COL 16(1), 012701(2018)

CHINESE OPTICS LETTERS

January 10, 2018

Controllable single-photon transport in an optical
waveguide coupled to an optomechanical cavity with a
V-type three-level atom

Yuqing Zhang (7K E7)"*, Zhonghua Zhu (4 4£)', Zhaohui Peng ((Z#iIF),
Chunlei Jiang (Z#7%)", Yifeng Chai (4¢—1&)', and Lei Tan (i #5)?
!School of Physics and Electronic Science, Hunan University of Science and Technology, Xiangtan 411201, China
?Institute of Theoretical Physics, Lanzhou University, Lanzhou 730000, China

*Corresponding author: lanzhougx@163.com
Received July 31, 2017; accepted October 13, 2017; posted online November 6, 2017

An optomechanical cavity embedded with a V-type three-level atom is exploited to control single-photon
transport in a one-dimensional waveguide. The effects of the atom—cavity detuning, the optomechanical effect,
the coupling strengths between the cavity and the atom or the waveguide, and the atomic dissipation on the
single-photon transport properties are analyzed systematically. Interestingly, the single-photon transmission
spectra show multiple double electromagnetically induced transparency. Moreover, the double electromagneti-
cally induced transparency can be switched to a single one by tuning the atom—cavity detuning.
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Single-photon transport in waveguide quantum electrody-
namics systems coupled with atoms or quantum dots has
stimulated considerable interest because of its important
applications in quantum computation, quantum informa-
tion processing, and the realization of all-optical quantum
devices!™. Recently, cavity optomechanics has opened
the prospect of manipulating the propagating single
photon® ¥ It has wide applications, such as in ultrasen-
sitive measurements of the position of a mirror, allowing
for gravitational wave detection 22, realization of macro-
scopic quantum objects?, and as a fundamental platform
for exploring coupling to other quantum systems?.
With the rapid advance in optical trapping and micro-
fabrication techniques, cavity optomechanics has entered
the single-photon strong coupling regime22, Therefore,
it is convenient to control the single-photon transport
in a waveguide by means of cavity optomechanics. Based
on the model of a single-mode fiber coupled to an empty
optomechanical cavity, Ren et al.’ derived single-photon
transmission amplitudes with a real-space approach and
explored the influences of the optomechanical cavity
and mechanical dissipation on the photon transport. Jia’s
group? reported a single photon scattered by an optome-
chanical cavity embedded with a two-level atom coupled
to a one-dimensional waveguide. An analogous Rabi
splitting and electromagnetically induced transparency
(EIT) -like phenomena in the single-photon spectra were
observed in different parameter regimes. It should be in-
teresting to introduce a multilevel emitter, such as a three-
level atom in such a system. Then, more controllable
parameters to manipulate the single-photon behavior
could be provided, and, hence, rich physical phenomena
are expectedZ 2 In this work, we investigate a control-
lable single-photon transport in a one-dimensional
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waveguide, side-coupled to an optomechanical cavity with
a V-type three-level atom (VTA). Our results demon-
strate that the transmission spectra in the considered
system show multiple EIT phenomena. The effects of
the single-photon optomechanical coupling strength, the
optomechanics—waveguide coupling strength, the interac-
tion between the atom and the cavity, as well as the
atom—cavity detuning on the single-photon properties are
discussed. In addition, the influence of the atomic dissipa-
tion on the single-photon transport is explored.

We consider an optical waveguide coupled to an
optomechanical cavity with a VTA inside. The sketch
and atomic-level structure are shown in Fig. 1. The
Hamiltonian of the system is given by (A = 1)

"= / dra(z) (—wg a%) an(2)
+ / dm;(x)(wg%)%(x)mlan+(w2—iy2)022

+ (03 — iy3)os3 + @, e+ Qb — gocte(b+ bh)
+Ai(cos + cTo13) + Aa(cog + cTo1a)

+ V/dxé(x)[ag(x)c + ap(z)c™ + af (z)c

+ (IL(.'E) C+]7
(1)

where a},(z)[ap(z)] and a} (z)[ag(z)] are the bosonic cre-
ation (annihilation) operators of the right- and left-going
photons with group velocity v, at position z, respectively.
The energies of the levels |i) (i = 1,2,3) are hw;. 6,, =
1) (v| (u, v=1,2,3) is the transition operator between
u and v. y5 and y3 describe the atomic dissipation rates.
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Fig. 1. Schematic diagram of a hybrid atom—optomechanical
system interacting with an optical waveguide. The hybrid system
consists of an optomechanical cavity and a VT A, and the single-
photon travels along the arrow direction in the one-dimensional
optical waveguide.

