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Single-photon-induced phonon blockade in a hybrid spin-optomechanical system
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We explore the photon-controlled phonon statistics in a hybrid spin-optomechanical system. Here the proposed
phonon blockade is based on the nonlinearity of system induced by the strong spin-mechanical coupling. Our
approach involves introducing an ancillary quadratic optomechanical coupling (i.e., the cavity field quadratically
coupled to mechanical motion) and simultaneously considering the cavity field with a single photon. By injecting
the auxiliary photons, one can not only enhance the spin-resonator interaction, but also realize fully switchable
phonon blockade. This work offers an approach to manipulate phonon statistics with photons, which should
inspire the engineering of new single-phonon quantum devices and have potential applications in the future
hybrid photon-phonon quantum networks.
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I. INTRODUCTION

The last decade has witnessed spectacular progress in the
field of cavity optomechanics, exploring the nonlinear inter-
action between the electromagnetic and mechanical systems
[1–3]. In particular, with the significant development of
nanomechanical fabricating technologies, the mechanical
modes even with megahertz frequency could be experimen-
tally cooled to their quantum ground state [4–7]. This makes
it possible for the observation of mechanical quantum ef-
fects [8–26] and applications in quantum information pro-
cessing for the mechanical system [27]. One of the impor-
tant quantum effects is phonon blockade, which could be
induced by a large mechanical nonlinearity. In analogy to
photon blockade [28–33], phonon blockade is a phenomenon
in which the appearance of one phonon prevents the excitation
of the second phonon in a nonlinear mechanical oscillator.
Phonon blockade has been studied in a nanomechanical res-
onator coupled to a qubit in the dispersive and resonant
regimes [8–10] or an intrinsic two-level system defect [11]. It
is also demonstrated in a quadratically coupled optomechani-
cal system (OMS) [12–15].

Recently, remarkable advances have been made towards
single-photon technologies. For example, many alternative
single-photon sources, e.g., quantum dots [34–36], single
atoms [37,38], trapped ions [39], color centers in dia-
mond [40], have been employed to generate single photons.
In addition, single-photon detection has been demonstrated
by exploiting cavity-QED design [41] or using cross-phase
modulation [42]. Based on these achievements, single pho-
tons provide a promising integration option for connect-
ing distinct components [35], which are required for es-
tablishing quantum networks. Furthermore, it also promotes
the exploration of associated quantum devices, including

*taishuangyin@163.com
†xinyoulu@hust.edu.cn
‡yingwu2@126.com

single-photon transistors [43], single-photon routers [44],
single-photon switches [45], and a single-phonon source trig-
gered by a single photon [46] and single-photon-induced
entanglement and quantum phase transition [47,48].

Associating single-photon technologies with mechanical
quantum effects, here we propose a hybrid quantum model
to explore the photon-controlled phonon statistics. Specifi-
cally, the hybrid quantum model consists of a Rabi model (a
spin coupled to mechanical motion) coupled to the ancillary
cavity modes (ae and ao) via a quadratic optomechanical
coupling [49,50]. The single-photon-induced phonon block-
ade is achieved by the single-photon-enhanced spin-resonator
interaction. This enhancement is induced by combining the
quadratic optomechanical coupling (the cavity field quadrat-
ically coupled to mechanical motion) with the cavity field
that is simultaneously mediated by a single photon. More
interestingly, the present phonon blockade is fully switchable
by injecting the auxiliary photons. Specifically, the presence
of the single photon only in the ancillary mode ae with zero
photon in ao can enable the phonon blockade phenomenon.
However, the coexistence or nonexistence of a single pho-
ton in both ancillary modes ae and ao will switch off this
phenomenon. When being extended to the case of multiple
photons, the switchable quantum behavior for the phonons is
determined by the difference between the number of photons
in the two ancillary modes. Clearly, this controllable charac-
teristic utilizes the combined effect of two ancillary cavity
modes instead of only one ancillary cavity mode.

