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Controlling photon transport in the single-photon weak-coupling regime of cavity optomechanics
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We study the photon statistics properties of few-photon transport in an optomechanical system where an
optomechanical cavity couples to two empty cavities. By analytically deriving the one- and two-photon currents
in terms of a zero-time-delayed two-order correlation function, we show that a photon blockade can be achieved in
both the single-photon strong-coupling regime and the single-photon weak-coupling regime due to the nonlinear
interacting and multipath interference. Furthermore, our systems can be applied as a quantum optical diode,
a single-photon source, and a quantum optical capacitor. It is shown that this the photon transport controlling
devices based on photon antibunching does not require the stringent single-photon strong-coupling condition.
Our results provide a promising platform for the coherent manipulation of optomechanics, which has potential
applications for quantum information processing and quantum circuit realization.
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I. INTRODUCTION

The nonlinear effect is a potential resource for quantum
information processing [1]. For example, the photon block-
ade resulting from the nonlinearity is employed in single-
photon (few-photon) transmission control [2] and optical state
truncation [3]. Similarly, the photon blockade is also an
important feature in many quantum device designs such as the
fast two-qubit controlled-NOT gate [4], efficient quantum re-
peaters [5], single-photon transistors [6], and optical quantum
computers [7]. The rectifying device related to nonlinearity
is the key device to information processing in integrated
circuits [8]. Considerable effort has been made to investigate
optical diodes [9]. Various possible solid-state optical diodes
have been proposed, for example, the diodes from standard
bulk Faraday rotators [10], integrated on a chip [11], realized
in an optoacoustic fiber [12], and from a moving photonic
crystal [13]. A kind of optical diode based on the photon
blockade effect also has been proposed, including a photonic
diode by a nonlinear-linear junction of coupled resonators [14]
and an optical diode of two semiconductor microcavities
coupled via x® nonlinearities [15].

The nonlinear interaction between optical and mechanical
modes arising from the radiation pressure force in optome-
chanical (OM) systems exhibits many interesting nonlin-
ear effects such as a photon (phonon) blockade [16,17],
optomechanical-induced transparency [18,19], and Kerr non-
linearity [20,21]. Cavity optomechanics has received sig-
nificant attention in both fundamental experiments [22,23]
and sensing applications [24,25]. Currently, experimental
techniques of cavity optomechanics are still in the single-
photon weak-coupling regime [26] (g> < kw,,), however it
draws relatively few works on control devices in quantum
information processing because a prerequisite of strong non-
linearity is required [27,28]. In order to utilize the nonlinearity
of the OM system in quantum information control, much
attention has been paid to the photon blockade in OM
systems, including quadratically coupled OM systems [29],
hybrid electro-optomechanical systems [30], and ultrastrong
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optomechanics [31], where the single-photon strong-coupling
condition is required. Reference [32] has shown that strong
photon antibunching can be achieved in two coupled cavities
with weak Kerr nonlinearity, which motivate us try to achieve
a strong nonlinear effect in an OM system in the single-photon
weak-coupling regime. In this paper we propose a scheme
to realize an optical diode with the optomechanical cavity
coupled to two cavities. This scheme does not require the
stringent condition that the single-photon optomechanical
coupling strength g is on the order of the mechanical resonance
frequency w,, [16] or the coupling strength g is larger than
the cavity decay rate « [29]. Our results show that a photon
blockade can be achieved in both the single-photon strong-
coupling regime and the single-photon weak-coupling regime
because of the nonlinearity and multipath interference. By
examining the second-order correlation function, rectifying
factor R, and transport efficiency 7, we exhibit the char-
acteristics of our system as a photonic diode. Meanwhile,
the single-photon transport can be controlled by tuning the
frequency of the cavities in the single-photon strong-coupling
regime. Surprisingly, by pumping two sides of the system
(cavity L and R), the device will embody some characteristics
like the capacitor: photon storage and release (charge and
discharge) and filtering of the photon frequency.

The paper is organized as follows. In Sec. II we introduce
the system and eigensystem of Hamiltonian. We discuss
photon transport control in the cavity optomechanical system,
such as a diode and a capacitor, in Sec. III. A summary given
in Sec. IV.

