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Coherent perfect absorption (CPA) and coherent perfect transmission (CPT) are two extreme states arising from the
manipulation of optical fields. Generally, CPA and CPT occur under different input-field phases. Therefore, we propose a
scheme to realize an all-optical switch based on phase-dependent CPA—CPT conversion. In our proposal, the CPT state and
the CPA state are treated as the on state and the off state, respectively. Consequently, the efficiency of this all-optical switch
can reach the maximum value of 1. With the introduction of an incoherent pump field, the CPA state can be achieved under
a weaker input probe field or can be converted into a CPT state. The results show that the optical switch can operate with
weaker fields and can be further optimized by the application of an incoherent field.

Keywords: coherent perfect absorption, cavity-QED, optical switching
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1. Introduction

In recent years, the rapid advancement of quantum in-
formation networks and optical communication has brought
the study of photon—photon interactions in quantum optics
and quantum information processing to the forefront of sci-
entific research. This progress has led to a growing interest
in all-optical switches,'=3! which utilize light to control light
and offer significant advantages over traditional electro-optical
switches in terms of response speed, signal loss, and device
miniaturization.*! Conventional all-optical switches typically
rely on strong interactions between the control light and a
coupling medium. However, such interactions often result in
photon loss, thereby limiting switching efficiency. To address
this limitation, various innovative approaches have been ex-
plored. For instance, multiple schemes have been proposed
to design optical switches by employing diverse mechanisms,
including near-field dipole—dipole interactions (NDD), ultra-
short pulses in high-density media, and optical soliton inter-
actions in birefringent fibers.>~71 In recent years, interaction-
free all-optical switches have been proposed to eliminate di-
rect coupling between light beams, thereby suppressing sig-
nal photon loss in absorbing media and improving switching
efficiency.!®! Additionally, bidirectional multi-channel all-
optical switches have been demonstrated in electromagneti-
cally induced transparency (EIT) media, offering high effi-
ciency and wide bandwidth.!'° Nonlinear all-optical switches
leveraging the negative dispersion properties of white-light
cavities have also been introduced, reducing switching power
without sacrificing speed.[!!] Furthermore, the use of polari-
tons in Bose—Einstein condensates (BECs) has enabled high-
speed switching at room temperature, contributing to ad-
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vances in low-threshold lasers and quantum simulations.!'?!
Another promising approach involves exciton—polaritons in
metal halide perovskites, where double-threshold behavior is
exploited for efficient switching.!!3] Additionally, some stud-
ies have investigated the influence of relevant parameters in
three-soliton solutions on inelastic soliton interactions, provid-
ing an alternative route toward all-optical switching.['*] De-
spite these advances, the theoretical switching efficiency of
all-optical switches has yet to reach 100%.

Coherent perfect absorption (CPA) offers a promising
alternative for achieving high-efficiency all-optical switch-
ing. First proposed by Chong et al.'! in 2010, CPA is
a phenomenon that represents the time-reversed counterpart
of laser emission. It has been demonstrated that manipu-
lating the relative phase of incident lasers in silicon wafers
can significantly modify photon absorption, enabling control-
lable CPA.!"%! Moreover, studies have shown that tuning op-
tical loss near exceptional points (EPs) allows the observa-
tion of CPA, where PT-breaking induces drastic changes in

17,18

absorption.!!”-18] With the rise of interdisciplinary research,

CPA has been implemented in diverse systems, including

201 and graphene.?!! This

metamaterials, %! metasurfaces, |
unique mechanism has opened new possibilities for applica-
tions in optical modulation, *?! photodetection, >3 and optical
sensing devices.!** Owing to their low energy loss and con-
trollable interaction strength, cavity quantum electrodynam-
ics (QED) systems have been widely employed in all-optical

5.1 In such systems, CPA occurs

switches and logic gate
when the phases of probe fields are matched across the cavity
mirrors, leading to complete photon absorption under specific

conditions. In contrast, phase mismatch prevents CPA and re-
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sults in perfect photon output. Recent studies have demon-
strated that tunable and switchable CPA can be realized using
an incoherent field, further enhancing the performance of all-
optical switches in cavity QED systems. [26]

