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The absorption of single-cavity and double-cavity optomechanical systems and periodic optomechanical
lattices has previously been investigated extensively. In this paper, we present the absorption of a
nonperiodic cavity chain, where the absorption value on the resonance point shows switchable dips or
peaks, according to whether the optomechanical interaction is at an odd or even-numbered position
in the chain. Meanwhile, the value of absorption due to the optomechanical interaction varies with
the number of the bare cavities. The calculated results may have some novel applications, such as

detecting the position of the movable mirror in a long cavity chain, which would be useful in quantum
information processing based on optomechanical systems.
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1 Introduction

An optomechanical system (OMS) is usually an optical
cavity, inside which there is either a movable mirror to-
gether with a fixed one [1, 2] or a micromechanical mem-
brane [3]. The movable mirror or membrane is then cou-
pled to the cavity field by the radiation pressure [4]. OMSs
have attracted much attention because of their various po-
tential applications, such as cooling mechanical resonators
to their quantum ground states [5-8], producing quantum
nonlinearities in quantum processing [9-11], optomechan-
ical sensing with on-chip microcavities [12], and achieving
stationary entanglement between two macroscopic oscilla-
tors and two cavity fields [13-15]. It has also been shown
that OMSs can be used to generate macroscopic quantum
superposition [16] and slow down light [17, 18].

Although most attention has been paid to single-cavity
OMSs, it is also very important for practical application
that OMSs can be generalized by integrating more opti-
cal or mechanical modes, such applications include quan-
tum information processing, quantum computing [19-21],
all-optical bit storage [22], and high precision measure-
ments [23, 24]. For example, in a double-cavity OMS, de-
structive interference can create a transparency window
in the probe absorption and a group delay controlled by
the power of the pump beams [25]. The width and height
of the electromagnetically induced absorption peak within
the transparency window of a double-cavity OMS can be
explained in terms of three coupled oscillators with dif-
ferent relaxation parameters [26]. In addition, strongly

tunnel-coupled hybridized OMSs exhibit tunable interfer-
ence induced by the optomechanical interaction [27].

Interference between the phononic and photonic paths
has also been presented recently [28]. It has also been con-
firmed experimentally that two nearly degenerate mechan-
ical resonators, coupled to a single optical cavity, can be
hybridized into a bright mode with strong optomechani-
cal interations and a dark mode with almost no optome-
chanical interactions [29]. This hybridization is useful for
transferring energy between mechanical modes. Moreover,
the transparency in double quadratically coupled OMSs is
theoretically shown to be tuned by the intensity difference
between two coupling fields [30].

Recently, much attention has also been paid to optome-
chanical lattices, which comprise periodically arranged op-
tomechanical cavities. An optical cavity with a periodic of
membranes therein can exhibit long-range photonic coher-
ence and a dynamical phase transition [31]. Well known
in basic OMSs, optomechanically induced transparency
(OMIT) has also been generalized to strongly driven op-
tomechanical lattices [32]. In addition to photons, the
quantum state can also be transferred in an optomechani-
cal lattice, with such an ability being at the heart of quan-
tum information processing [33]. Moreover, light pulses
can be slowed down and stopped by the band structure of
polaritons owing to the interaction between photons and
the collective excitation of mechanical resonators [34].

Although OMSs with single, double or periodic cavi-
ties have been studied extensively, there has been scarce
investigation of the absorption and transparency proper-
ties in nonperiodic OMS chain because of the associated
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calculations. Herein, we use the newly developed package
OMPY (OptoMechanics by PYthon) to investigate the op-
tomechanical properties of a nonperiodic cavity chain [35].
This paper is organized as follows. In Section 2, we model
an n-cavity chain and present the dynamical equations of
a chain with six cavities. In Section 3, we show the ab-
sorption of this six-cavity chain, which can be generalized
naturally to a chain with arbitrarily many cavities using
OMPY. In Section 4, we generalize the calculation to an
infinite chain, wherein we use bare cavities to modulate
the OMS absorption. Finally, we summarize our calcula-
tions in Section 5.