II. MODEL AND HAMILTONIAN

We consider a compound optomechanical system in which
a cavity with a movable mirror is coupled with two cavities (L
and R) with the coupling constant J; and Jg (see Fig. 1). The
system described by the Hamiltonian H = Hgys + Hpymp. By
setting i = 1, the Hamiltonian Hy reads

Hsys = Z Cl)[a;aj + U)mbTb + g(bjr + b)“TCaC
j=L.C.R

+(Joa)ac + Jrakac +He), (1)
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FIG. 1. (Color online) Schematic of the cavity optomechanical
system coupled with two cavities. Cavities L, R, and C all can be
driven by the laser field with the same frequency.

where ac, ap, and ap are the annihilation operators for
the photon mode of cavities C, L, and R with frequencies
wce, o, and wg, respectively; b is the phonon annihilation
operator of the mechanical mode for the mirror with frequency
wy,; and g denotes the coupling strength of the radiation
pressure. The cavity modes are driven by the laser with the
same frequency wp, which can be described by Hyump =

iZj:L,C,R 8j(aje”""f” — H.c.). In the rotating frame with
Hy = ijL,C!R wDa;aj, we obtain
Hs= Y Ajalaj +wub'b+gbl + batac
j=L.C.R

+ (JLaZac + JRaLac + H.c.)
+ Z ej(aj‘i‘aj), 2

j=L.C,R

where A; = w; — wp (j = L,C,R) is the detuning between
the driving field and the jth cavity frequency, respectively.
For this cascade configuration, cavities L and R are used as
input and output ports on the sides L and R. In this case,
the optomechanical cavity, as an assisted cavity, provides an
intrinsically nonlinear interaction.

We assume that the cavities (L and R) incoherently dissipate
at rates x; (I = L,R) determined by the openness of the
output channels and only classical driving fields are added
to the quantum vacuum of the system. Then, according to the
standard input-output relation [33], the average output current
(or photon stream) as the number of quanta emitted at time ¢
from each cavity can be formally given by

0i(t) = 1 Trlaa;p(t)] (I = L,R), 3)

where p is the density operator of system. The evolution of the
density operator p for the Hamiltonian Hg can be described
by the master equation

p=—ilHs.pl+ )

j=L.C.R

..
L Dlajlp + L s + DD

+ gn,m[b* 1o, )

where «; and y are the cavity and mechanical energy
decay rates, respectively, n,, = [exp(w,/kgTy — D! s
the average thermal occupancy number of the oscillator,
and D[o] = 20po’ — ofop — po'o is the Lindblad dissipation
superoperator.
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FIG. 2. (Color online) Eigensystem of the Hamiltonian Hy in the
zero-, one-, and two-photon cases. Subareas A, B, and C denote
multipath interference in the system.

The eigenequation of the Hamiltonian H,,, = wubtb +
Acata + g(b' + b)a'a can be expressed as

H,pn |S>C|ﬁ(s)>m = Es.n |S>C|ﬁ(s)>m,
where the eigenvalues are

E;, =sAc +now, — 528,

with § = £, and the eigenstate

i(s)) = @0 |n) (5)

is the displaced number state. The eigensystem of the Hamil-
tonian Hy in the zero-, one-, and two-photon cases is shown in
Fig. 2. We noticed that the energy levels for the optomechanical
cavity (middle green line) will obtain a shift s2§ caused by the
nonlinearity interacting with a frequency red (blue) detuning
from the resonator resonance. This nonlinear shift can lead to
bunched or antibunched photons in the OM cavity (details are
given in Sec. III C). This nonlinear effects also can appear in
other cavities because of the couplings J; and J. Especially in
the single-photon strong-coupling regime g/« >> 1, a photon
blockade appears in the system, i.e., the probability of two
photons inside the cavity is largely suppressed due to the
energy restriction.