In this study, we propose a phase-modulated all-optical
switch in a two-level atom—cavity system controlled by an
incoherent field. This scheme enables manipulation of the
output intensity between CPA and coherent perfect transmis-
sion (CPT) states. In contrast to approaches based on non-
Hermitian physics, our model adopts a Hermitian Hamilto-
nian to describe the total system energy. To account for open-
system dynamics, dissipation is phenomenologically incorpo-
rated into the subsequent evolution equations. This treatment
shares conceptual similarities with recent developments in
non-Hermitian optics and photonics, particularly studies of PT
symmetry and exceptional points. Although resonance phe-
nomena have been extensively investigated and could, in prin-
ciple, be rigorously analyzed using a quantum master equa-
tion, CPA has also been successfully demonstrated within PT-
symmetric systems.?”) Unlike EIT-based switches, the pro-
posed phase-dependent switch achieves 100% switching effi-
ciency under optimal conditions. Our approach is grounded
in semiclassical theory, in which the influence of the incoher-
ent pumping field is introduced phenomenologically through
its pumping rate. Although we are currently exploring CPA in
a fully quantized multi-atom — single-mode field interaction
model, the present work focuses on the semiclassical regime
and does not address the complete quantum dynamics of the
system. Nevertheless, the semiclassical framework provides
experimentally testable predictions that can guide photonic de-
vice design. Specifically, our study not only enriches strategies
for realizing highly efficient all-optical switches but also opens
new possibilities for optical detection under weak-signal con-
ditions. This paper is organized as follows. In Section 2, we
present and analyze the atom—cavity coupling model. The nu-
merical results are discussed in Section 3. Finally, Section 4
summarizes the work and outlines potential applications.

2. Theoretical model

The model diagram investigated in this work is shown
in Fig. 1. The system consists of a single-mode cavity with
volume V containing N cold two-level atoms. Two coherent
lasers, denoted as ajn; and aj,, wWith frequency @, serve as
probe fields and are injected into the cavity along the cavity
axis. These fields drive the cavity mode from opposite direc-

28.291 The cav-

tions with a frequency detuning A, = @, — @y !
ity mode with frequency @, couples to the atomic transition
|1) — |2) with detuning A,c = @, — @y, where @) denotes
the transition frequency between the ground state |1) and the
excited state |2). Meanwhile, an incoherent field pumps the

atomic population from |1) to |[2). In the experiment, 3°Rb

cold atoms (N ~ 3 x 10°) with |1) = (5S12) and |2) = (5P /)
can be trapped at the center of a 5 cm cavity using a 3’Rb D,-
line (780 nm) magneto-optical trap. A millimeter-scale dual-
port Fabry—Perot cavity with a finesse of 5.8(1) x 107 is em-
ployed and operated at 1 K.[3% To probe the cavity response, a
coherent 795 nm laser with tunable optical power serves as the
probe field. ! Precise control of the incident light intensity is

132

achieved using a Mach—Zehnder interferometer, 1 which si-

multaneously compensates for relative phase drift induced by
environmental disturbances.

(a) Cavity mirror

(b)

1)

Fig. 1. (a) Schematic diagram of a cavity QED system consisting of a
single-mode cavity driven by two coherent probe fields. (b) Energy-level
diagram of two-level atoms inside the cavity.

In the rotating frame of the probe-field frequency, the sys-
tem Hamiltonian (H) is derived under the rotating-wave ap-
proximation (RWA)