2 Model and dynamical equations

The OMS considered herein is shown in Fig. 1, where n
cavities are coupled with the tunneling interaction Jj ;41
(I=1,2,---,n— 1), which is proportional to the trans-
mittance of the two fixed mirrors of each cavity. Each
cavity is driven by a control field of amplitude . and
frequency wg;. In order to detect the absorption proper-
ties of the OMS, a weak field of amplitude ¢, and fre-
quency wp, is usually used to probe the first cavity. In
the quadratically coupled situation, the movable mirror is
usually located at the antinode of the cavity mode. The
cavity frequency can then be approximated using the sec-
ond order of the displacement §; of the movable mirror,
namely, w;(4;) ~ wio +9iG?, where w;g is the resonance fre-
quency of cavity ¢ when the displacement of the movable
mirror is zero and g; is the quadratic coupling constant
[3, 17].
Therefore, in the frame rotating at the frequency we;,

Fig. 1 Schematic diagram of quadratic coupled optomechan-
ical cavity chain. The ¢th movable mirror is located at the
middle position of the ith cavity which is driven by a strong
control field (g;,4 = 1,2,--- ,n). Additionally, the first cavity
is probed by a weak field (ep).

the Hamiltonian of the quadratically coupled optomechan-
ical cavity chain, shown in Fig. 1, can be expressed as
follows:

n n o2 N
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in which A, = wip —we (0 = 1,2,--- ,n) denotes the
detuning between the cavity field and its corresponding
coupling field, and § = w, — w,; is the detuning between
the first coupling field and the probe field. p; and wy,;
are the momentum operator and angular frequency of the
ith movable mirror, while a; and df denote the anni-
hilation and creation operator of the ith cavity mode,
respectively. In Eq. (1), the first term denotes the free
energies of the n optical cavities, and the second term
denotes free energies of the movable mirrors. The third
term denotes the quadratic coupling between the mirror
and the optical mode, the quadratic coefficient is given by
gi = 8n2c R

L, \/ T-R

of lightl in vacuum, and ); is the wavelength of the cou-
pling field. The fifth term denotes the tunnel coupling of
strength J; ;41 (1=1,2,--- ,n — 1) between two adjacent
cavities. The fourth term denotes the application of a con-
trol field to the n optomechanical cavities, and the final
term denotes the weak probe field adding on the first cav-
ity. The amplitudes of the control fields and the probe
field have been normalized to the photon flux inputting
into the cavities and are defined as e.; = /Pri/(fuw.;) and
ep = /Pp/(Tuwy), respectively, where P,; is the power of
the control field and P, is the power of probe field. More-
over, the coupling parameter 1, = ke, /K, where £ and ke,
denote the cavity decay rate and the external loss rate,
can be adjusted continuously but is fixed herein as 1/2.
In order to study the system’s dynamical equations, we set
n = 6. In this case, after taking the corresponding noise
and damping terms into consideration and considering the
factorization assumption, the Heisenberg-Langevin equa-
tions of this system can be written as

- CAllei[st)a (1)

(i =1,2,---,n), where c is the speed

d(a . . NN . . = K1 .
<dt1> = —iAc1(a1) — ig1(G7)(ar) — iJ1,2(G2) + cc1y/Neh1 + Epy/Tckire O — ?1<G1>, (2a)
d<di> : o s 122\ /A . A . o Ki o .
Tl —1Aci(ai) —19i(q; ) ai) — 1Ji—1,i(@i—1) — 1Jii+1(it1) + Eciv/TNeki — §<ai>7 1=2,3,4,5, (2b)
d<d6> . N . A2\ /A . o K6 , .
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In Eq. (2f), the final term results from the coupling
of the mirrors to the thermal environment, where 7 =

P
(e¥sT — 1)~! is the mean thermal phonon occupation
number of energy fw,,; at environmental temperature T,
kp is Boltzmann’s constant [3], and 7,,; is the damping
rate of mirror i. The terms describing the input vacuum
noise for the cavities and the Langevin force for the mir-
rors disappear thank to their zero mean values.

