CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Fano interference and transparency in a waveguide-nanocavity hybrid system with an

auxiliary cavity

Yu-Xin Shu(#52%%), Xiao-San Ma(Z /M=), Xian-Shan Huang(ZfliLli), Mu-Tian Cheng(f£AH), and Jun-Bo
Han(#HR21%)

Citation:Chin. Phys. B, 2021, 30 (10): 104204. DOI: 10.1088/1674-1056/ac041e

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Ideal optomechanically induced transparency generation in a cavity

optoelectromechanical system

Jing Wang(F4%) and Xue-Dong Tian(FH %5 %)
Chin. Phys. B, 2021, 30 (10): 104211. DOI: 10.1088/1674-1056/ac1924

Tunable optomechanically induced transparency and fast-slow light in a loop-coupled

optomechanical system

Qinghong Liao(/E ki), Xiaogian Wang(F&1#), Gaogian He({] = 1#), and Liangtao Zhou(f K. #4)
Chin. Phys. B, 2021, 30 (9): 094205.  DOI: 10.1088/1674-1056/ac0cda

Ground-state cooling based on a three-cavity optomechanical system in the

unresolved-sideband regime

Jing Wang(F£1#)
Chin. Phys. B, 2021, 30 (2): 024204. DOI: 10.1088/1674-1056/abc159

Dissipative quantum phase transition in a biased Tavis-Cummings model

Zhen Chen(f4:3%), Yueyin Qiu(f & ), Guo-Qiang Zhang(7k [F i), Jian-Qiang You(Ji7 & 5ik)
Chin. Phys. B, 2020, 29 (4): 044201. DOI: 10.1088/1674-1056/ab7b55

Influence of Fano interference and incoherent processes on optical bistability in a

four-level quantum dot nanostructure

Seyyed Hossein Asadpour, G Solookinejad, M Panahi, E Ahmadi Sangachin
Chin. Phys. B, 2016, 25 (3): 034205. DOI: 10.1088/1674-1056/25/3/034205


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac041e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac041e
https://doi.org/10.1088/1674-1056/ac041e
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac1924
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac1924
https://doi.org/10.1088/1674-1056/ac1924
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac0cda
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac0cda
https://doi.org/10.1088/1674-1056/ac0cda
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abc159
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abc159
https://doi.org/10.1088/1674-1056/abc159
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab7b55
https://doi.org/10.1088/1674-1056/ab7b55
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/3/034205
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/3/034205
https://doi.org/10.1088/1674-1056/25/3/034205

Chin. Phys. B Vol. 30, No. 10 (2021) 104204

Fano interference and transparency in a waveguide-nanocavity
hybrid system with an auxiliary cavity”

Yu-Xin Shu(# 7%%)!, Xiao-San Ma(%/h=)!, Xian-Shan Huang(Fili11)?,
Mu-Tian Cheng(F2 A H)LT, and Jun-Bo Han(¥{2 )3

1School of Electrical Engineering & Information, Anhui University of Technology, Maanshan 243002, China
250h001 of Mathematics and Physics, Anhui University of Technology, Maanshan 243002, China
3 Wuhan National High Magnetic Field Center and Department of Physics, Huazhong University of Science and Technology, Wuhan 430074, China

(Received 15 January 2021; revised manuscript received 3 March 2021; accepted manuscript online 24 May 2021)

We investigate theoretically single photon transport in one-dimensional waveguide coupled to a pair of cavities, which
are denoted by the first cavity and the auxiliary cavity. Two cases with no atom and one atom embedded in the first cavity
are discussed. The Fano dips in the transmission spectrum and locations of transparency window are calculated. When no
atom is embedded in the first cavity, there exists a transparency window under the condition that the first cavity and the
auxiliary cavity are not resonant. The locations of the transparency window and Fano line type depend strongly on the eigen
frequency of the auxiliary cavity and the coupling strength between the auxiliary cavity and the waveguide. When one atom
is embedded in the first cavity, we show that the transparency window exists even though the first cavity, the atom and the
auxiliary cavity are resonant. The Fano line type is strongly dependent on the eigen frequency of the auxiliary cavity and
the coupling strength. Our results have potential applications in design of quantum devices at the level of single photon,

such as single photon switch and single photon routers.