¢ (b") is the photon (phonon) creation operator. m, and Q
are the optomechanical cavity and the mechanical mode
resonance frequencies, respectively. g, is the single-photon
coupling strength between the cavity and the mechanical
mode. 4; and A, describe the interaction between the VTA
and the optomechanical cavity associated with the atomic
transitions |1)—|3) and |1)—|2), respectively. V denotes the
coupling strength between the cavity and the waveguide.
8(z) implies that the interaction occurs only at = 0. The
decay rate of the photon from the optomechanical cavity
into the waveguide is given as ' = V2 /v

When a single photon comes into a one-dimensional
optical waveguide, the stationary eigenstate in the
single-photon subspace for the total Hamiltonian can be
expressed as

W =3 [ Al p(z, m)a(2) @) )y

+ ¢z, n)ag (2)|@)|n),]
+ Z%Cﬂ@”mb + an021|@>|”>b

+ chaiﬂ |®> | Tl) by (2)

where ¢p(z,n) and ¢r(z,n) denote the probability
amplitudes of the right- and left-propagating photons,
respectively. |@) denotes that there are no photons in both
the waveguide and the cavity, as well as the atom in the
ground state. |n), represents the number state of the
mechanical mode. a,, describes the excitation amplitude
of the cavity. b, and ¢, are the probability amplitudes
of the atomic states |2) and |3), respectively. |n), =
exp|go (0T — b)/Q]|n), is the single-photon displaced num-
ber state of the mechanical oscillator, satisfying the eigen
equation

[w.cte+QbTh— gocTe(b+ b1)]|1) . |7),
= (0, + nQ—9)[1) |n),, (3)

with the photon-state frequency & = g3/Q. ¢p 1 (z,n) are
given by

Pz, n) = [0(—2)8m, + O(z)t, ] L1 g

b1, ) = O(—z)rye 08 5

For simplicity, we assume that the initial state of
the mechanical resonator is in number state |ny), and
let ng =0 to get numeric results. By solving the eigen
equation H|y) = E|y), we can therefore obtain a set of
equations, expressed as follows:

fZ'l)g(tn - 5nn0) + VZCLm Unm - 07 (6)

m

*Z'Ug'rn + Vzam Unm = 07 (7)

m

|4 -
5 (511110 + tn + rn) + /11 Cp + 12 bn = ZA(’(m) A, Unnm

(®)

A?Zam Umn = Aal (n) bnv (9)

llzam Unm = Aa?(n) Cns (10)

with A (m) = A, + (ng —m)Q+ 38, Ay (n) = A, — Ay +
(ng —n)Q+1ry, Ap(n) = A, — Dy + (ng — n)Q + dys.
Aacl = W12 — W, AacQ = W13 — W, and Ac = ng — W,
denote the detunings between the atom or the incident
photon and the cavity, respectively. U, = (n|,|m),,
and E =,k + nyQ + ;. According to Eqgs. (6)—(10),
the photon’s transmission and reflection spectra could
be obtained through the relations 7 =Y |t,|?, and
R=>",|r,/*. Based on the numerical results, we will
discuss the coherent transport properties of the single pho-
ton by controlling the parameters of the optomechanical
cavity and the VTA.

Firstly, we explore the influence of the atom-—cavity
detuning. The group velocity of the photon is chosen as
v, =1 for numerical investigation. Figure 2 presents
the single-photon transmission spectra for different
atom—cavity detunings in the absence of the optomechan-
ical effect (i.e., go = 0). When A, = A,» = 0, as shown
in Fig. 2(a), a typical EIT is exhibited in the transmission
spectrum. With the atom—cavity detunings A,.,; = 0, but
A, # 0, the spectra show an interesting double EIT, con-
sisting of three dips and double peaks in the transmission
spectrum, as depicted in Figs. 2(b)-2(d). Obviously, the
two peaks are associated with the two transition paths
of the three-level atom, which is confirmed by the results
in Figs. 2(b)-2(j). As the detuning A, increases, the peak
on the right moves in the positive direction along the A,
axis, but the one on the left keeps still. In addition, for far
detuning A,., there is a recurrence of the single EIT,
where the right peak located in the double EIT window
is removed, as shown in Fig. 2(e). The results imply that
a switch between a double EIT and a single one can be
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Fig. 2. Single-photon transmission spectra for different
atom—cavity detunings. (a)-(e) A,y =0, and A, #0.

(H—() Ay #0, and A,y #0. Other parameters: gy =0,
A =29 =0.05, y9 =y3 =0, ' =0.1. All of the parameters are
in units of Q.

realized by tuning the atom—cavity detuning. The case of
double atom—cavity detunings with A, ; # 0,and A, # 0
is also plotted in Figs. 2(f)-2(j). Figure 2(f) shows that the
double peaks are not located in the center of the EIT win-
dow. When the two detunings increase simultaneously,
the double peaks move away from the center and convert
to dips, leaving a broad transmission dip, as depicted in
Figs. 2(g)-2(j).

