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Electromagnetically induced transparency via localized surface
plasmon mode-assisted hybrid cavity QED
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Fan Wang(EM), and Xiaolan Zhong(#h% i)

School of Physics, Beihang University, Beijing 100191, China
(Received 7 March 2023; revised manuscript received 16 May 2023; accepted manuscript online 23 May 2023)

In recent years, most studies have focused on the perfect absorption and high-efficiency quantum memory of the one-
sided system, ignoring the characteristics of its optical switching contrast. Thus, the performance of all-optical switching
and optical transistors is limited. Herein, we propose a localized surface plasmon (LSP) mode-assisted cavity QED system
which consists of a A-shaped three-level quantum emitter (QE), a metal nanoparticle and a one-sided optical cavity with
a fully reflected mirror. In this system, the QE coherently couples to the cavity and LSP mode respectively, which is
manipulated by the control field. As a result, considerably high and stable switch contrast of 90% can be achievable due
to the strong confined field of the LSP mode and perfect absorption of the optical medium. In addition, we obtain a power
dependent effect between the control field and the transmitted frequency as a result of the converted dark state. We employ
the Heisenberg—Langevin equation and numerical master equation formalisms to explain high switching, controllable output
light and the dark state. Our system introduces an effective method to improve the performance of optical switches based
on the one-sided system in quantum information storage and quantum communication.

Keywords: quantum optics, electromagnetically induced transparency, all-optical switching, localized surface

plasmon
PACS: 42.50.—p, 42.50.Gy, 37.30.+i, 73.20.Mf

1. Introduction

Electromagnetically induced transparency (EIT) is a
quantum interference phenomenon where an electromagnetic
field controls the response of a three-level quantum emit-
ter (QE) to a probe field, i.e., the ensemble system can be
switched from an initially opaque state to a transparent state
depending on the control field.!'! The destructive interference
strongly depends on the ground-state coherence and will re-
sult in the characteristic dark states. The characteristic super
slow light velocity of the dark state makes many effects possi-
ble, such as slow light, >3 quantum memory*>! and quantum
cooling.[6-7]

In addition, through tuning the dark and bright states,
more research is focused on the EIT effect which provides a

8-15] based on a cavity quan-

highly efficient optical switch!
tum electrodynamics (QED) system in a quantum informa-
tion network, [ especially in long-distance transport.['”] As
a high-performance optical switch, switching contrast is one
of the most important factors in optical networks. A com-
pletely transparent or opaque result means that the system
can selectively allow or reject transport for a specific sig-
nal. An important class of schemes for quantum communi-
cation and computing is based on one-sided and two-sided
systems. On the one hand, highly efficient quantum memory
and perfect photon absorption have been demonstrated in one-
sided cavity QED systems which meet an impedance-matched
condition.['8-20] Nevertheless, high switching contrast has not

fCorresponding author. E-mail: Zhongx] @buaa.edu.cn
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been obtained in one-sided cavity QED systems for high co-
operativity of the system C = g?/(2k%) (g is the QE—cavity
coupling strength, k is the decay rate of the cavity and 7 is
the dephasing rate of the QE). Therefore, this one-sided sys-
tem hinders multitasking devices including transistor action
and quantum storage.'>!! However, the elimination of perfect
absorption in the two-sided system owing to the EIT effect has
been achieved theoretically excited by two coherent light fields
from two mirrors.>?! Notably, good transparency may turn off
the control field fast enough, but make quantum storage ineffi-
cient. Hence, improving the high and stable switching contrast
and manipulating the EIT effect remain to be elucidated in the
one-sided cavity QED system.