Keywords: Fano interference, waveguide quantum electrodynamics, auxiliary cavity

PACS: 42.50.Nn, 42.50.Ct, 32.70.Jz

1. Introduction

Realization of strong coupling between atoms and pho-
tons plays important roles in quantum information process-
ing. Many groups have reported the realization of strong cou-
plings between atoms and photons in one-dimensional waveg-
uide in recent years.!'="1 Typical waveguides include metallic

nanowires, ! fibers,!? supercondcuting transmission lines!®’]

3491 Based on the strong

and photonic crystal waveguides.!
coupling, photon scattering properties in the one-dimensional
waveguide have also been investigated widely.[!*38] By
controlling single photon reflection and transmission spec-
tra, different kinds of quantum devices and quantum logic
gates have been proposed and realized, which includes sin-
gle photon switching,['%1?! transistors,!'3-131" diodes,!'®!7]
routers, 2224271 circulators, 3-2%1 and frequency-combs.m’zﬂ
An atom-waveguide system with strong coupling is also a
good platform to investigative many quantum effects, such as
collective emission,[39] collective Lamb shift,[0! and photon
bound states,*! due to the phase (or time delay) induced by
photons propagating in waveguides. Many of these develop-
ments can be found in the recent excellent reviews. [+

It is well-known that photonic crystal (PhC) cavity can
enhance the interaction between photons due to its ultrasmall
mode volume and low dissipation rate. Thus, there are many

reports on single photons transporting in waveguides interact-

DOI: 10.1088/1674-1056/ac041e

ing with a quantum emitter embedded in a PhC cavity. The
photon scattering properties can be manipulated by the fre-
quency of the PhC cavity, the interaction strength between the
atom and the PhC cavity, etc.

On the other side, several investigations show that many
quantum optical phenomena induced by the interaction be-
tween atom and photon in a PhC cavity can be manipu-
lated by an auxiliary cavity (AC). Recently, Liu et al. in-
vestigated the vacuum Rabi oscillations for a single quan-
tum emitter insider a cavity, where the cavity couples to an
AC.[4] After that, Chen predicted that AC can induce vac-
uum Rabi splitting in a semiconductor quantum dot-first cav-
ity system.[*”] Furthermore, the ACs enhancing the dipole
induced transparency!*®! and manipulating the optomechan-
ically induced transparency!*®! have also been reported re-
cently. In most of these models, the AC and the PhC cav-
ity are coupled directly. In this paper, we investigate AC-
assisted controlling Fano interference effects and transparency
in the transmission spectrum of single photon scattering. In
our model, the AC and PhC cavity are coupled through the
waveguide, thus they interact indirectly. For a more general
case, the PhC cavity is denoted as the first cavity (FC). The
calculations show that the Fano dips and locations of trans-
parency window depend strongly on the eigen frequency, cou-
pling strength and location of the AC. The scheme may pave
the way towards the realization of solid integrable quantum
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devices at single-photon levels.

2. Theoretical models for AC-assisted control-
ling single photon transport

The model we consider is shown in Fig. 1. The FC and
AC are coupled by a waveguide. The separation between the
FC cavity and AC is L. J; (J,) denotes the coupling strength
between the FC (AC) and the waveguide.
ground state |g) and excited state |e) is embedded in the FC.

An atom with

The configuration can be realized in the solid system using a
usual photonic crystal technique.?%3°! A parallel line-defect
photonic waveguide sustains the photon propagation, which
couples to two separated point-defect cavities. A quantum dot
is embedded in one of the point-defect cavity. The other point-
defect cavity plays the role of AC. A similar possible physical
configuration was given in Ref. [51].

FC AC
l? —
— —
o J. e Ja
AR A
I I f
r=0 x=1L

Fig. 1. The configurations of AC-assisted controlling single photon
propagation. The FC and AC are coupled indirectly by a waveguide.
The green dot denotes the two-level system.