The interference between multiple paths for two-photon
excitation in cavities is partially responsible for the photon
antibunching effect shown in the subareas A, B, and C of the
eigensystem diagram. For area A, the two photons in cavity
L with the state |2,0,0)|n),, have two excitation paths: One
is direct excitation from a low level in cavity L with the state
[1,0,0)|n),, and the other is the tunneling from the OM cavity
to the left cavity with the state |1,1,0)|7),,. The destructive
interference between the two paths reduces the probability of
two-photon excitation in the cavity as well as in areas B and
C. When the probability is equal to zero, an unconventional
photon blockade [32,34,35] appears in the cavity with no
requirement of a strong nonlinear coupling coefficient g
(even g/k < 1). Therefore, the compound optomechanical
system can work as a single-photon control device in OM
single-photon weak- and strong-coupling regimes, which will
be discussed in detail in the next section.
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III. PHOTONS TRANSPORT CONTROL IN THE CAVITY
OPTOMECHANICAL SYSTEM

A. Optomechanical optical diode

When the nonlinear effect for the right-going k£ waves
is different from that for the left-going —k waves, i.e.,
the nonlinearity of the composite system is asymmetric,
the rectification of one-dimensional photon transport can be
controlled. The one-way transport is called an optical diode [9].
In this section we show that our compound system can work
as a photonic diode.

We are interested in the statistical property of photons and
its control. Usually, the frequency of the mechanical oscillator
is larger than the strength of coupling of the radiation pressure,
i.e., w, > g. For simplicity, we can adiabatically eliminate
the degree of the oscillators. Including the decay rate of the
cavities, we have a non-Hermitian effective Hamiltonian

Ha= Y. [(A; —ik;/Dala; + ;! +a)]

j=L.C.R
Ki o+ N
—i Z Tja}aj - SaTCaC - Sa'caTCacac
j=L.C.R
+(Jralac + Jrakac +H.e). (6)

We assume that the general state is

W) = Co0le) + Y Cj()alle)
j=L,C.R
1
+ Y 5Cu(ajajle). (M
i,j=L.C,R

Under weak pumping conditions, we have [32]
Co>» C; > Cy;.

Under this condition, one can obtain the steady-state solution
of the probability amplitudes (see the Appendix).

The effect of quantum nonlinear features can be character-
ized by the second-order correlation function with zero-time
delay

g0 =4, j=LRC (8)

(a}"a})
(ata;)?
We notice that g(z)(O) < 1 indicates photon antibunching
and g(z)(O) > 1 1nd1cates photon bunching. Antibunching
corresponds to a reduced probability of two photons in the
cavity at a given time, which is the opposite of bunching.
The probability of two photons in the cavity will equal zero if
gi.z)(O) ~ 0 (photon blockade). For simplify, we setx; = kg =
kc=kando; =A; —ik/2(j=L,C,R).Ifay =ar=aqa,
e = ¢, and ec,eg = 0, i.e., the system is only pumped on
the left cavity with the magnitude ¢, the photon second-order
correlation function with no time delay in the left cavity can
be obtained

JpKo+ (J} = JR)KiFy
(JE+ JR) K2 — K\ F>

N2+ 2-R|

(Vi = F)?

¢20) =

’

®)
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FIG. 3. (Color online) (a) Zero-time second-order correlation
g(Lz)(O) as a function of the coupling strength g and the driving
detuning A (on a logarithmic scale). Other parameters are J; /w,, =
0.5, Jg/w, =0.01, and «/w, = 0.036. (b) Eigensystem of two-
excitation path interference in cavity L.

where K, = o +ac +né and F, = a(ac +nd) (n =1,2).
Setting A; = Agr = A¢ = A, we plot logarithmic g(Lz)(O) as
a function of A and g in Fig. 3(a). Here g(z) (0) = 0 represents
a photon blockade, corresponding to the dark areas, which
appears in two areas. One is achieved in the bottom right area
in Fig. 3(a) with large values of the coupling rate g, which
means that the photon blockade results from the nonlinear
effects of radiation pressure. We call it a conventional photon
blockade (CPB). The other appears in the top left area with
small values of g but strict limitations on other parameters,
which means that it results from the two-path interference. The
interference between the two excitation paths (one exciton is
from its own exciton and the other is the jumping from its
neighbor) is illustrated in Fig. 3(b). Because of the destructive
interference, the photon blockade phenomenon also occurs,
called an unconventional photon blockade (UPB).