Note that our approach is different from the previous
proposals, which employ qubit-induced mechanical nonlin-
earity in a coupled qubit-resonator system [8–10] or the
optically induced nonlinearity by strongly driving the cavity
[11–15]. Particularly, the phonon blockade has been proposed
in two recent works [14,15], both of which are based on the
optomechanical nonlinearity between photons and phonons.
In our proposal, however, the phonon blockade is induced
by the nonlinearity between the mechanical mode and a
two-level system, which is physically different from that
in Refs. [14,15]. Besides this, the previous studies apply
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FIG. 1. (a) Schematic illustration of a hybrid model including a
Rabi model quadratically coupled to ancillary cavity modes al (l =
e, o) with the “membrane-in-the-middle” configuration. Here the
subscript e (o) denotes the field mode ae (ao) with the even (odd)
number of half wavelengths in the full cavity, respectively. The Rabi
model consists of a two-level system σ− (e.g., a nitrogen-vacancy
center spin) interacting with the mechanical mode b. A weak probe
field with driving frequency ωp and strength εp is applied into the
mechanical oscillator. (b) Energy-level diagram of the single-photon-
induced spin-oscillator system. The corresponding dressed states are
|m,±〉. |m〉 and |g〉 denote the eigenstates of the phonon number
and the ground state of the two-level system, respectively. Here the
ancillary modes al are prepared into a two-mode Fock state |ne, no〉eo

(ne = no + n), and we focus on the case of nl, n = 0, 1.

a strong external field to coherently drive the cavity such
that the nonlinear interaction between photons and phonons
could reach the desired coupling strength [14,15]. Instead of
using the coherent driving field due to the weak quadratic
coupling in an OMS, our work exploits the ancillary cavity
modes with a single photon in the presence of a relatively
strong quadratic coupling, which could be used to achieve
the photon-dependent nonlinear coupling. This provides a
unique superiority for the realization of photon-controlled
phonon statistics, which could realize single-photon-induced
phonon blockade. Overall, compared with these works
[8–15], first, our approach realizes single-photon-manipulated
phonon blockade by introducing an ancillary quadratic OMS.
Second, the realized phonon blockade here is completely
switchable, which can be controlled by the photon numbers
of the two ancillary cavity modes. Third, taking advantage of
available single-photon technologies, the switchable quantum
behavior for the phonons may inspire the engineering of
new single-phonon quantum devices and could be applied
into various phononic [51] or hybrid photon-phonon quantum
networks [27,52–55].

This paper is organized as follows: In Sec. II we de-
scribe the hybrid spin-optomechanical system and derive the
Hamiltonian with the photon-dependent nonlinear coupling
between the mechanics and a two-level system. In Sec. III we
demonstrate the photon-controlled phonon statistics featured
by the second-order correlation function, and the switchable
behavior of the phonon blockade is shown. In addition, we
also discuss the experimental challenge for the feasibility of
our proposal. Conclusions are given in Sec. IV.

II. THEORETICAL MODEL

Figure 1(a) gives the schematic diagram of a hybrid quan-
tum model: a Rabi model coupled to the ancillary cavity

modes via a quadratic optomechanical coupling. The system
Hamiltonian reads (h̄ = 1)

Hs = Han + Hrm −
∑

l=e,o

gla
†
l al (b + b†)2, (1)

where al (a†
l ) and b (b†) are the annihilation (creation) op-

erators of the ancillary cavity modes and mechanical mode,
respectively. The ancillary cavity, with the Hamiltonian Han =∑

l=e,o ωla
†
l al , contains the field mode ae (or ao) with the even

(odd) number of half wavelengths in the full cavity, which
quadratically couples to the mechanical mode b with coupling
strength ge = g (or go = geiπ ) [50]. The coupling strengths
ge and go have the opposite sign. This originates from the
fact that the second derivative of the frequency for the two
cavity modes ae and ao with respect to the mechanical dis-
placement is opposite. The Hamiltonian Hrm is Hrm = �

2 σz +
ωmb†b + λ(b† + b)σx , where σz and σx are the Pauli operators
for a two-level system, and λ denotes the coupling strength
between the two-level system (with transition frequency �)
and mechanical mode (with frequency ωm).

The proposed hybrid model could be realized in a quadrat-
ically coupled optomechanical system with the “membrane-
in-the-middle” configuration [49,50]. A thin dielectric mem-
brane is located at a node (or antinode) of the intracavity
standing wave. Then the cavity field will quadratically couple
to the mechanical motion. The Rabi model can be imple-
mented by coupling the mechanical oscillator to a two-level
system, i.e., the nitrogen-vacancy (NV) center spin embedded
in diamond [56–58]. Specifically, due to the strain yielded
by the flex of diamond membrane, the diamond lattice could
directly couple to the spin triplet states in the NV electronic
ground state.