Then, exploring the system and how to manipulate the
coupling strength and improve switching contrast in the ex-
panded cavity QED is primary. In our previous work, we
found that when the light is strongly coupled with two dif-
ferent emitters, a cascade frequency-dependent dual Rabi-
splitting can be achieved by adjusting the cavity mode reflect-
ing the cavity-molecule detuning.?*! Importantly, Doeleman
et al. and Hoang et al. have reported a great deal of promis-
ing phenomena in plasmon—photon cavity systems, such as
cooperative Purcell enhancements and ultrafast spontaneous
emission. [>*23! Thus, it provides the possibility that through
manipulating the coupling strength in a hybrid plasmon—
photon cavity QED system, the dark and bright states can be
flexibly switched resulting in a variable output frequency. The
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nanometer-sized metal nanoparticle (MNP), as one of the po-
tential candidates, has many unique advantages.

Firstly, the localized surface plasmon (LSP) mode does
not require wave vector compensation and generates a sub-
wavelength localized mode because of the much smaller mode
volume with deep subwavelength order.[*6-2°! Secondly, the
switching time is a potential challenge in the traditional cav-
ity QED-based optical switch limited by the QE—cavity in-
teraction strength via tuning their spectral overlaps.['*] By
means of adding an MNP structure, a three-spectral overlap
can be achieved because the coupling strength of the system
is boosted greatly dependent on the more confined field of
the LSP mode and then the radiative rate of emitters is in-
creased to a great extent. 332! Particularly, in the LSP mode-
provided cavity QED, the stronger coupling strength of the
MNP-QE interaction than the microcavity—QE interaction is
shown in Refs. [33,34] due to the much lower mode volume
of the LSP mode, which can achieve lower-threshold lasing in
the latter.[*3] Hence, quantum plasmonics, as a new research
field, exhibits very attractive prospects in quantum informa-
tion, plasmonic quantum lasers and highly sensitive detection,
etc. 33

Here, we propose an all-optical switch designed by the
LSP mode-assisted cavity QED system, which is composed of
a three-level state (3LS) QE and a metal nanosphere confined
in the center of a cavity. In this one-sided system, flexible and
variable frequency of transmitted light is accessible by chang-
ing the intensity of the control field and the detuning of fre-
quencies. In addition, high and stable switching contrast could
be implemented showing the switching on/off state by the con-
trol field, which is vital for chip-based quantum communica-
tions and fiber-based long-distance transport. In particular, we
employ a precise quantum interference explanation to demon-
strate the occurrence of a converted dark state. Ascribing to
multiple interactions of three modes, three systematic states
are formed. Afterward, two transition pathways are formed
primarily passing through one same systematic state, result-
ing in the destructive interference and a dark state without the
control field. Then the dressed state of the QE is produced by
the resonant control field and the dark state is eliminated. The
evolution is analyzed based on the Heisenberg—Langevin (H-
L) equation and input-output relation which is well consistent
with the master equation.

2. General model

We study the LSP mode-assisted hybrid cavity QED sys-
tem interacting with a 3LS QE as shown in Fig. 1(a). The
system consists of a single-mode cavity and evanescent field
provided by a metal nanosphere (MNP) which are tuned in
resonance with each other.

The QE is assembled onto the MNP surface with a fixed
distance d by manipulating the optical trap with a highly fo-
cused laser. 337 The hybrid structures are adjustable in an op-
tical microcavity. Here the radius of the MNP is R = 10 nm to
ensure that plasmonic resonance approximates the Lorentzian
line shape. The mode volume of the MNP is much smaller than
the cavity by an amount of order (~ 5) to break the diffraction
limit.[?! The selection principle of the MNP surface—QE dis-
tance is a compromise between avoiding quenching and pro-
ducing a more confined field. For this purpose, it is pruden-
tially selected as d = 10 nm referring to quenching distance,

and provides the potential for ultrafast photon emission. 33!
) -~
MNP ’ A. 4
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Fig. 1. (a) Schematic diagram of an LSP mode-assisted cavity QED sys-
tem containing a 3LS QE. A probe light enters into the left side of the
microcavity. The LSP field and cavity couple to the transition |1) — |3)
of QE with g1 and g5, respectively. The control field is coupled to the
transition |3) <+ |2) of the QE and controls the output light. (b) In-
teraction diagram of the system and the energy level of the QE. The
mode enhanced factor J is in consideration as the interaction of two
field modes. ¥, ki, K are the dephasing rate of the QE, and the decay
rates of the microcavity and LSP mode, respectively.