We now show the photon statistics properties and control
of the photon transport by comparing the analytical solution
with the numerical results via solving the master equation (4).
For the conventional photon blockade, the larger the ratio of
g/k, the stronger the effect of the blockade, shown in Fig. 4(a).
The corresponding detuning frequency can be derived from
Eq. (9). As shown in Fig. 4(b), the strong photon antibunching
can be obtained even if g/k < 1.

In order to describe the characteristics of unidirectional
energy transport we define the rectifying factor ‘R and transport
efficiency 7 as the normalized difference between the output
currents when the system is pumped through the left and
right resonators (indicated by the wave vectors k and —k,
respectively) [14]

_ Qklk = Qi 10y
Orlk]l + Orl—k]
T, — Orlk] ’ (11
Orlk] + Orlk]
T = O —k] , (12)
Orl—k]l+ QL[—k]
where R = —1 indicates maximal rectification with enhanced

transport to the left (left rectification), R = O indicates no
rectification because Qg[k] = Q;[—k], and R = 1 indicates
maximal rectification with transport to the right (right rectifi-
cation). In our system, cavity L and cavity R are both linear
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FIG. 4. (Color online) Equal-time second-order correlation
gf)(O) as a function of the coupling strength g and the driving
detuning A with Ay =Ac=A and Agx = A+ Apg. Other
parameters are (a) J./w, = 0.5, Jr/w, = 0.1, and A x =0 and
(b) J./w, =0.1, Jp/w, =0.01, g/w, =0.01, «/g =1.3, and
A g = 0.1 (other groups of parameters can be obtained by solving
g(Lz) (0) = 0 in the single-photon weak-coupling regime).

cavities. Therefore, there is no rectification (R = 0) when only
driving the left or right cavity (no asymmetric nonlinear effect).

We discuss the rectification effect in the conventional
blockade regime (w,, > g > k) shown in Fig. 5. When wA
is around —0.02, R ~ 1, which indicates that the systeftﬂl
allows photon transfer from left to right L — R only and
the transfer is prohibited from right to left R — L, the
photon number from the left-going —k field is equal to zero
on side L. Similarly, when wA is around 0.005, R = —1,
which only allows the transport from right to left R — L and
Ngr(k) = 0. For = around —0.005, R = 0, the photon number
from the left-gomg —k field is equal to the photon number
from the right-going & field N (—k) = Ng(k).If g < k < oy,

——analytical
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m

m
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S ey
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®

FIG. 5. (Color online) Rectifying factor, transport efficiency, and
excitation number in the cavity as a function of the driving detuning
A with Ay = Ac = A and Ag = A + Apg. Other parameters are
g/wn =5x1073, J, Jw,, = 5x1073, Jg/w, = 5x1073, k/g = 0.2,
and Apg/w, =2x1072
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FIG. 6. (Color online) Rectifying factor, transport efficiency, and
excitation number in the cavity as a function of the driving detuning
A with Ay = Ac = A and Ag = A + Apg. Other parameters are
g/wm =5x1073, /g =2, Ji/w, =5%1073, Jp/w, = 5x1073,
and Ay g/w, = —2x1072.

(unconventional blockade regime), shown in Fig. 6, one can
obtain R ~ 1 when wA =0.022. We also can see R =0

for & =0.015and R ~ —1 for —= = 0.003. Therefore, we
can conclude that whether Wy > g >K O g <K < Wy, by
tuning the frequencies of the cavities R and L, one can adjust
(or switch) rectification and two-way transport.