In the following, we consider the ancillary modes are pre-
pared into a two-mode Fock state |ne, no〉eo (ne = no + n and
ne, no, n = 0, 1, . . .). In this case, the number operator a

†
l al

can be replaced by an algebraic number nl . Then, applying a
squeezing transformation b = bn cosh(rn) + b

†
n sinh(rn) with

rn = − 1
4 ln(1 − 4ng/ωm), the Hamiltonian (1) is expressed as

Hn = �

2
σz + ωnb

†
nbn + λn(b†n + bn)σx + Cn, (2)

where ωn = exp(−2rn)ωm and λn = exp(rn)λ are the trans-
formed mechanical frequency and spin-resonator coupling, re-
spectively, and Cn = ∑

l=e,o nlωl + [exp(−2rn) − 1](ωm/2)
is the constant term. It clearly shows that the present hy-
brid quantum model is essentially equivalent to a photon-
dependent Rabi model. Note that when the membrane cannot
be placed exactly at the node or antinode of the two cavity
modes, there will be some residual linear optomechanical
coupling between the cavity modes and the motion. This
linear coupling can be included in the transformations leading
to Eq. (2), but its effect in the dynamics is small and can be
neglected. Under the conditions of ωn ≈ � and ωn � λn, the
antirotating terms can be neglected under the rotating-wave
approximation (RWA). The Hamiltonian (2) is reduced to the
photon-dependent Jaynes-Cummings model,

Hn′ = �

2
σz + ωnb

†
nbn + λn(b†nσ− + bnσ+), (3)
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where σ+ and σ− are the raising and lowering operators of
the two-level system, and the constant term Cn has been
neglected.

Here we assume that the mechanical oscillator is coupled
to a squeezed vacuum reservoir [59–62]. In principle, it could
be realized by introducing an ancillary cavity mode ac, which
is driven by a strong red-detuned laser field and linearly
couples to the mechanical motion. Moreover, the ancillary
mode ac is initially in a squeezed vacuum environment by
interacting with a broadband-squeezed vacuum field (with the
squeezing parameter re and reference phase �e) [63]. When
the decay rate of the ancillary mode ac is much larger than
the linearized optomechanical coupling between modes ac and
b, the ancillary mode adiabatically follows the dynamics of
mechanical mode b. Then this squeezed vacuum bath could be
transferred to the mechanical mode. Under the ideal parameter
conditions, the amplified thermal noise due to the squeezed
effect can be suppressed completely. Qualitatively, this result
can be understood from the phase matching [63,64]. In the
following discussion and calculations, we treat the mechanical
mode in this ideal parameter conditions. Other alternative
strategies could also be exploited to eliminate the amplified
noise, such as the “transitionless” driving (TD) protocols [65].

Including the dissipation caused by the system-bath cou-
pling, the dissipative dynamics of the hybrid quantum system
in terms of the mechanical mode bn is described by the master
equation

ρ̇ = −i[Htot, ρ] + κ (nth + 1)D[bn]ρ

+ κnthD[b†n]ρ + γD[σ−]ρ, (4)

where D[o]ρ = oρo† − 1
2 (o†oρ + ρo†o) is the standard Lind-

blad superoperator, κ and γ is the decay rate of the me-
chanical oscillator and the two-level system, respectively, and
nth is the thermal phonon occupation number with nth =
[exp(h̄ωm/kBT ) − 1]−1 where T is the temperature of the
thermal reservoir.

III. PHONON BLOCKADE

To exhibit how the behavior of the phonons is controlled by
the ancillary photons, we investigate the statistical properties
of the phonons, which are characterized by the second-order
correlation function in the steady state

g(2)(τ ) = Limt→∞
〈b†n(t )b†n(t + τ )bn(t + τ )bn(t )〉

〈b†n(t )bn(t )〉2
. (5)

Note that the timescale t for reaching the steady state in
Eq. (5) is about t ∼ 1/κ . It has to be fast on the timescale
of the cavity decay rate so that the photon that induces
the phonon blockade will not leak out of the cavity. For
the observation of phonon blockade effects, we consider a
weak probe field (with frequency ωp and strength εp) applied
into the mechanical oscillator and the Hamiltonian is Hp =
εp(b†e−iωpt + beiωpt ). Then the total Hamiltonian, including
the probe field, is

Htot = Hn + εp[cosh(rn)b†ne
−iωpt + sinh(rn)b†ne

iωpt + H.c.].