After linearization of the photonic dispersion of the
waveguide mode near the eigenfrequency of the FC, the sys-
tem can be described by the following Hamiltonian (with
h=1):

H :/ dx[Cl (v) ( - ivga)CR(x) +Cl ) (iv a)CL(x)]
dx £ ox
+ 0. Oce + OcC ¢+ ya’a+ 8(coee + cTGge)

e / dx8(x)[CL(x)c+C (x)e+ Hee)

+J, / xS (x—L)[Cl (x)a+C (¥)a+Hel, (1)
|

ka(82 - kcke)

where C}(x) (C] (x)) denotes creating a right (left) propaga-
tion at x; v, is the group velocity of the single photon; @,
is the eigenfrequency of the excited state |e); @, and o, are
the eigenfrequencies of the modes of the FC and AC, respec-
tively. We have set the energy scale such that the eigenfre-
quency of the ground state of the two-level system is zero.
Here, G,,, (m,n = e,g) is the dipole operator; ¢’ (a') repre-
sents the bosonic creation operator of the FC (AC); g is the
coupling strength between the FC and the atom, which can be
manipulated by the location of the atom in the FC; d(x) de-
notes the delta function.

The general eigenstate of the Hamiltonian H can be given
in the following form since we concentrate on single photon
transport properties:

|¥) = / dx[e (x)CL (x)]0) + @ (x)C] (x)0)] + uecT|0)
+1,a" |0) + e Oeg |0), ()

where ¢ (x) and ¢ (x) are the probability amplitudes of the
right and left propagating photon, respectively; |0) denotes the
vacuum state with the atom in the ground state and zero photon
among the waveguide, the FC and the AC; u. and u, are the
excitation amplitudes of the FC and AC modes, respectively;
and u, is is the excitation amplitude of atomic state |e).

For the single photon incident from the left of the waveg-
uide, @ (x) and @ (x) take the form

=
z.
=
&
I

exp(ikx)[6(—x) +ab(x)0(L—x)+10(x—L)], (3)
o (x) = exp(—ikx)[r0(—x) + b0 (x)0(L—x)], “)

where 6(x) is the unit step function with 6(0) = 1/2; r and
r are the transmission and reflection amplitudes, respectively;
aB(x)0(L—x) and bO(x)O(L— x) represent the wave functions
of the single photon located between 0 and L.

From the eigenvalue equation H|¥) = |¥), finally, one
can obtain

. , 5
keI — ek LI + igzl—é —ikckely — ikakel¢ +g2ka — kakcke ©)
—kelGIE + ¥ Mk I — i e g’ T 4 i ek ke I + ikyke ©
keIl — 2Kk TG + 82T, — ikeke I3 — ikakeId + g2ky — kakcke”
‘ . .
—LIL+ > MO+ ie? Mk I + ik, IL ®

where ky, = © — @, (m=e,a,c), I, = J2 /vy and I; = J? /v,.

2.1. Without atom

Let us consider the simpler scenario of no atom embed-
ded in the FC first. Then Egs. (5) and (6) degenerate into

L —kake
- LL— XML — ik — ik Lo — ok’

)

r= - - - .
LI — XML — ikokeI; — ikaI — kake

The results are the same as those of two emitters coupled
in a one-dimensional waveguide. The transmission ampli-
tude reaches zero at k, = k. = 0, i.e., ® = ®,] = ®, and
® = 0 = @.. The locations of peaks (LP) in the transmis-

sion spectrum can be found when the following equations are
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satisfied,

2ILIC sin® (kL) 4 k I sin(2kL) = 0, )
ILI; sin(2kL) + k. I cos(2kL) + kI = 0. (10)

The LPs are strongly dependent on kL due to waveguide-
mediated dipole-dipole interaction between the two cavities.
A symmetric transmission spectrum appears when kL = nm/2
When
kL # nm /2, the transmission spectrum shows Fano-type trans-

with w, = o, and I, = I}, where n is an integer.

mission with strong asymmetry. We have analyzed the phys-
ical mechanism for the asymmetric Fano-type transmission
spectrum.”) When @, # @, with kL = n7, there is a trans-
parency window in the transmission spectrum which is located
at @ = (0, + @c)/2. In this paper, we further discuss the effect
of AC on the LP of the transparency.