B. Single-photon source

The photon blockade effect allows only single-photon
transmission through the system. Now we show that our device
can work as a single-photon source. The system is only driven
from the left or right cavity, i.e., &, =¢€, eg =ec =0 or
er = &, &L = &c = 0. The mean occupation photon numbers

Ng(k) = Np(—=k)

2
JLJRS

(13)
Jrar +ar[J7 — arlac + 9)]

As shown in Fig. 7, the system only allows single-photon
transport whether the light is from the left or right when
gg) (k) ~ g(LZ)(—k) ~ (. The transport efficiency 7, = T ~
0.5, which means that the output of the system is in a single-
photon state if the input is in a two-photon state. Under this
condition, the device can control the single-photon transport
in the channel or work as a single-photon source. This kind
of device can only work in the single-photon strong-coupling
regime (g/« > 1) because there is no multipath interference
in output ports. We also notice that R = 0 even if o # og
and J; # Jg. Achieving rectification requires ¢ # 0.

C. Optomechanical optical capacitor

As we have shown in Fig. 4, the photons in the left
cavity exhibit antibunching, although the directly nonlinear
interaction only appears in the OM cavity. Similar to the
nonlinear shift 38 in the OM cavity, the effective nonlinearity in
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FIG. 7. (Color online) Transportefficiency and second-order cor-
relation of output ports as a function of the driving detuning A with
Ap = Agr = A and A¢c = A + Apc. Other parameters are g/w,, =
0.2, J./wy, =0.1, Jg/w,, =0.1,k/g =0.1,and A c/w, = —1.

cavity L (R) can be equivalent to the resonance energy shift §;,
(8g). If cavities L and R both exhibit the photon antibunching
effect due to the nonlinear shift and interference and the OM
cavity exhibits the photon bunching effect, when we drive the
cavities L and R, the photons can be stored in the OM cavity.
Reversing the process, one can release the photons.

As shown in Figs. 8(a) and 8(c), the system is a symmetric
structure. The field from the left and right cavities can be
regarded as input k of the OM cavity, while the field from the
OM cavity can be regarded as output —k of the OM cavity.
In Fig. 8(b), when {w;,wg} > wp and {wp,wr} > wc, i.e.,
{Arc,Arc} <0 and {AL,Ag} > 0, the nonlinear frequency
shift in the left (right) cavity &, (6g) will increase the
transition energy of the two-photon excitation, which means
that the probability of the two-photon state will be suppressed
and the photon exhibits antibunching in the cavity L (R).
At the same time, the nonlinear shift in the OM cavity 3§
will diminish the detuning between the tunneling field w,
(wg) and resonance frequency w¢ and the photon will exhibit
bunching in the OM cavity. Especially for wp ~ w¢ + 36,
the OM cavity exhibits strong bunching due to the resonance
absorption. Under this condition, the probability amplitude

(a) w’L(w'R)_‘_ _— (b)
T w0 130
+kf| L “ . “ R +k i ™ ' t Arc(Bre)
o ~We J_ L
i AL(AR) 38
Storage o 13 Wc
T () w'c i (@
35
w
LR T i
o B ® sfukes H w'L‘(«g:R)__'_ .
wp _L Ac 8.(6r)
Release . wy(wg)

FIG. 8. (Color online) Pictorial representation and eigensystem
of the photon storage and release process.
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FIG. 9. (Color online) Storage factor, storage-release efficiency,
and excitation number in the cavity as a function of the driving
detuning A with A, = Ag = Aand A¢ = A 4+ A, ¢. Other parame-
tersare g/w,, = 5x107%,k/g = 1, J Jw, = Jg/w, = 1x1073, and
Arc/w, = —2x1072,

of photons in the OM cavity will be much larger than in
the cavities L and R and photons can be stored in the
OM cavity. Reversing the process, as shown in Fig. 8(d),
when wc > Wp and wc > {a)L,a)R}, i.e., {ALCsARC} >0
and A¢ > 0, the nonlinear frequency shift 3§ will increase
the transition energy of the two-photon excitation and the
photon exhibits antibunching in the OM cavity. Meanwhile,
the nonlinear shift in the left and right cavities §, and &g
will diminish the detuning between the tunneling field w¢
and resonance frequency {w;,wg} and the photon exhibits
bunching in the left and right cavities. Under this condition,
the photons can be released from the OM cavity.
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FIG. 10. (Color online) Storage factor, storage-release effi-
ciency, and excitation number in the cavity as a function of the driving
detuning A with A, = Ag = Aand A¢ = A + A, ¢. Other parame-
tersare g/w, = 1x1073,k/g =2, J, /o, = Jg /o, = 1x1072, and
Arc/w, =2x1072
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FIG. 11. (Color online) Minimum equal-time second-order correlation g(LZ)(O) as a function of mechanical bath temperature 7, with
mechanical frequency w,, = 0.1 GHz and dissipation rate y = 1 KHz. Other parameters are (a) A; = Ag = Ac, g/w, =02, Jp = Jgp =
wn /10, and k/w,, = 1072 and (b) AL = Ag, Argp/wn =0.1, g/w,, = 1072, Jo/w, =0.1, Jg/w, =0.01,and k/g = 1.3.