Next, under the condition that the probe field is much
weaker than the coupling field, we can acquire the steady-
state results of Eq. (2) by making the ansatz

—idt —&—o_el&,

(3)
where 6 denotes any one of these quantities a;, p?, 42,
Gipi + pidi (1 = 1,2,---,6). Eq. (3) contains three com-
ponents with frequencies we;, wp and 2we; — wp, which are
marked by the subscripts “s”, “4” and “—7”, respectively.
Upon substituting Eq. (3) into Eq. (2) and ignoring terms
that contains the product of more than one small quan-
tity, we obtained an expression for a;; through a series
of computations, see Appendix A for the six-cavity sit-
uation. The above calculation process is often used to
study the OMSs, but now we can use the OMPY program
to perform this calculation and thereby obtain a numer-
ical result for ajy directly. Oscillating at the probe fre-
quency wy, the component of the output field is given as
€out = /Mch1a14 /€y, and the probe absorption property
of the system is described by the real part of the output
field, namely eg = Re[eoui]-

(0) = 05 + 04e

3 Absorption properties of multiple-cavity
chain

In this section, we focus on the absorption properties of
a cavity chain of given length in which only one cavity
exhibits an optomechanical interaction.

In order to numerically analyze the absorption proper-
ties of the probe field in a quadratically coupled OMS, we
use the following parameters [3, 17]: an environment tem-
perature T = 90 K, a wavelength of the coupling field of
A = i}icc = 532 nm, a cavity length of L = L; = 6.7 cm,
a cavity delaying rate of k = k; = 4w x 10* Hz, a mirror
mass of m; = 107 g, a mirror frequency of w,, = Wn; =
27 x 10° Hz, a mirror damping rate of v = v,,; = 20 s~ 1,
a mirror reflectivity of R = 0.45, and hence a quadratic

Srey/ e = 2m x 1.8 x 10%

coupling constant of g; =
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i=1,2,--- .6, (2€)
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T

Hz-m~2. The following discussion pertains to two-phonon
resonance, that is, A, = Ag; + ¢:Qis = 2w, where Qs
are the steady-state solutions of ¢7, and the detuning be-
tween the first coupling and the probe field is redefined by
o = 6 — 2w, to display the probe transparency proper-
ties around the two-phonon resonance, where 4 represents
cavity .

First, we investigate the output spectrum of cavity
chain comprising of two cavities, that is, the tunnel cou-
pling between the first and the second cavities is switched
on (J12 = 2k), whereas the others are switched off. In
Fig. 2, the red solid curve represents the optomechanical
interaction in the first cavity, and the blue dashed curve
represents the optomechanical interaction in the second
cavity. In this case, due to the fact that the tunnel cou-
pling between the first and the second cavities is in the
strong regime, i.e., J > k, the two degenerate cavity
modes are hybridized and split into two normal modes,
as shown in the inset of Fig. 2. This figure shows that
the optomechanical interaction in the first cavity induces
a transparency window; however, when the optomechan-
ical interaction is switched on only in the second cavity,
an absorption peak emerges in the absorption spectrum of
the probe field. This effect is similar to the linear coupling
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Fig. 2 Absorption of the output field er as a function of the
normalized frequency o /wm. Here, cavity chain is composed of
two cavity, i.e., only switch on the tunnel coupling between
the first two cavities (Ji1,2 = 2k). The red solid curve shows
that the first cavity is optomechanical cavity while the second
cavity is bare optical cavity (P; = 180 uW, g1 = 2w x 1.8 x 10%3
Hzm 2, P, = 0,g0 = 0); the blue dashed curve shows that
the second cavity is optomechanical cavity and the first cavity
is bare optical cavity (P = 0,91 = 0, P> = 180 uW, g» =
21 x 1.8 x 10%* Hz-m™?).
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case [27]. In addition, we found that the positions of the
peak and the dip are very close.