Ap = @p — ) K W+ 1, (M
Aac =0 — ] K O+ M1 (2)

of the Jaynes—Cummings (JC) model as

N
H=1|(Aw—Ap)a'a— Y (Ay03,+ga' o}, +gacy)) | . (3)
j=1
Here, # is the reduced Planck constant, a’ (a) represents the
creation (annihilation) operator of the intracavity photon, and
il = |m){n| (m,n = 1,2) denotes the atomic transition oper-
ator. The symbol N denotes the number of atoms inside the
cavity, and g = Ujp+/ @/ (2h€yV) is the atom—cavity coupling
coefficient. The electric dipole matrix element is L, & is
the dielectric constant of free space, and V is the cavity mode
volume.
The time evolution of the cavity QED system is governed
by the Heisenberg equation of motion
‘L—f - %[H,G] 1 Lo. (4)
Here, the Lindblad superoperator £ incorporates both cavity
loss and atomic dissipation. Taking the collapse operator as
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C= lg) {e|, we have![29-33]
1
o=t <w"T ~5lda, G}> v 5)
DV VA
Lao =T <CGC' - 2{CTC,G}) . ©)

The decay rate of the single-sided cavity mode is denoted by
K, and the atomic decay rate by I".

To simplify the model, we adopt a mean-field approxima-
tion that neglects quantum fluctuation effects. This approxi-
mation ignores both the intrinsic quantum uncertainties of the
system and the associated transient energy and particle fluctua-
tions in the vacuum. By replacing the photon number operator
a’a with its expectation value (a'a), photon number fluctua-
tions and the uncertainty relation between phase and particle
number are effectively neglected. The resulting equations of
motion read

611 = iglaoy —a'o12) + T'on —royy, @)
612 = iga(Gzz—Gn)—iApGu—gGlz, (8
62 =ig(a' 612 —acy) —T'opn+roy, ©)
621 = iga’ (011 — 022) + 14,001 — gGZI, (10)
a=|i(Ap— Aac) — itk a+igNo

+V/Kk /T, + /[ T, (11)

Here, I is the relaxation rate of the excited state |2), r is the
pumping rate of the incoherent field, & (k;) denotes the field
attenuation rate from the left (right) cavity mirror, and 7 is the
photon round-trip time in the cavity.

Assuming symmetric cavity mirrors (kK] = kK = K) and
adopting the mean-field approximation,3**! quantum fluc-
tuation terms are neglected such that (a) = o represents the
intracavity field amplitude. The steady-state solution for « is
given by

o= V K'/‘L'(an’l + ain,r) (12)
B K — (A — Ae) — 2g2N(r—I')(I'+2i4p)
P TR 82| a P+ (r+T) (T2 +442)

The appearance of the intracavity intensity term |O£|2 in the de-
nominator indicates that the intracavity field can exhibit non-
linear dependence on the probe field under appropriate condi-
tions.

The output fields are obtained from the standard input—
output relations 3¢/

Oout,]l = V KTO — Oip 1, (13)
Ooutr = V KTO — Olip v (14)

For simplicity, we define O4n; = |Qin| and oGn) = |ain| €19,
where ¢ is the relative phase between the probe fields. When

CPA occurs, namely, Oyt ] = Oour,r = 0, the relative phase sat-
isfies ¢ = 0, and the following condition holds:
2] tin

_28N(r=I)(T'+2i4)
8g2T | +(r+I')(I2+4A2)

— |ata| = 0. (15)

K—i(Ap —Ax)

Solving this equation yields two conditions for CPA

I -2k
Ae = Ap o (16)
N(I— T +r)(I'%+4A2
4x 8g2I

Compared with the proposal of Zhu ez al.,!*! we further
consider the influence of the incoherent field on the CPA cri-
terion and show that perfect photon absorption can occur not
only in the linear excitation regime but also in the nonlinear
excitation regime of the cavity QED system. Perfect pho-
ton absorption is generally achievable under strong coupling
conditions. In addition, our study focuses on optimizing the
output-field characteristics and enhancing switching efficiency
via the incoherent field. Consequently, multiple manipulation
pathways can be realized through either the incoherent field
or the relative phase. In the following section, we analyze the
properties of tunable CPA, the input—output relations, and the
corresponding all-optical switching behavior.

700
------ r=0
600f """~
... r=02l
500¢ - - . . .r=0.5I"
= 400 w r=0.9r
300f = - —
200 N
100 N
AN N AN
% 2 4 6 8

Fig. 2. Input intensity (arbitrary units) as a function of frequency under
the CPA state. The blue dashed line, the red dotted line, the purple dot—
dashed line, and the black solid line represent r =0, r = 0.2I", r = 0.5,
and r = 0.9I', respectively. Other parameters are kK = I, 7 = 0.01x,
gVN =10I", and g = 0.02I".