Next, we explore the influences of the optomechanical
coupling strength g, on the transmission behavior of
the injected photon, as shown in Fig. 3. For ¢g; = 0, a dou-
ble EIT appears in the symmetric spectrum, as shown in
Fig. 3(a). When the optomechanical effect is considered
(g # 0), the spectra show a complex structure. Especially
for gy = 1, an interesting multiple double EIT occurs in
the transmission spectra, as depicted in Fig. 3(d). For
the model of the two-level atom coupled to the optome-
chanical cavity, there are two kinds of dressed states
(|U/$L+)> and |1//575>, n =0,1,2..) in single-photon subspace
(see Fig. 3 in Ref. [26]). In the regime 1 < T, there is a

Fig. 3. Single-photon transmission spectra for different optome-
chanical coupling strengths. Other parameters: 1; = 1, = 0.05,
A1 =0,A,0=0.1,y, =y3 =0,and I' = 0.1. All of the param-
eters are in units of Q.

destructive quantum interference between two transitions
from the initial state (]0).|g),|0),) to the two near-

degenerate dressed states (|y/§,+>> and |I[I,(,;)m>), and then
a complete transmission of the single photon occurs,
resulting in an EIT structure in the transmission spectra.
Similarly, in this work, there should be three near-
degenerate dressed states in the single-photon subspace,
and then two different destructive quantum interferences
occur, which leads to the formation of two peaks in the
EIT windows. Moreover, when the optomechanical effect
is considered, the photons along the waveguide interact
with a series of energy sidebands, so multiple EITs would
emerge in the single-photon transmission spectra.

Figure 4 displays how the coupling strength between
the optomechanical cavity and the waveguide affects
the single-photon transport. It is convenient to use I' to
characterize the coupling strength, since it describes the
decay rate of spontaneous emission into the one-
dimensional waveguide, which is given by I' = V2/ug.
As is seen from Fig. 4(a), when the interaction is very
feeble, for example, I' = 0.01, there are three narrow dips
at around A, = 0. When the coupled system enters the
region (A1,4y) < T, the transmission dip on the left is
broadened gradually with increasing I'. As a consequence,
a double EIT structure emerges, which is composed of two
sharp peaks and a very broad transmission dip. It is also
noted that the two small peaks on the right are suppressed
for a sufficiently strong coupling strength I', as demon-
strated in Fig. 4(e). In this situation, gy < I', and the
optomechanical effect is very weak.

Then, we pay attention to the effect of atom—cavity cou-
pling strength on the single-photon spectra, as shown in
Fig. 5. For simplicity, we fix 1o = 0.05 and change the
value of 1;. When 4, increases, the double EIT structure
disappears gradually, and two splitting dips emerge in the
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Fig. 4. Single-photon transmission spectra for various interac-
tion strengths between the hybrid atom—optomechanical system
and the waveguide. Other parameters: gy = 0.4, ; = A5 = 0.05,
A1 =0, Aye = 0.1, y9 =y3 =0. All of the parameters are in
units of Q.
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Fig. 5. Single-photon transmission spectra for various coupling
strengths between the cavity and the VT A. Other parameters:
go=04, Ayey =0, Aypy =0.1, y9 =y3 =0, and T' = 0.1. All of
the parameters are in units of Q.

spectra, as shown in Figs. 5(d) and 5(e). As is well-known,
the structure of the single-photon spectra is decided by the
relations among these parameters: A, I', and Q. When
A < T, the spectra show an EIT structure. But in the re-
gion 1> Q> T, strong atom—cavity coupling results in
Rabi splitting of the spectra. Besides, there is an addi-
tional dip at around A, = 0 in the transmission spectra.
However, when 15 = 0, the three-level atom is equivalent
to a two-level atom, as plotted in Fig. 5(f). There are only
two splitting dips in the transmission spectrum, showing
vacuum Rabi splitting2J.

In a real system, the unavoidable loss always leads to
the leakage of photons into non-waveguide channels. Here,
the atomic loss (7 = y3 = 0.001) in the present system is
considered, as shown in Figs. 6 and 7. For the non-
dissipation case in Fig. 6(a), the sum of the transmission
and reflection probabilities is one (i.e., R+ T = 1) due to
no leakage of photons. When the dissipation is considered,
it is less than one, as depicted in Fig. 6(b). In addition, as
the coupling strength between the cavity and the atom
increases, the effect of atomic dissipation is suppressed,
and, then, the minima of R + T get closer to one, as shown
in Fig. 7.

In conclusion, we theoretically investigate the single-
photon transport along a one-dimensional waveguide
side-coupled to an optomechanical cavity embedded
with a VT'A. The influences of the atom—cavity detuning,
the optomechanical effect, and the coupling strengths
between the cavity and the atom or the waveguide on
the transmitted spectra are discussed. It is found that, dif-
ferent from the case of a two-level atom, the transmission
spectra in the considered system show multiple double
EIT phenomena in a multiphonon process. By adjusting
the atom—cavity detunings, a switch between a double
EIT and a single EIT can be realized. Furthermore, it
is shown that increasing the atom-—cavity coupling
strength could weaken the effect of atomic loss.
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Fig. 6. (Color online) Single-photon transmission and reflection
spectra in atomic dissipation and non-dissipation cases for vari-
ous coupling strengths between the cavity and the VTA.
(a) 72 =73=0. (b)—(f) yo =y3=0.001. Other parameters:
go=0.4,A,,; =0,A, =0.1,and T" = 0.1. All of the parameters
are in units of Q.
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Fig. 7. (Color online) Sum of transmission and reflection prob-
abilities of the single photon in atomic dissipation for various
coupling strengths between the cavity and the three-level atom.

Other parameters: gy = 0.4, A,y =0, A, = 0.1, T = 0.1. All of
the parameters are in units of Q.
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