In order to describe the characteristics of energy storage
and release we define the storage factor S and storage-release
efficiency M,

_ Qclkl = Q—k] — Orl—k]

_ , (14)
Qclkl + QLI—k] + Qr[—k]
Qclk]
Mg = s 15
57 0clkl + QLIK] + Qxlk] (1>
Mp Or[—k]+ Qrl[—k] , (16)

" Qcl—kl+ QL[—k] + Qrl—k]

where S = 1 indicates maximal storage with the enhanced
transport to the OM cavity, S = 0 indicates no storage and
release, and S = —1 indicates maximal release with enhanced
transport to the left and right cavities; Mg =1 or Mg =1
indicates that the photons are totally stored in or released
from the OM cavity, respectively. For simplicity, we assume
that all parameters of the cavities L and R are exactly the
same in the following discussion. The photon numbers of
the two cavities Q;[k] = Qglk] and Q. [—k] = Qr[—k].
We discuss the storage effect shown in Fig. 9. When wA is
around 0.02, S =~ 1, which indicates that the system allows
photon transfer into the OM cavity L — C <« R only. When
the transfer is prohibited from the OM cavity L <— C — R,
the photon number in the cavities L and R from the OM
cavity is approximately equal to zero. When the second-order
correlation g(cz)(O) > 1, photons exhibit a bunching effect
in the OM cavity and when gg)(O) = g(Lz)(O) < 1, photons
exhibit an antibunching effect in the left and right cavities.
When the convergence field k is bounded in the OM cavity,
the system exhibits a storage characteristic. As shown in
Fig. 10, the system exhibits a release characteristic. When
wA,,, is around 0.007, S & —1, which indicates that the system
allows photon transfer out of the OM cavity L <~ C — R
only. When the second-order correlation g(Cz)(O) < 1, photons
exhibit an antibunching effect in the OM cavity and when
gg)(O) = g(Lz)(O) > 1, photons exhibit a bunching effect in
the left and right cavities. That is, the divergent field —k is
released from the OM cavity. We also notice that when § = 1
and M = 1, complete storage is indicated, whether the field

from the left or the right cavity can be stored in the OM
cavity, which is similar to the capacitor charge process. When
S = —1 and My = 1, complete release is indicated and the
field in the OM cavity can be released through the left and right
cavities completely, which is similar to the capacitor discharge
process. The two processes can be controlled by the detuning
of the driving field A. In contrast, like the filter effect, there is
no photon in the channel at the frequency that let S = 1 and
M = 1 (complete absorption), but this has no effect on the
frequency that let S = —1 and M = 1 (complete release).
In the previous discussion we ignored the effects of the
mechanical thermal bath. Now, to investigate the influence
of the mechanical thermal temperature on the correlation
function, we include the mechanical thermal reservoir. Using
the master equation (4), in Fig. 11 we plot the minimum values
of g7(0) as a function of the reservoir temperature; the g7 (0)
versus wA affected by the thermal reservoir is also displayed in
the inset. When the temperature is below 1 mK (marked with
the shadow area), the thermal heating has nearly no effect in
Fig. 11(a), because when the influence of the mechanical bath
is far below the single-photon coupling rate, i.e., yn;, < g,
the bath effect can be ignored. With current experimental
techniques, one can easily set g/y > 1 [36,37], which means
that a small value of the phonon number n,;, can be tolerated
with little effect. Also, we can clearly see that the antibunching
effect becomes weaker with increasing temperature. In the
UPB regime, as shown in Fig. 11(b), the antibunching effect
is more sensitive to the bath temperature. This quantum
effect will disappear when the temperature is over 5 mK
(n;, = 0.62). Fortunately, the current experimental conditions
of ground-state cooling can achieve n,;, = 0.34 +0.05 [22].
This provides some resistance to the quantum decoherence of
our system. Even so, to maintain the antibunching effect, the
mechanical thermal noise still needs to be suppressed.