1.0

— T
Zasrf @ )
—-p=3 | | ost/ (wamwi=1)/ I
i : — (wemwi—)/ Tt
& i OF
R B
il e
il .
5 100 10 ?
n
1.0
............ (d)
| S
...... (wa—wi=1)/Te
& 0 — (we—wi=1)/T%
1-0s
~1.0
|l m 20
Ao/ T n

Fig. 2. Single photon transmission spectra (a) and (c) with different
1. (b) and (d) The distance between the Fano dips and the LP. In (a)
and (b), @, — @. = I, while in (c¢) and (d), w, — . = —I;. The other
parameters are [ = 10w, kL = 7.

It is not difficult to find that ¢ reaches unit when w =
=1 = (03 + 0,I) /(I + It) with @, # @ and kL = nx.
Here w,— depends strongly on I; and @,. Thus, by adjusting
the AC, one can obtain the scattering transparency window.
Figure 2(a) shows T = [t|? as a function of A. = @ — @ with
different 1, where n = I;/I¢. It shows that the peak shifts
from a value close to w, to a value close to @, with increasing
of I;. As we discussed above, there are two dips located at @,
and @ in the transmission spectrum, respectively. The trans-
mission spectrum is symmetric with respect to (@, + @)/2
when I; = I.. However, when I # I;, the transmission spec-
trum exhibits strong Fano-type, as shown by the dotted lines
and dashed dotted lines in Fig. 2(a). The LP is also shifted.
Figure 2(b) shows the distance between the LP and w,(®.). It
exhibits clearly that the peak gets close to @, with increasing
1. The Fano line type near @. shows strong asymmetry when
7 is large. Figures 2(c) and 2(d) show T and @,(®.) — 01,
respectively, for the case of @, — @, = —I;. One can find that

one of the dips shifts to —I; due to changing of @,. It is noted
that m, — @y~ becomes to be negative when @, — @, is pos-
itive. However, with increasing 1, the peak still gets close to
.

By carefully analyzing Eqs. (9) and (10), one can find a
peculiar solution with @ = @;—1 = @, + I; under the condition
that kL = nmt — nt/4 and I, + w0, = I + . (0, # o). Figure 3
exhibits 7" as a function of A, with different @,. It reaches
unit at @ + I, which is consistent with the analytical anal-
ysis. There are still two dips in the transmission spectrum.
One of the dip shifts due to different w,. However, the other
dip keeps at zero since @, is fixed. Different from the case of
kL = nm, the Fano line-type between w, and @, + I¢ is almost
the same even though I is different.

1.0

&~ 0.5

A/ T

Fig. 3. Single photon transmission spectrum with different w,. In
the calculations, I; + @y = It + @, [t = 10 @y, kL = 371/4, Acy =
W — Wy.

2.2. With atom

Now, let us consider the case in which an atom is embed-
ded in the FC. By carefully analyzing Eq. (5), one can find that

there are three dips in the transmission spectrum, which locate

at
0] = Wy, (1)
_ 21 402
W = (we +wc> + (2000 we) +4g 7 (12)
_ _ 24 492
W = (we+wc) V (2wc we) +4g . (13)

To explain this, we review the single photon scattering prop-
erties in the one-dimensional waveguide coupling to a two-
level system firstly. In such a system, the incident photon is
reflected back with probability of 100% when it is resonant
with the two-level system, and the two-level system is called
“quantum mirror”. In our model, the AC can be equivalent to
a two-level system. Thus, when the incident photon is reso-
nant with the AC, i.e., ® = w,, it will be reflected back. The
other two peaks of reflection spectrum result from the interac-
tion between the FC and the atom. The system composed of
FC and a two-level atom can be treated by using the dressed
state picture. In the dressed state, one can get two eigenfre-

quencies, which are given by w,» and @,3, respectively. Thus,
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the incident photon with frequency w,» (®,3) will be reflected
back with probability of 100%.
The LPs in the transmission spectrum can be determined

by the following two equations:

2ke I3 sin® (kL) — g2T; sin(2kL) + kokeI; sin(2kL) = 0, (14)
keI I3 sin(2kL) — g*I; cos(2kL) + kckeI; cos(2kL)

thgkeIL = 0. (15)

It is easy to find that there are two transparency windows,
which separately locate at @ = &y—; = ©. £ g+/1n/(14+1),
with kL = m when FC, AC and the atom are resonant. Note
that there will be no transparency window for the case of no
atom embedded in the FC if the FC and AC are resonant with
kL = m. Figure 4(a) shows T as a function of A.. It exhibits
that the spectrum keeps symmetric with respect to @, with
different 1. However, the transparency window shifts with
1, which is consistent with the analytical results. Further-
more, the width of the transparency window is dependent on
I;. With increasing I, the transparency window around @,—
becomes narrower. When the atom and the FC are detuned
(@0, = @; # W), the transmission spectrum becomes asym-
metrical and the transparency windows shift to @ = @, =
(@ + 0 £ /(0 — )2 +4g2n/(1+n))/2. Since the dips
in the transmission spectrum are independent of 1, one can

adjust I, to obtain sharp nonlinear Fano line-type, as shown
by the red dashed line in Fig. 4(b).

When kL = nz F 1t /4, for the case that the FC and AC are
resonant, one can also find a transparency window locating at
@1 = @ £ NI¢ under the condition

AceEwc—we::F(nR_gz/[(n_l)R])' (16)

1.0 T

kL =3m/4 Wa=wWwc=we
(a) —p=2,g=22r,
---n=3,9=6T,
-— =4, g=12V2I,

i
& 054 i
N . I
NN !
\.\ \\ \\ 1
A N T
\ PAN SN
O . RS . N, N
—5 0 5
AT
1.0 ——n .
.~/' S kL:ﬂ'/4 Wa = We = We
Fee -7 II 7]:2’9:21/2['6
(C) [ II ---n=3,g=6Y2rI,
\
! ——m=4,g=121/2T,
Sos54 1N =R
! \ .
1 1 .
| | . ¥s
1 \ RapY /
Pt I ) S
0 oo }'\I Aid
—5 0 5
A/ T

Figure 5 shows T as a function of A, with different 1. It ex-
hibits that one can adjust the locations of transparency window
by carefully choosing the relationship between g and I to sat-
isfy Eq. (16). There are three dips in the transmission spec-
trum. One of the dips is fixed since @, = @, keeps unchanged.
The locations of the other two dips change with different g, as
we discussed above. It is notable that there is no transparency
window when kL = nz + /4 for the case of no atom embed-
ded in the FC.

1.0

1.0

Fig. 4. Single photon transmission spectrum with different n for the
FC embedded within an atom. (a) The FC, AC and the atom are res-
onant with @, = @, = @.. (b) The atom and the FC are non-resonant
with @, = @. — I and ®, = . In the calculations, It = g = 10,
kL=rm.

1.0

kL =37m/4 wa=we=wetl
(b)y —n=2g=3"I
---n=23,g=28Y2rI,

A/ T

Fig. 5. Single photon transmission spectrum for the FC embedded within an atom. In (a) and (c), the FC, AC and the atom are resonant. In

(b) and (d), the FC and the AC are resonant but the atom is detuned with @,

I =10 a.

— @, = I;. The other parameter in the calculations is given by
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3. Discussion

The Fano interference effects due to absorption and emis-
sion from the two or more emitters coupled to one waveguide
have been discussed before.!!%37! The case of kL = n is stud-
ied widely in these reports. In the present article, we discuss
analytically the dips and positions of peak in the transmis-
sion spectrum in detail and find that when no atom is em-
bedded in the FC, there exists a transparency window with
kL = (n—1/4)m. When an atom is embedded in the FC,
there exists two transparency windows with kL = 7 and one
transparency window with kL = (n+ 1/4)x in the case that
FC and AC are resonant. The intrinsic physical mechanism
results from energy structure modifications of the FC by the
embedded atom. The locations of Fano dips and Fano-types
can be modulated by the AC.