3. Analysis of numerical results

CPA occurs when the relative phase is ¢ = 0 at which
the probe fields interfere constructively on the surface of the
lossy medium, resulting in the complete absorption of the
probe fields with specific amplitude and frequency. Fig-
ure 2 illustrates the relation between the input intensity /i,
and the frequency detuning A, under CPA conditions. The
results demonstrate that at identical detuning values, the re-
quired probe-field intensity for achieving CPA significantly
decreases when incoherent pump field is applied. For exam-
ple, at Ay = 3I" (as indicated by the gray solid line in Fig. 2),
when the pump rate » = 0, CPA condition is satisfied with
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I, = 510 as shown by the black dot. Increasing the pump rate
to r = 0.2I', the intensity of the probe field to achieve CPA
decreases to [i, ~ 361, as indicated by the black square. When
the pump rate is further increased to » = 0.5I", CPA achieves
at I, ~ 137, as shown by the black triangle. This demon-
strates that increasing the pump rate can significantly lower
the probe field intensity for realizing CPA, which provides a
potential approach to weak-field nonlinear CPA. Additionally,
increasing the pumping rate transfers more particles to the en-
ergy level |2), thereby reducing the absorption of the probe
field. Consequently, the frequency threshold required for CPA
decreases with the incoherent pumping rate.

When the pumping rate equals the decay rate of level |2),
CPA cannot be achieved, and CPT is formed instead. Figure 3
shows the input—output relation of the cavity QED system un-
der different pumping rates and relative phases. At r = 0, the
CPA threshold is A, =~ 7I" (see the blue dashed line in Fig. 2),
which is consistent with previous studies, where CPA occurs in
the linear regime at the threshold frequency.*”! When the fre-
quency deviates from the threshold, for example, at A, = 6.5I",
CPA appears in a generally nonlinear regime with ;, = 95.2,
as shown by the blue solid line in Fig. 3(a). As A, decreases
further, for example, to A, = 6I", a higher input intensity is
required to achieve CPA, which occurs in the bistable regime,
as indicated by the green pattern in Fig. 3(c). However, the in-
coherent pump field reconfigures the CPA condition, with in-
creasing pumping rates leading to enhanced output intensity.
In particular, when r = I', CPT is achieved, as shown by the
orange dotted lines in Figs. 3(a) and 3(c). Alternatively, CPT
can be realized by setting the relative phase to ¢ = w. Un-
der this condition, the input fields interfere destructively at the
surface of the medium, such that no light is coupled into the
cavity. Consequently, perfect output is obtained, as shown in
Figs. 3(b) and 3(d). These results establish the theoretical ba-
sis for realizing a CPA—CPT all-optical switch in a cavity QED
system.

Figure 4 illustrates the output—input ratio as a function of
input intensity under the relative phases corresponding to CPA
and CPT. In the absence of the pump field, CPA occurs under
the conditions of a relative phase ¢ = 0 and a frequency de-
tuning A, within the CPA threshold, whereas CPT appears at
¢ = x, independent of the frequency and intensity of the probe
field. As shown in Figs. 4(a) and 4(b), when the relative phase
is ¢ = m, the contrast ratio remains constant at 1, confirming
that the output intensity equals the input intensity. A stable
CPT state can therefore be achieved under this condition, as
indicated by the red dashed lines in Figs. 4(a) and 4(b). When
the relative phase is ¢ = 0, the contrast ratio varies nonlinearly
with input intensity and reaches zero at CPA, as illustrated by
the red dots in Figs. 4(a) and 4(b).