IV. CONCLUSION

In this paper we employed radiation pressure and de-
structive interference effects to construct the controller of
photon transport. By coupling the cavity of an optomechanical
system to two cavities, we show that the photon blockade
can be achieved in the single-photon strong-coupling regime
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and the single-photon weak-coupling regime. In the single-
photon strong-coupling regime, the photon blockade effect
mainly results from the nonlinearity of the radiation pressure
in the optomechanical cavity, while in the single-photon
weak-coupling regime, the photon blockade effect is mainly
because of the interference between multiple paths for two-
photon excitation in cavities. For few-photon control of
one-dimensional transmission, the system can work as an
optical diode without the requirement of the strength of the
radiation pressure strong coupling and the rectification of
photons can be controlled by the detuning of the driving
field A. If we just drive the cavity from the left or right

J

PHYSICAL REVIEW A 91, 063836 (2015)

cavity only, the system can function as a single-photon source.
Furthermore, when two fields are transported into the OM
cavity through the cavities L and R, the device can store and
release photons as a capacitor in an appropriate parameter
regime. These properties provide a promising application of
the optomechanical system in quantum information processing
and quantum circuit realization.
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APPENDIX: SOLUTION OF THE PROBABILITY AMPLITUDES

If wesetk;, = kg = k¢ = k and w,, > g and adiabatically eliminate the degree of the oscillators, we can obtain the equations
of motion of the probability amplitudes under the weak-pumping regime C¢y >> Cs; > C;i52. We drop higher-order terms in the

zero- and one-photon probability amplitudes

iCL =ua;Cr +¢6,.Co+ J.Cc,

iCc = (ac +8)Cc +ecCo + J.Cp + JrCr,

iCr = arCr + exCo+ JrCe,

iCre = (ar +ac +8)Cre +e1.Cc +ecCp +V2J1(Cri + Cec) + JrCrr,
iCrr = (a +ag)Crr +&.Cr + erCr + J Ccr + JrCic,

iCcr = (@g +ac +8)Ccr + ecCr + erCc + V2Jr(Crr + Cec) + J1.Crr,
iCr = 2a,.Crp +v26,Cp +V2J.Crc,

iCec = Qac +48)Cec + vV2ecCe + V2J.Cre + V2JrCer,

iCrr = 20rCrr + v26rCr + V2JCcr,

(AD)

where o; = Ap —ik/2,ap = Agr —ik/2,and a¢c = A¢ — k/2 + §. If we set the initial state as a vacuum state, i.e., Co(0) = 1,
C1(0) = Cy1452(0) = 0, where {s1,s2} € {L,C,R}. In the weak-driving regime {ec/kc,eL/kL,er/kr} < 1, the photon number
is small, so we have Cy(00) & Cy(0) and then the long-time solution of equations can be approximately obtained as

[—J% +ar(ac+8)]eL + JL(—arec + Jrer)

CL= , A2
L B (A2)
O OREC — JL(XREL — JRO[LER
Ce = b , (A3)
1
—J? +ai(ac +8)|er + Jr(—arec + Jpe
Cp = [—J7 +arlac +8)]|er + Jr(—arec + Ji L)’ (Ad)
D,
c Cr Zj:(L.C,R) I jej+JLCc Zj:(L,C,R) lc,jej + JLIRCR Zj:(L,C,R) Ir.j€j (AS)
L= ,
V2D,
JLCL Zj:(L,C,R) cp,jej +Cc ij(L,C,R) cc,jej + JrCp Zj:(L,C,R) CR,jEj
Ccc = , (A6)
V2D,
JL-IRCL Zj:(L.C,R) L j€j + JRCC Zj:(L.C,R) rc,j€j + CR Zj:(L,C,R) TR,jEj
Crr = , (A7)