4. Summary

In summary, we have theoretically investigated Fano in-
terference and transparency in a waveguide-nanocavity hybrid
system with an auxiliary cavity. When no atom is embedded in
the FC, there is a transparency window locating at (@, + @) /2
with kL = 7 under the condition of @, # @.. Furthermore, we
also find that when kL = (n — 1/4)7, a transparency window
will appear under the condition I + @, = I¢ + @.. The lo-
cations of Fano dips are determined by @, and @.. When one
atom is embedded in the FC, the locations of transparency win-
dows depend on the coupling strength between the AC and the
waveguide for the case of kL = w. Comparing with the case of
no atom embedded in the FC, there are transparency windows
in the transmission spectrum when kL = (n+1/4) 7. The Fano
dips depend strongly on ®,, @, and g. With increasing I¢, the
Fano line-type near the transparency window becomes more
sharp. Our results may find applications in designing quan-
tum devices at single-photon level such as sensing, and single
photon switching.

References

[1] Akimov A V, Mukherjee A, Yu C L, Chang D E, Zibrov A S, Hemmer
P R, Park H and Lukin M D 2007 Nature 450 402

[2] Yalla R, Sadgrove M, Nayak K P and Hakuta K 2014 Phys. Rev. Lett.
113 143601

[3] Goban A, Hung C L, Hood J D, Yu S P, Muniz J A, Painter O and
Kimble H J 2015 Phys. Rev. Lett. 115 063601

[4] Claudon J, Bleuse J, Malik N S, Bazin M, Jaffrennou P, Gregersen N,
Sauvan C, Lalanne P and Gérard J M 2010 Nat. Photon. 4 174

[5] Astafiev O, Zagoskin A M, Abdumalikov A A, Jr, Pashkin Yu A, Ya-
mamoto T, Inomata K, Nakamura Y and Tsai J S 2010 Science 327
840

[6] HoilC, Wilson C M, Johansson G, Palomaki T, Peropadre B and Dels-
ing P 2011 Phys. Rev. Lett. 107 073601

[7] Mirhosseini M, Kim E, Zhang X, Sipahigil A, Dieterle P B, Keller A J,
Asenjo-Garcia A, Chang D E and Painter O 2019 Nature 569 692

[8] Javadi A, Sollner I, Arcari M, Lindskov Hansen S, Midolo L, Mah-
moodian S, Kir§anské G, Pregnolato T, Lee E H, Song J D, Stobbe S
and Lodahl P 2015 Nat. Commun. 6 8655

[9]

[10]
[11]

[12]
[13]
[14]
[15]
[16]
(17]
(18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
(32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]

[40]

[41]
[42]
[43]
[44]

[45]
[46]

[47]
(48]
[49]
[50]

[51]

104204-5

Sipahigil A, Evans R E, Sukachev D D, Burek M J, Borrégaard J,
Bhaskar M K, Nguyen C T, Pacheco J L, Atikian H A, Meuwly C,
Camacho R M, Jelezko F, Bielejec E, Park H, Loncar M and Lukin M
D 2016 Science 354 847