Next, we switched on the photonic coupling of the first
six cavities [J; ;41 = 2k (i = 1,2,---,5)] and considered
how the position of the optomechanical cavity influences
the output spectrum of this system. In Fig. 3, the optome-
chanical interaction is in different cavities, namely, the
first cavity (Fig. (3a), red solid curve), the sixth cavity
(Fig. 3(b), red solid curve), the second cavity [Fig. 3(b),
green dash-dotted curve], the fifth cavity [Fig. 3(a), green
dash-dotted curve], the third cavity [Fig. 3(a), blue dashed
curve], the fourth cavity [Fig. 3(b), blue dashed curve].
From the inset of Fig. 3, we also found that the six cav-
ity modes split into six normal modes. Figure 3(a) shows
that an OMIT occurs when the optomechanical interac-
tion is at an odd-numbered location in the cavity chain. As
shown in Fig. 3(a), with the transparency dip becoming
shallower the farther the optomechanical cavity is from
the probe cavity. Figure 3(b) shows that optomechani-
cally induced absorption (OMIA) emerges in the absorp-
tion spectrum of the probe field when the optomechanical
interaction is in an even-numbered cavity and similar to
Fig. 3(a), the absorption peak becomes shallower when
the optomechanical cavity keeps moving away from the
probe cavity. In addition, the red solid curves in Figs. 3(a)
and (b) show that the positions of the OMIT dip and the
OMIA peak are almost the same, which is caused by the
symmetry of the system structure. When the optomechan-
ical interaction is in the second or fifth cavity and in the
third or fourth cavity, the conclusions are the same.

Finally, we expanded the cavity chain from six cavities
to fifteen cavities, that is, Ji o = Joz =+ = J; 141 = 2K
(i = 1,2,---,14), as shown in Fig. 4. In this case, the
probe field is at the first cavity, and the output spectrum

@015

& 0.1+

0.05

b
®)0.45 ] 03 :

0.257

N u 0 T T T LAY
« 03 -1 05 0 05 1 HAY

hmy e e 2 ‘tix

0.013
olw,,

0.15
0.012

0.014

Fig. 3 Absorption of the output field eg as a function of the
normalized frequency o/wy,. Here, cavity chain is composed of
six cavities, i.e., switch on the tunnel coupling between the
first six cavities [Ji i1 = 2k (1 = 1,2,---,5)]. In panel (a),
the optomechanical cavity is chosen to be in the first, third,
fifth cavity; while in panel (b), the optomechanical cavity is
chosen to be in the sixth, fourth, second cavity, which is shown
in the red solid, blue dashed, and green dashed-dot curves,
respectively.
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depends on the position of the optomechanical cavity. Fig-
ure 4 contains two graphs, namely, (a) the value ep of
the OMIT dip or OMIA peak in the absorption spectrum
and (b) the position of the dip or peak o/w,, as a func-
tion of the position N of the optomechanical cavity. In
Fig. 4(a), the blue dashed curve shows the value of the
dip of the transparency window when the optomechani-
cal cavity is at an odd-numbered position, and the green
dash-dotted curve shows the absorption peak induced by
optomechanical interaction when the optomechanical cav-
ity is at an even-numbered position. These two curves
show that as the distance between the probe cavity and
the optomechanical cavities increased, the minimum value
of the OMIT dip and the maximum value of the OMIA
peak trend to the same value when the cavity number is
beyond 15. This means that the effect of optomechani-
cal interaction weakens gradually as the optomechanical
cavity becomes farther from the probe cavity. Figure 4(b)
shows the position of the transparency dip or absorption
peak generated by the optomechanical interaction, from
which we found that this position depends partly on the
structure of the cavity chain: when two optomechanical
cavities are at symmetric positions in the chain, the posi-
tions of the dip and the peak are almost the same.