250 250 _
—r=0 (a) -7 —7r=0 (b)//
2006 __r—o5r 7 200k . —osr e
. 150 r=r . 150 r=r pd
2 e 2 //
100 100 o
50 sof
0 0 <
0 50 100 150 200 250 0 50 100 150 200 250
Iin I
250 250
—r=0 (c) —r=0 (d) ~
200f __r=o0.5T 200p __p =050 e
/,////

Fig. 3. Output intensity (arbitrary units) as a function of input intensity
(arbitrary units) for (a) ¢ =0 and A, = 6.5I", (b) ¢ =7 and A, = 6.5,
(©) 9 =0and Ay, = 6I', and (d) ¢ = 7 and A, = 6I". Other parameters
are the same as those in Fig. 2.

LOf-mmmmmmmmm oo
08
S
< 04
0.2

0

0 50 100 150
Im

Fig. 4. Output—input ratio as a function of input intensity (arbitrary units)
for (a) A, = 6.5I" and (b) A, = 6I" under the condition r = 0. Other
parameters are the same as those in Fig. 2.

These results indicate that the all-optical switch is in the
off state at the CPA point (¢ = 0) and in the on state at CPT
(¢ = m). The switching efficiency is defined as

Lo (¢ = 7) — Low (¢ =0)

n= Im . (18)

Here, Iyt(¢ = 7) denotes the output intensity in the on state,
which is equal to the input intensity, while I,y (¢ = 0) repre-
sents the output intensity in the off state and can be zero (CPA
state) under appropriate conditions. [*8]

Figure 5 shows the switching efficiency as a function of
input intensity for different pumping rates. In the absence
of incoherent pumping (r = 0), the switching efficiency ex-
hibits distinct behaviors at different detunings. At A, = 6.5I"
(Fig. 5(a)), the efficiency increases nonlinearly with input in-
tensity and reaches its maximum value at [, =~ 95.2 due to
the occurrence of CPA, as indicated by the blue dashed curve.
For A, = 6I" (Fig. 5(b)), which is far from the CPA fre-
quency threshold, the system exhibits bistable switching be-
havior. When the input intensity is increased to [, ~ 179.2,
the efficiency jumps abruptly from 1 = 0.52 to 7 ~ 0.98. Con-
versely, when the input intensity is decreased to I, ~ 161.8,
the efficiency drops nonlinearly from 1 ~ 0.92 to n ~ 0.33,
as shown by the blue dashed curve. Notably, this bistability
demonstrates phase-sensitive all-optical switching capability
even in the absence of pumping.

With incoherent pumping (r = 0.1I"), the maximum
switching efficiency is achieved at lower input intensities
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(lin = 65.4 for A, = 61", red dotted curve in Fig. 5(b)), since
CPA can be realized at reduced intensities with increasing
pumping rate. At r = 0.2I", the detunings A, = 6.5I" and
Ap = 6I' lie outside the CPA frequency threshold, leading to a
monotonic increase in output intensity at ¢ = 0 with increas-
ing input intensity and, consequently, a nonlinear reduction in
the switching efficiency.

At I, = 0, a nonzero switching efficiency is observed,
e.g., N ~0.28 for A, = 6.5I" and ) ~ 0.80 for A, = 6I", which
originates from the spontaneous emission of the excited level
|2). When the pumping rate is increased to match the relax-
ation rate of level |2) (i.e., r = I'), the output field enters the
CPT state even at ¢ = 0, and the switching efficiency remains
zero, as indicated by the black solid curves in Fig. 5.

1.0 -~ =7 =0 1.0 .- = —=7=0
'\<a>l/ N rZ0Ar . ‘(b>l L - .r=0.10"
0.8t ., -r=0.2I" 0.8} < ~. --r=0.2I"
v . —r=r X o S =
0.6} - 0.6 "o
= L S~ = - v S~
0.4 RRETN ¥t <
02f Trme-ao LT - 0.2f---"" Tomeee -
0 0
0 50 100 150 200 250 0 50 100 150 200 250

Fig. 5. Switching efficiency versus input intensity (arbitrary units), where
(a) Ap = 6.5I" and (b) A, = 6I". The blue dashed lines, red dotted lines,
purple dash—dotted lines, and black solid lines represent r =0, r = 0.11",
r=0.2I", and r = I, respectively. Other parameters are the same as in