(6)

FIG. 2. The steady-state equal-time second-order correlation
function log10g(2)(0) versus the detuning �/κ = (ωn − ωp )/κ with
the total Hamiltonian Htot . Panels (a) and (b) correspond to the case
of n = 1 and n = 0, respectively. The system parameters we take are
γ = 0.1κ, ωm = 2300κ, � = 200κ, g = 0.2481ωm, εp = 0.1κ .

Under the conditions of ωp ≈ ωn,� and ωn �
λn, εp sinh(rn), the effective Hamiltonian can be expressed
as Heff = Hn′ + εp cosh(rn)(b†ne−iωpt + bne

iωpt ) under the
RWA, where Hn′ is given by Eq. (3). To show the quantum
property triggered by a single photon, we focus on the case of
nl = 0, 1, which leads to n = 0, 1.

In Fig. 2 we calculate the steady-state equal-time second-
order correlation function g(2)(0) versus the detuning �/κ =
(ωn − ωp )/κ by numerically solving the master equation in
Eq. (4) with the total Hamiltonian Htot. Figures 2(a) and 2(b)
correspond to the case of n = 1 and n = 0, respectively. For
n = 1, it clearly shows that the phonon blockade can be
obtained in the vicinity of the optimal detuning � = ±λ1.
This phenomenon can be illustrated by the energy-level di-
agram in Fig. 1(b), where |m,±〉 are the dressed states for
the single-photon-induced spin-oscillator system. |m〉 and |g〉
denote the eigenstates of the phonon number and the ground
state of the two-level system, respectively. If the driving laser
is on resonance with the |0, g〉 → |1,±〉 transition, � = ±λ1,
the same |1,±〉 → |2,±〉 transition is detuned and will be
suppressed for λ1 � κ and λ1 � γ . In contrast with Fig. 2(a),
g(2)(0) equals 1 for nth = 0 in Fig. 2(b). Physically, this
is due to the large frequency detuning and weak coupling
between the atom and mechanical oscillator for n = 0, which
results in the decoupling of the two subsystems. In addition,
we also plot g(2)(0) in the presence of the thermal noise
nth = 10−3, which can be seen from the dash-dotted line and
dash line in Fig. 2(a) and dash line in Fig. 2(b). It’s shown
that the thermal noise will destroy the phonon blockade to
some extent. By comparing with the two cases of n = 1 and
n = 0, one could obtain that the statistical properties of the
phonons can be controlled by the ancillary photons. More
importantly, this controlled behavior is completely switchable
via the ancillary photons. Specifically, when the ancillary
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FIG. 3. (a) The equal-time second-order correlation function
g(2)(0) versus the squeezing parameter r1 (n = 1) and (b) the second-
order correlation function g(2)(τ ) as a function of the scaled time
delay κτ , both of which are obtained by numerically solving the
master equation in Eq. (4) with the Hamiltonian Heff and in the
case of mechanical resonance � = ±λ1. The system parameters are
γ = 0.1κ, εp = 0.1κ , and (b) λ = 2κ .

modes are initially in the state |0, 0〉eo, there is no phonon
blockade. Then if one photon (ne = 1) is injected into the
cavity, i.e., |1, 0〉eo, the phonon blockade can occur. However,
if another photon (no = 1) is subsequently injected into the
cavity, |1, 1〉eo, the phonon blockade will disappear. Thus,
the single-photon-induced phonon blockade is fully switch-
able via the ancillary photons, |0, 0〉eo → |1, 0〉eo → |1, 1〉eo.
Clearly, this switchable behavior comes from the combined
effect of two ancillary cavity modes; namely, this behavior is
impossible with only one ancillary cavity mode. In addition,
when being extended to the case of multiple photons (i.e.,
ne, no > 1), the switchable quantum behavior for the phonons
is determined by the difference of the photon numbers in the
two ancillary modes. When the photon numbers in the two
ancillary modes are the same, ne = no, the phonon blockade is
switched off. When the ancillary photons are injected to lead
to a difference, ne > no, the phonon blockade is switched on.
Essentially, the case for multiple photons can also be applied
to demonstrate the obtained result in a similar approach.
Thus, this situation isn’t presented here. The above results
demonstrate that our work provides a promising approach
for performing the photon-controlled-phonon manipulations
with currently developed quantum technologies. Combined
with single-photon technologies, these manipulations might
be applied into various phononic or hybrid quantum networks.