Thus, by combining panels (a) and panels (b) in Fig. 3
and Fig. 4, we can identify the position of the optome-
chanical interaction: first the optomechanical interaction
is at either an odd- or even-numbered position depending
on whether there is an OMIT or an OMIA, respectively, in
the output field; then, by combining with the value of the
transparency dip or absorption peak, the exact position
of the optomechanical interaction can be obtained.
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Fig. 4 Cavity chain is composed of 15 cavities, and the probe
field is at the first cavity. In panel (a), the value of the absorp-
tion dip or peak induced by optomechanical interaction as a
function of the position of the optomechanical cavity: the posi-
tion of the optomechanical cavity is odd or even shown in blue
dashed or green dashed-dotted curve, respectively. In panel
(b), the red solid curve shows that the normalized frequency
o /wm corresponding to the absorption dip or peak changes
over the position of the optomechanical cavity.
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4 Absorption properties of infinite-cavity
chain

In the previous section, we considered how the absorption
properties in a cavity chain with a given length vary with
the position of the optomechanical interaction. Now, we
investigate how increasing the number of bare cavities fol-
lowing the optomechanical cavity affects the probe absorp-
tion properties. In this section, we discuss the cavity-chain
system in two aspects, namely, (i) increasing the number
of bare cavities after the optomechanical cavity and (ii)
increasing the number of bare cavities on the both sides
of the optomechanical cavity, which we can think of as an
infinite-cavity chain.

We begin by considering the situation in which the op-
tomechanical interaction is in the first cavity of the chain
and always induces a transparency window in the absorp-
tion spectrum. Figure 5 contains two graphs, namely, (a)
the value e of the OMIT dip in the absorption spectrum
and (b) the position of the dip o/w,, as a function of the
number N of bare optical cavities. Figure 5(a) shows that
the value of the dip tends to be fixed as the number N
of bare cavities is increased; the value of the dip increases
for odd N and decreases for even N as N is increased.
Figure 5(b) shows the position of the dip which exhibits
a fluctuation that weakens gradually as N is increased.

Next, we investigate how the absorption properties vary
with the number of bare cavities when the optomechanical
interaction is in the second cavity and always induces an
absorption peak in the output field. Figure 6(a) shows the
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Fig. 5 The length of the cavity chain is changeable by in-
creasing bare cavities behind the optomechanical cavity, and
both the optomechanical cavity and the probe field are at the
first cavity. In panel (a), the value of the optomechanical trans-
parency dip as a function of the number N of bare optical
cavities behind the optomechanical cavity, the number is odd
or even shown in blue dashed or green dashed-dotted curve,
respectively; in panel (b), the red solid curve shows that the
normalized frequency ¢ /wm,, which the transparency dip cor-
responds to, changes over the number of bare optical cavities.
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value of the absorption peak as a function of the number
(N) of bare optical cavities. Again, we found that the
value of the peak tends to be fixed as N is increased:
the value of the peak decreases for odd N and increased
for even N. Figure 6(b) shows that the position of the
absorption peak changes with N. By comparing Fig. 5(b)
and Fig. 6(b), we observed that the position exhibits the
same tendency in both cases.

Then, we focus on the case in which we increase the
number (N) of bare cavities on both sides of the optome-
chanical cavity, and we investigate further how N affects
the output field. Here, the optomechanical interaction and
the probe field are in the middle cavity. As N is increased,
we observe that the optomechanical interaction always in-
duces a transparency window in the absorption spectrum.
Figure 7 shows the value e of the transparency dip in the
absorption spectrum and the position o /w,, of the dip as a
function N. Figure 7(a) shows e increases with N when
N is odd (blue dashed cureve) but decreases with N when
N is even (green dash-dotted cureve); however, these two
curves ultimately tend to a fixed value. In Fig. 7(b), ex-
cept for N = 1, the other positions of the dip simply fluc-
tuate around a fixed value, with the fluctuation amplitude
decreasing gradually with V.

Figures 5—7 show that as the number of cavities is in-
creased, the values of the transparency dip and absorption
peak tend to become steady, as do their positions. This
means that the influence of the optomechanical interaction
on the output field weakens as the number of cavities is
increased, which is very important for choosing the length
of the cavity chain.