V2D,

where the first term in Eq. (AS) describes two-photon state generated by the driving field in the cavity L, the second term
describes two-photon excitation due to photon tunneling between the OM cavity and the left cavity with coupling rate J;, and
the third term describes two-photon excitation due to photon tunneling between the right cavity and left cavity through the OM
cavity. When the collective effect of the three processes let C;, = 0, photons exhibit the blockade effect in cavity L. In addition
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to Egs. (A6) and (A7) we have
D, = JLZOlL + J,%OKR —arag(ac +96),

D, = Z as[J7 — oy +ac + 8)][277(ay + ac + 28) — ay(0ts + ac + 8)(ac + 26)],
s=L,R

Jiag + [Jg — (ar + ap)ac +ar + 8)][—arlac + ag + 8)ac +28) + Jz(oc + ag +28)]
+ I { Rl — ag) — ag[ag + arlar + ag) + Gay + ag)d + 28 + acoy + ag + 39)]},

lL,L

lnc = Ju{Jgler + ap)(ac + ag +28) — ar(ac +28)[—J} + (@ + ar)ac +ag +8)]},

g = JLJr{—JR(ac + ag +28) + ag(J] + (e + ag + 8)(ac +26)]},

le. = —Jp(or +ag)oc + o +28) + aglac + 28)[—J7 + (o + ag)(ac + ag + )],

le,c = JL[JI%aL + Jiagr — ag(ar + ag)oc +ag + 8)].

ler = JoJrog(ae +ar + ag + 26),

Ir1 = Jp(ac + ag +28) — ar[J] + (ac +ar + 8)(ac +28)],

Ir,c = Jrag(ac + o +ag + 26),

lrr = —JpJr(ac +ar + ag + 26), (A8)
Jo[Jpar + Jiog — ag(ar + ag)(ec +ag +8)].

CL,L
cLc = OlL[—J%aL — Jiag +ag(ar + ag)ac +ag + 5)],
cr.r = Jr{Jpor — ar[—J} + o Qac + o +ag +28)]},
cer = Jpa[—Jgap — Jfag + arlay + ag)(ac + ag +8)].
cce = —Jjag —ar[Jz — (e + ap)ac +ap + 8)][Jz — arlac + ag +8)]
+ J7{ = Jrlar + ag) + ag[o] +acQoy + ag) + arag +8) + arlar + 28]},
CCR = JROlR[—JI%OlL — Jiag +ar(ar +ag)ac +ar + 5)],
crr = Jo{Jgor — ar[—J] +arQac +ap +ag +28)]},
CR,Cc = (XR[—JI%(XL — Jiag +ap(as +ag)ac +ar + 5)],
CRR = JR[-’]%“L + JEag —ap(ap + ag)ac +ap + 5)],
rij =1 j(Jp < Jr,ap < ag) ((,j ={L,C,R}).

The second-order correlation functions with zero time delay are

g(z)(o) — 2|CLL|2 ~ 2|CLL|2
L (ICLP> +ICLc|> + |CLr|> + 2|CLL1?)? |CLl* ’
2|Cccl? 2|Cecl?
gd(0) = —— S =~ S (A9)
(ICcl* + ICLcl* + |Ccrl* +2|Cccl?) |Ccl
¢2(0) = 2|Crel? _ 2|Crel?

(ICRP2 + |Ccrl> + [CLr? +2[Crr? ~ ICkI*

The mean occupation numbers of the three cavities are
Ni = (ICLI* + |Crcl? + ICLrl* + 2ICLLP)No ~ |CLI* No,
Nc = (ICcl* + [CLcl* + ICcrl* + 2|Ccc )Ny & |Cc|* No, (A10)
Nk = (ICrI* + |Ccrl* + |CLr* + 2|Crr|))No = |Cr|* Ny,

where No = (¢1./k1)* + (ec/kc)* + (er/kR)*.
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