In Fig. 3(a) we plot g(2)(0) versus the squeezing parameter
r1 (n = 1) by numerically solving the master equation in
Eq. (4) with the Hamiltonian Heff and in the case of me-
chanical resonance � = ±λ1. It can be seen that with the
increase of r1, the antibunching effect [g(2)(0) < 1] of the
phonons is gradually strengthened and the phonon blockade
[g(2)(0) → 0] can be observed under relatively strong squeez-
ing parameters. This demonstrates that the desired quantum

effect of the phonons could be yielded by adjusting the system
parameters. In Fig. 3(b) we plot the correlation function
g(2)(τ ) as a function of the scaled time delay κτ . First, the
curves with different values of r1 (n = 1) show that g(2)(0) <

g(2)(τ ) accompanied by slight oscillations. Additionally, we
note that g(2)(τ ) approaches one, as expected. This indicates
that the probability of two-phonon excitations at the same
time (τ = 0) is smaller than that at a different time (τ > 0).
Therefore, the resonant excitations from the ground state to
the doubly excited state are suppressed. Moreover, we plot
g(2)(0) and g(2)(τ ) when the thermal noise is nth = 10−3, as
shown in Figs. 3(a) and 3(b). Compared with the case of
nth = 0, the phonon blockade effect is relatively weakened.
To fully demonstrate this, we present g(2)(0) as a function of
the thermal phonon occupation number nth [see the inset of
Fig. 3(a)]. It can be seen that the thermal noise has a signif-
icant effect on phonon blockade. When nth < 10−3, a strong
phonon blockade can be observed. When nth reaches 0.053,
the phonon blockade will disappear. For the feasibility of the
proposal, when choosing a gigahertz-frequency mechanical
resonator [57,66], the environment temperature T needs to
be below 16 mk. Thus, to better observe the desired phonon
blockade, it requires cooling the mechanical resonator to low
temperature [4–7], which could be realized by optimizing the
fabrication and flexibility of the individual devices for the
future experiments.

Note that there still exists an experimental challenge for the
feasibility of our proposal since a relatively large quadratic
optomechanical coupling (i.e., g ≈ ωm/4) has been used in
our calculations. The quadratic optomechanical coupling g =
1
2ω′′

l (0)x2
zpf (xzpf being the mechanical zero fluctuation) is

typically weak, and its enhancement would require substantial
improvements to the strength ω′′

l (0), the membrane’s optical
absorption and the membrane’s mechanical properties [49].
Importantly, these improvements could expand the application
of quadratic optomechanics in the quantum realm, i.e., the
quantum nondemolition measurement of the phonon num-
ber [67–69]. Fortunately, many efforts have been devoted to
increase the quadratic optomechanical coupling. For exam-
ple, related proposals involve using a fiber-based cavity with
smaller and slighter membranes [70], for which the value
of ω′′

l (0) is significantly increased to about 20 GHz/nm2.
Other approaches also explore the possibility of achieving the
strong-coupling regime of quadratic optomechanics, includ-
ing the proposal for a near-field optomechanical system [71],
the tunable superconducting circuit [72], or the utilization
of optical parametric amplification [73]. Therefore, with the
experimental flexibility in the future, it is possible to reach
larger g through dramatically enhancing ω′′

l (0) and xzpf .

IV. CONCLUSION

In conclusion, we propose a hybrid spin-optomechanical
system to explore the single-photon-induced phonon block-
ade. We show that the statistical properties of the phonons
can be controlled by the ancillary photons. More importantly,
the resulted phonon blockade is completely switchable. This
switchable behavior comes from the combined effect of the
two ancillary cavity modes. We also demonstrate that the
quantum effect of the phonon blockade can be strengthened
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by adjusting the system parameters. In addition, the effect of
the thermal phonon number on the phonon blockade is also
discussed. It’s shown that it requires to decrease the thermal
noise to obtain the desired phonon blockade. Combined with
the current single-photon technologies, our work offers a
promising approach to realize the photon-controlled-phonon
manipulation. Specifically, in analogy to the realization of a
single-photon transistor where one photon can switch a signal
containing multiple photons, our result makes it possible to
perform single-photon-controlled phonon transistor on the
basis of photon-controlled phonon statistics. In addition, these

manipulation can be applied in the future hybrid photon-
phonon quantum networks.
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