Shen J T and Fan T 2005 Opt. Lett. 30 2001

Zhou L, Gong Z R, Liu Y X, Sun C P and Nori F 2008 Phys. Rev. Lett.
101 100501

Kim N C, LiJ B, Yang Z J, Hao Z H and Wang Q Q 2010 Appl. Phys.
Lett. 97 061110

Chang D E, Sorensen A S, Demler E A and Lukin M D 2007 Nat. Phys.
3807

Neumeier L, Leib M and Hartmann M J 2013 Phys. Rev. Lett. 111
063601

Zhang X, Xia X, Xu J, Cheng M and Yang Y 2018 Chin. Phys. B 28
114207

Yan W B, Ni W Y, Zhang J, Zhang F Y and Fan H 2018 Phys. Rev. A
98 043852

Wang X, Shui T, Li L, Li X, Wu Z and Yang W X 2020 Laser Phys.
Lett. 17 065201

Shen J T and Fan S 2009 Phys. Rev. A 79 023837

Cheng M T and Song Y Y 2012 Opt. Lett. 37 978

Yan C H and Wei L F 2012 J. Appl. Phys. 112 054304

Yan G A, Lu H and Wang Y P 2020 Int. J. Theor. Phys. 59 632
Shomroni I, Rosenblum S, Lovsky Y, Bechler O, Guendelman G and
Dayan B 2014 Science 345 903

Yan W B and Fan H 2014 Sci. Rep. 4 4820

Li X and Wei L F 2015 Phys. Rev. A 92 063836

Liao Z, Nha H and Zubairy M S 2016 Phys. Rev. A 93 033851

Xiao H, Wang L, Yuan L and Chen X 2020 ACS Photon. 7 2010

Ko M C, Kim N C, Choe H, Ri SR, Ryom J S, Ri C W and Kim U H
2020 Plasmonic 15 271

Xia K, Lu G, Lin G, Cheng Y, Niu Y, Gong S and Twamley J 2014
Phys. Rev. A 90 043802

Scheucher M, Hilico A, Will E, Volz J and Rauschenbeutel A 2016
Science 354 1577

Yan C H and Wei L F 2015 Opt. Express 92 10374

Liao Z, Nha H and Zubairy M S 2016 Phys. Rev. A 94 053842

Cheng M T, Xu J and Agarwal G S 2017 Phys. Rev. A 95 053807
Song G Z, Munro E, Nie W, Kwek L C, Deng F G and Long G L 2018
Phys. Rev. A 98 023814

Li T, Miranowicz A, Hu X, Xia K and Nori F 2018 Phys. Rev. A 97
062318

KoM C, Kim N C, Choe H, Ri SR, Ryom J S, Ri C W and Kim U H
2020 Plasmonic 15 271

Mukhopadhyay D and Agarwal G S 2020 Phys. Rev. A 101 063814
Mukhopadhyay D and Agarwal G S 2019 Phys. Rev. A 100 013812
Xia X, Zhang X, Xu J, Cheng M and Yang Y 2018 Chin. Phys. B 27
114205

Sinha K, Meystre P, Goldschmidt E A, Fatemi F K, Rolston S L and
Solano P 2020 Phys. Rev. Lett. 124 043603

Wen P Y, Lin K T, Kockum A F, Suri B, Ian H, Chen J C, Mao S Y,
Chiu C C, Delsing P, Nori F, Lin G D and Hoi I C 2019 Phys. Rev. Lett.
119 233602

Mahmoodian S, Calajé G, Chang D E, Hammerer K and Sgrensen A S
2020 Phys. Rev. X 10 031011

Chang D E, Douglas J S, Gonzalez-Tudela A, Hung C L and Kimble H
J 2018 Rev. Mod. Phys. 90 031002

Roy D, Wilson C M and Firstenberg O 2017 Rev. Mod. Phys. 89
0210012

Gu X, Kockum A F, Miranowicz A, Liu Y X and Nori F 2017 Phys.
Rep. 7T18-719 1

Liao Z, Zeng X, Nha H and Zubairy M S 2016 Phys. Scr. 91 063004
Liu Y C, Luan X, Li H K, Gong Q, Wong C W and Xiao Y F 2014
Phys. Rev. Lett. 112 213602

Chen H J 2018 Photon. Res. 6 1171

Chen H J, Hou B C and Yang J Y 2020 OSA Continuum 3 929

Lin CF 1997 J. Opt. Soc. Am. B 14 175

Sato Y, Tanaka Y, Upham J, Takahashi Y, Asano T and Noda S 2012
Nat. Photon. 6 56