Fig. 2.
10— - - 1.0 ===z -
a RN b
_oAs() . - _0.8() ) —r=r
= f—r= £ ! p=0.1T
S 06 L =0 |06 L "
~ 0.4 . ! ~ 0.4 ' B
K ;
0.2 ' 0.2 ¥
v i
% 2 14 6 8 10 1214 % 2 4 6 8 10 12 14

A,/ A,/

Fig. 6. Output—input ratio as a function of frequency detuning. The blue
solid lines represent r = I", while the red dotted curves represent (a) r =0
and (b) r = 0.1I". Other parameters are the same as in Fig. 2.

According to the study by Zhu e al.,!'% we consider two
representative pumping rates: r =0 and r = 0.1I". The fre-
quency detuning of the probe field is defined as A, = A £ 6
under the two-photon resonance condition (A = Ap), and the
half-maximum intensity is given by 7(Ap) = (Imax + Imin)/2,
where I, is the output intensity when the switch is on, and
Inmin 1s the output intensity when the switch is off. As defined
by Eq. (18), Inax corresponds to the pump field r = I", while
Inin corresponds to » =0 or r = 0.1I". The full width at half
maximum (FWHM) is defined as 6 = |Ap1 — Ap2|, yielding
measured values of 6.025 MHz for r = 0 and 6.037 MHz for
r = 0.1I" as shown in Fig. 6. The switching time, calculated
ast =1/(2nd), is approximately ¢ ~ 0.026 us for both cases.
These results indicate that the CPA-based all-optical switch
achieves a rapid response time of ~ 26 ns.

Based on the above analysis, it is evident that a nonlinear
optical switch can operate at maximum efficiency via CPA-
CPT conversion. When an incoherent pump field is applied,

the switch can achieve maximum efficiency with a weaker
probe field, demonstrating that this scheme is suitable for high-
efficiency switching even under relatively low signal condi-
tions.

4. Conclusion

In summary, our investigation of a two-sided cavity QED
system with an incoherent field has revealed several signifi-
cant findings. We have demonstrated that nonlinear CPA or
CPT can be realized under specific conditions. Notably, the
transition between CPA and CPT states can be controlled by
adjusting the phase relationship of the probe fields, transition-
ing from in-phase to out-of-phase configurations. The intro-
duction of an incoherent field allows modulation of both the
frequency range and input intensity required for the CPA state.
A particularly interesting phenomenon occurs when the pump-
ing rate matches the decay rate of the excited level, resulting
in the conversion of the CPA state into a CPT state.

Based on these observations, we propose a controllable
optical switch mechanism utilizing the CPA-CPT transition,
which theoretically achieves maximum switching efficiency
(n = 1) and can operate on the nanosecond timescale. Fur-
thermore, our analysis reveals that the phase-dependent opti-
cal switch exhibits enhanced performance under weaker probe
fields when a low-rate incoherent field is applied (e.g., r =
0.1I"). The system also demonstrates potential as a bistable
optical switch, showing high sensitivity to input intensity
variations. These findings suggest promising applications in
weak-signal detection and optical switching technologies. The
proposed scheme provides a robust platform for controlling
light-matter interactions and could contribute to the develop-
ment of advanced photonic devices.

Acknowledgments

This project is supported by the National Natural Sci-
ence Foundation of China (Grants Nos. 12304405, 12275203,
and 12075176), the Natural Science Foundation of Shaanxi
Provincial Department of Education (Grant No. 23JK0483),
the Natural Science Basic Research Program of Shaanxi
(Grant Nos. 2024JC-YBMS-521 and 2024JC-YBMS-039),
the 2022 Shaanxi University Youth Innovation Team Project
(Grant No. K20220186), and the College Students’ Innova-
tive Entrepreneurial Training Plan Program of Shaanxi (Grant
No. S202410702178).