—_
W
wn
N

1 2 3 4 5 6 7 8
N

9 10 11 12 13 14

Fig. 6 The length of cavity chain is changeable by increas-
ing bare cavities behind the optomechanical cavity, and the
optomechanical cavity is at the second cavity while the probe
field is at the first cavity. In panel (a), the value of the op-
tomechanical absorption peak as a function of the number N
of bare optical cavities after the optomechanical cavity, the
number is odd or even shown in blue dashed or green dashed-
dotted curve, respectively; in panel (b), the red solid curve
shows that the normalized frequency o /wy,, which the absorp-
tion peak corresponds to, changes over the number of bare
optical cavities.
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Fig. 7 The length of the cavity chain is changeable by in-
creasing bare cavities on both side of the optomechanical cav-
ity, and both the optomechanical interaction and the probe
field are at the middle cavity. In panel (a), the value of the
optomechanical transparency dip as a function of the number
N of bare optical cavities in one side of the optomechanical
cavity, the number is odd or even shown in blue dashed or
green dashed-dotted curve, respectively; in panel (b), the red
solid curve shows that the normalized frequency o /w,, corre-
sponding to the transparency dip, changes over the number of
bare optical cavity.

5 Summary

In conclusion, we have investigated how the structure of a
cavity chain influences the spectral properties of the probe
output field, and we found that such a system exhibits an
OMIT and an OMIA caused by the optomechanical in-
teractions. In order to manifest the main effects of the
optomechanical interaction, the cavity chain is confined
to the degenerate situation. Probing the first cavity in a
chain of given length, the position of the optomechani-
cal interaction determines whether a transparency win-
dow or an absorption peak appears in the output field
and when the optomechanical interaction is far from the
probe field, the value of the transparency window or ab-
sorption peak decreases. These can be used in turn to
determine the position of the optomechanical interaction.
Moreover, when we increase the number of bare cavities
either after or on either side of the optomechanical cav-
ity, the OMIT and OMIA do not change qualitatively.
These show that the OMIT and OMIA are determined
by the position of the optomechanical interaction relative
to the probe field. However, the extreme value of OMIT
or OMIA decay asymptotically with the number of the

J

bare cavities, which implies a limitation for the length
of the chain. These interesting phenomena should be of
much importance for quantum information processing by
optomechanical cavity chains. In addition, the delicate

tunability can be realized in not only one dimensional but
also higher dimensional optomechanical crystal, which can

also be treated by OMPY.
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Appendix A

Due to the assumption that the coupling field is stronger
than the probe field, the variables of the movable mirror
and cavity fields are divided into the steady parks and
the fluctuation ones: O = O, + 60, where O denotes the
varables: a;, p?, G2, pid; + Gipi (i = 1,2,---6). The steady
parts of the variables are given by

_ —1120 + a\/1ck

ais ) ot J122 ) (Al)
lAl + 5 + Dy
—iJi_1 40515 —1J;i41C5 41+ Eci/Meki
Qjs = D y b— 27 T 57
(A2)
—iJ5 6055 +Ec6+/TNcR6
ags = iA/ ¥ K6 ) (AS)
67T 2
1+2n
pzzs: —; nhmiwm’i7 1=1,2,---,6, (A4)
PisQis + QisPis = 07 1= 1a 27 T a6a (A5)
2 v
2 _ L i=1,2,-- 6, A6
s m2w2,. + 2hm;g;al,ais ! (A6)
where
D¢ = iA% + Kg/2, (A7)
Ec6/Tch6
Gy = 2T, (A8)
J2.
D =iA) + k2 + 22 =9 ... 5 (A9)
D
C - Eciy/Meki —DZ.‘Ji,i+1Ci+1’ — 9.5 (A10)

The dynamical behaviors of the system can be obtained
by solving the equation of the motion for the fluctuations:

d(da .
<d?1> = —(k1/2 +1A7)(0d1) — igra1s(665) — iJ1,2(0az) + epy/Nerire ", (Alla)
d(da;
<d;l i = —(Ki/2 +1A7)(0a;) — igiais <§C712> —iJi—1,i(0Gi—1) — iJ;i41(0Gi1), 1=2,---,5, (A11b)
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d(da . . . R . .

<dt6> = —(ke/2 +iAF)(0ag) — igsacss (6G2) — iJs6(as), (Allc)
d(64? 1. .

<d(t11> B Ew(l’i% +G@ipi)), i=1,2,--,6, (Alld)
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