon coupling strength, (i.e., within the
Markovian approximation), the effective spin interactions
can be described as

Ĥs =
∑

i<j

(gij σ̂
j
+σ̂

i
− + g∗ij σ̂

i
+σ̂

j
−), (8)

which can be harnessed to simulate various quantum spin
models [9, 10]. Since spins are essentially coupled to
phonon modes [94], the spin-spin coupling is only me-
diated by the phononic component of the bound state,
with gij = geffCj−i,b/Ce. From this expression, the spin-
spin interactions can have a pattern similar to Fig. 4(d).
The inheritance of the features from the bound state
consequently leads to long-range tunable, odd-neighbor
and complex interactions between spins, which is still in
the strong-coupling regime (gij ≫ κC

∑

j |Cj,a|2). This
type of interaction is shown schematically in Fig. 4(e)
with a short localization length involving only nearest-
neighbor spins, and in Fig. 4(f) with a longer localiza-
tion length involving far away odd-neighbor spins. To
examine the validity of the Markovian approximation for
deriving the spin interactions in Eq. (8), we perform nu-
merical simulations of the non-Markovian dynamics in
the spin-optomechanical array system, and find that the
spin interactions can be well described by Eq. (8) (see
Ref. [77] for details). Since the method for producing this
type of spin-spin interaction is general, these spin inter-
actions could be realized in other systems, such as super-
conducting circuits [95–97], or photonic crystal platforms
[98–100].
Experimental feasibility.– For actual implementations,

we consider the 1D diamond optomechanical and pho-
tonic crystals with embedded individual color centers, as
experimentally demonstrated in Refs. [69, 71]. For the
setups illustrated in Fig. 1, the diamond optomechanical
crystal has mechanical frequencies about 2π × 46 GHz
(or few GHz) and optical modes around 2π × 200 THz



5

[68]. The programmable hopping rate for photons and
phonons are J ∼ 20K and K/2π ∼ 50 MHz respec-
tively [24, 34, 101, 102]. In diamond nanostructures [68],
the strong optomechanical coupling G/2π ∼ 100 MHz
is realizable [66]. Also, lasers with position-dependent
phase can be implemented on-chip by several methods
[27, 31, 101, 103]. With a high-quality factor Q ∼ 107,
the optical and acoustic decay rates are κC/2π ∼ 20 MHz
and κM/2π ∼ 4.6 kHz, leading to low waveguide losses
in the high-cooperativity regime (G2/κCκM ≫ 1). By
targeted ion implantation, SiV centers can be accurately
implanted into the diamond crystal. At mK tempera-
tures, the thermal excitations vanish and the intrinsic
dephasing rate of the SiV centers is γs/2π ∼ 100 Hz
[57]. The strain-induced spin-phonon coupling strength
can be calculated as gk/2π ∼ 30 MHz [58]. When choos-
ing δ/2π ∼ 450 MHz and Ω/2π ∼ 60 MHz or an appropri-
ate off-axis magnetic field [50], we have geff/2π ∼ 4 MHz,
g12/2π ∼ 150 kHz and γ1/2π ∼ 200 kHz. In general, our
system is still in the strong coupling regime.

Conclusion.– We have studied unconventional quan-
tum sound-matter interactions in a tunable solid-state
device with a combination of optomechanical crystals
and SiV centers. We predict the emergence of quasi-
chiral sound-matter interactions for the case of spins res-
onantly coupled to the band. We also show an exotic
bound state with staggered photon and phonon compo-
nents in the bandgap regime, which can be utilized to
mediate long-range tunable, odd-neighbor and complex
spin-spin interactions. The work may be extended to
higher dimensions or to other solid-state setups such as
superconducting circuits.
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coupled diamond quantum nanophotonic interface,
Phys. Rev. Applied 8, 024026 (2017).

[71] R. E. Evans, M. K. Bhaskar, D. D. Sukachev, C. T.
Nguyen, A. Sipahigil, M. J. Burek, B. Machielse, G. H.
Zhang, A. S. Zibrov, E. Bielejec, H. Park, M. Lončar,
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