References

[1] Dawes A M, Illing L, Clark S M and Gauthier D J 2005 Science 308
672

[2] Scheuer J, Sukhorukov A A and Kivshar Y S 2010 Opt. Lett. 35 3712

[3] Bajcsy M, Hofferberth S, Balic V, Peyronel T, Hafezi M, Zibrov A S,
Vuletic V and Lukin M D 2009 Phys. Rev. Lett. 102 203902

024205-5


http://dx.doi.org/10.1126/science.1110151
http://dx.doi.org/10.1126/science.1110151
http://dx.doi.org/10.1364/OL.35.003712
http://dx.doi.org/10.1103/PhysRevLett.102.203902

Chin. Phys. B 35, 024205 (2026)

[4]
[3]
(6]
(71
(8]
[91
[10]
[11]
[12]
[13]

[14]
[15]

[16]
[17]
[18]
[19]
[20]

[21]

Kuno Y, Sakane S, Kasamatsu K, Ichinose I and Matsui T 2016 Phys.
Rev. A 94 063641

Crenshaw M, Scalora M and Bowden C M 1992 Phys. Rev. Lett. 68 911
Scalora M and Bowden C M 1995 Phys. Rev. A 51 4048

Zhang X, Yi H, Yao Y, Wang S and Shi L 2023 Chin. Phys. Lett. 40
124204

Huang Y P, Altepeter ] B and Kumar P 2010 Phys. Rev. A 82 063826
Rutckaia V and Schilling J 2020 Nat. Photonics 14 4

Wang L and Zhu Y 2022 Opt. Lett. 47 830

Li N, Xu J, Song G, Zhu C, Xie S, Yang Y, Zubairy M S and Zhu S 'Y
2016 Phys. Rev. A 93 043819

Chen F, Li H, Zhou H, Luo S, Sun Z, Ye Z, Sun F, Wang J, Zheng Y
and Chen X 2022 Phys. Rev. Lett. 129 057402

Feng J, Wang J, Fieramosca A, Bao R, Zhao J, Su R, Peng Y, Liew T
C, Sanvitto D and Xiong Q 2021 Sci. Adv. 7 eabj6627

Wang S, Zhang X, Ma G and Zhu D 2023 Chin. Phys. B 32 030506
Chong Y D, Ge L, Cao H and Stone A D 2010 Phys. Rev. Lett. 105
053901

Wan W, Chong Y, Ge L, Noh H, Stone A D and Cao H 2011 Science
331 889

Longhi S 2010 Phys. Rev. A 82 031801

Novitsky D V 2019 J. Optr. 21 085101

Papaioannou M, Plum E, Valente J, Rogers E T and Zheludev N 12016
APL Photonics 1 090801

Kang M, Zhang H, Zhang X, Yang Q, Zhang W and Han J 2018 Phys.
Rev. Appl. 9 054018

Kakenov N, Balci O, Takan T, Ozkan V A, Altan H and Kocabas C
2016 ACS Photonics 3 1531

[22]
(23]

[24]
[25]
[26]
[27]

(28]
[29]

[30]
[31]
(32]
[33]
[34]

(35]
[36]

[37]
[38]

024205-6

Jeffers J 2019 Phys. Rev. Lett. 123 143602

Suwunnarat S, Halpern D, Li H, Shapiro B and Kottos T 2019 Phys.
Rev. A 99 013834

Del Hougne P, Yeo K B, Besnier P and Davy M 2021 Laser Photon.
Rev. 152000471

LiuJ C,Wang FL,HanJ Y, Hao Y Z, Yang Y D, Xiao J L and Huang
Y Z 2020 J. Lightwave Technol. 38 1382

GuoM D, Li HF, Wang F L, Zhou C X and Wu Y J 2023 Opt. Lett. 48
4037

Wong Z J, Xu Y L, Kim J, O’Brien K, Wang Y, Feng L and Zhang X
2016 Nat. Photonics 10 796

Reiserer A and Rempe G 2015 Rev. Mod. Phys. 87 1379

Wei Y H, Gu W J, Yang G, Zhu Y and Li G X 2018 Phys. Rev. A 97
053825

Suleymanzade A, Anferov A, Stone M, Naik R K, Oriani A, Simon J
and Schuster D 2020 Appl. Phys. Lett. 116 104001