LiJ, Ding C and Wu Y 2020 Phys. Rev. A 71 016201


http://dx.doi.org/10.1038/nature06230
http://dx.doi.org/10.1103/PhysRevLett.113.143601
http://dx.doi.org/10.1103/PhysRevLett.113.143601
http://dx.doi.org/10.1103/PhysRevLett.115.063601
http://dx.doi.org/10.1038/nphoton.2009.287x
http://dx.doi.org/10.1126/science.1181918
http://dx.doi.org/10.1126/science.1181918
http://dx.doi.org/10.1103/PhysRevLett.107.073601
http://dx.doi.org/10.1038/s41586-019-1196-1
http://dx.doi.org/10.1038/ncomms9655
http://dx.doi.org/10.1126/science.aah6875
http://dx.doi.org/10.1364/OL.30.002001
http://dx.doi.org/10.1103/PhysRevLett.101.100501
http://dx.doi.org/10.1103/PhysRevLett.101.100501
http://dx.doi.org/10.1063/1.3475769
http://dx.doi.org/10.1063/1.3475769
http://dx.doi.org/10.1038/nphys708
http://dx.doi.org/10.1038/nphys708
http://dx.doi.org/10.1103/PhysRevLett.111.063601
http://dx.doi.org/10.1103/PhysRevLett.111.063601
http://dx.doi.org/10.1088/1674-1056/ab48f2
http://dx.doi.org/10.1088/1674-1056/ab48f2
http://dx.doi.org/10.1103/PhysRevA.98.043852
http://dx.doi.org/10.1103/PhysRevA.98.043852
http://dx.doi.org/10.1088/1612-202X/ab8557
http://dx.doi.org/10.1088/1612-202X/ab8557
http://dx.doi.org/10.1103/PhysRevA.79.023837
http://dx.doi.org/10.1364/OL.37.000978
http://dx.doi.org/10.1063/1.4748303
http://dx.doi.org/10.1007/s10773-019-04356-5
http://dx.doi.org/10.1126/science.1254699
http://dx.doi.org/10.1038/srep04820
http://dx.doi.org/10.1103/PhysRevA.92.063836
http://dx.doi.org/10.1103/PhysRevA.93.033851
http://dx.doi.org/10.1021/acsphotonics.0c00263
http://dx.doi.org/10.1007/s11468-019-01022-8
http://dx.doi.org/10.1103/PhysRevA.90.043802
http://dx.doi.org/10.1103/PhysRevA.90.043802
http://dx.doi.org/10.1126/science.aaj2118
http://dx.doi.org/10.1126/science.aaj2118
http://dx.doi.org/10.1103/PhysRevA.94.053842
http://dx.doi.org/10.1103/PhysRevA.95.053807
http://dx.doi.org/10.1103/PhysRevA.98.023814
http://dx.doi.org/10.1103/PhysRevA.98.023814
http://dx.doi.org/10.1103/PhysRevA.97.062318
http://dx.doi.org/10.1103/PhysRevA.97.062318
http://dx.doi.org/10.1007/s11468-019-01022-8
http://dx.doi.org/10.1103/PhysRevA.101.063814
http://dx.doi.org/10.1103/PhysRevA.100.013812
http://dx.doi.org/10.1088/1674-1056/27/11/114205
http://dx.doi.org/10.1088/1674-1056/27/11/114205
http://dx.doi.org/10.1103/PhysRevLett.124.043603
http://dx.doi.org/10.1103/PhysRevLett.119.233602
http://dx.doi.org/10.1103/PhysRevLett.119.233602
http://dx.doi.org/10.1103/RevModPhys.90.031002
http://dx.doi.org/10.1088/0031-8949/91/6/063004
http://dx.doi.org/10.1103/PhysRevLett.112.213602
http://dx.doi.org/10.1103/PhysRevLett.112.213602
http://dx.doi.org/10.1364/PRJ.6.001171
http://dx.doi.org/10.1364/OSAC.387696
http://dx.doi.org/10.1364/JOSAB.14.000175
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286

	1. Introduction
	2. Theoretical models for AC-assisted controlling single photon transport
	2.1. Without atom
	2.2. With atom

	3. Discussion
	4. Summary
	References