Dong B, Wan Y, Chow W W, Shang C, Prokoshin A, Alkhazraji E,
Koscica R, Wang H and Bowers J E 2024 Nat. Photonics 18 669

Zetie K, Adams S and Tocknell R 2000 Phys. Educ. 35 46

Manzano D 2020 AIP Adv. 10 025106

Xiong W, Chen J, Fang B, Lam C H and You J 2020 Phys. Rev. A 101
063822

Agarwal G, Di K, Wang L and Zhu Y 2016 Phys. Rev. A 93 063805
Scully M O and Zubairy M S 1997 Quantum Optics (Cambridge: Cam-
bridge University Press)

Guo M D 2021 Opt. Express 29 27653

GuoM D, Wu Y J,LiN, Li HF and Zhou C X 2024 Phys. Lett. A 505
129456


http://dx.doi.org/10.1103/PhysRevA.94.063641
http://dx.doi.org/10.1103/PhysRevA.94.063641
http://dx.doi.org/10.1103/PhysRevLett.68.911
http://dx.doi.org/10.1103/PhysRevA.51.4048
http://dx.doi.org/10.1088/0256-307X/40/12/124204
http://dx.doi.org/10.1088/0256-307X/40/12/124204
http://dx.doi.org/10.1103/PhysRevA.82.063826
http://dx.doi.org/10.1038/s41566-019-0571-7
http://dx.doi.org/10.1364/OL.445468
http://dx.doi.org/10.1103/PhysRevA.93.043819
http://dx.doi.org/10.1103/PhysRevLett.129.057402
http://dx.doi.org/10.1126/sciadv.abj6627
http://dx.doi.org/10.1088/1674-1056/acad6c
http://dx.doi.org/10.1103/PhysRevLett.105.053901
http://dx.doi.org/10.1103/PhysRevLett.105.053901
http://dx.doi.org/10.1126/science.1200735
http://dx.doi.org/10.1126/science.1200735
http://dx.doi.org/10.1103/PhysRevA.82.031801
http://dx.doi.org/10.1088/2040-8986/ab2a59
http://dx.doi.org/10.1063/1.4966269
http://dx.doi.org/10.1063/1.4966269
http://dx.doi.org/10.1103/PhysRevApplied.9.054018
http://dx.doi.org/10.1103/PhysRevApplied.9.054018
http://dx.doi.org/10.1021/acsphotonics.6b00240
http://dx.doi.org/10.1103/PhysRevLett.123.143602
http://dx.doi.org/10.1103/PhysRevA.99.013834
http://dx.doi.org/10.1103/PhysRevA.99.013834
http://dx.doi.org/10.1002/lpor.v15.7
http://dx.doi.org/10.1002/lpor.v15.7
http://dx.doi.org/10.1109/JLT.50
http://dx.doi.org/10.1364/OL.497643
http://dx.doi.org/10.1364/OL.497643
http://dx.doi.org/10.1038/nphoton.2016.216
http://dx.doi.org/10.1103/RevModPhys.87.1379
http://dx.doi.org/10.1103/PhysRevA.97.053825
http://dx.doi.org/10.1103/PhysRevA.97.053825
http://dx.doi.org/10.1063/1.5137900
http://dx.doi.org/10.1038/s41566-024-01413-2
http://dx.doi.org/10.1088/0031-9120/35/1/308
http://dx.doi.org/10.1063/1.5115323
http://dx.doi.org/10.1103/PhysRevA.101.063822
http://dx.doi.org/10.1103/PhysRevA.101.063822
http://dx.doi.org/10.1103/PhysRevA.93.063805
http://dx.doi.org/10.1017/CBO9780511813993
http://dx.doi.org/10.1017/CBO9780511813993
http://dx.doi.org/10.1364/OE.433257
http://dx.doi.org/10.1016/j.physleta.2024.129456
http://dx.doi.org/10.1016/j.physleta.2024.129456

	250990.pdf
	1. Introduction
	2. Theoretical model
	3. Analysis of numerical results
	4. Conclusion
	References