Under the dipole approximations, the Hamiltonian of the
composite system can be written as H = Hy + H; + Hyrive
which is given by

Hy = hoea' a+ hanb'b+ 1o 62 + haz 633,
Hi =g, (a0 +0'a)+g:(b'c+0'b)+J(a'b+ba),
Hgrive = hn(a" e 71 4 ge'®™)

+1Q (036 1™ 4 gp3e i), (1)

where Hj) is the free Hamiltonian of the cavity photon and LSP.
Hy describes the QE—cavity, QE-LSP, and LSP—cavity inter-
action Hamiltonian. Hysye is the driving term of the system,
respectively. As depicted schematically in Fig. 1(b), we de-
scribe the cavity mode and plasmonic mode with bosonic an-
nihilation a (b) and creation operators a® (b%) with frequency
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®. and ®n. a (b) and a' (b") obey the bosonic commuta-
tion rule [a,a’] =1, [a,a] =0, [a',a"] = 0, respectively. The
quantum emitter is modeled as a A-like three-level QE char-
acterized by an excited state |3) and two ground states |1) and
|2), where |1) <> |2) is regarded as a forbidden transition with
frequency @) < @s31. O indicates the transition operator
from state |k) to |j) (j,k = 1,2,3) in the exciton, particularly,
o(0") = o13(031). I is the reduced Planck constant (let 7 = 1
here).

The ground state |1) and the excited state |3) with the
excitonic transition frequency @s; are coupled to the micro-
cavity and the LSP mode with the coupling strength g; and g,
respectively. Mode enhanced factor J is the coupling strength
due to the superposition of the vacuum and confined evanes-
cent field between the microcavity and the MNP.

Here the dipole moment direction of the QE is parallel
to the cavity electric field so that it conducts the maximum g;.
The cavity mode is driven coherently by a weak probe with the
same angle frequency as @y and intensity 1, and an auxiliary
control field with angle frequency @ and Rabi frequency 2
couples the |3) <> |2) level transition of the QE with frequency
w3. 2 = % shows that the interaction of the QE-controlling
field can be controlled by the intensity or power of the field
or light. Within this model, the allowed transitions induced
by the external field are |3) <+ |2) and |3) <> |1), which are
characterized by the transition dipole moments i3 and 3.

The QE—microcavity and QE-LSP coupling strengths
are calculated as g1 = (—wi3/h)\/ (ho./(2&Vm1)) and g =
(=213 /R)(R/(R+d/2))*\/(hoanm/(260Vim2) ), where Vip; and
& are the considered volume and free space dielectric con-
stant, respectively.

The microcavity—LSP and QE-LSP (microcavity) cou-
plings are described within the rotating-wave approximation
(RWA) with the input operator defined by the unitary opera-
tor exp[—impHot], i.e., O(t) (O = a,b) is replaced by O(t) —
0Oel™' The RWA is valid provided that the following criteria
are satisfied: @0c — On < Oc + Om, O1(23) — Oc K Opo(23) +
W, J < O, Om, and gj(3) K Oc, Om, O; (i, =1,2,3). The
hybrid system is described by the Hamiltonian

H = Ayo33+ (A0 — Ax3) 022+ (A — Ac) (a’a+b"D)
+(g1a" 0 +gb"o+Ja'b++/kna
+i.QG32+h.C.), 2)

where the detunings are defined as the transition of QE—probe
detuning Ayg = @y — @31, microcavity—QE detuning A = @, —
@31, and control frequency detuning A>3 = @, — wy3. The fre-
quency of the LSP mode and microcavity fields is regarded
as the same all the time (@, = ®y,). Compared to the tradi-
tional cavity-induced EIT,13°! the major difference lies in the
mode enhanced factor J between the microcavity and the plas-
mon mode through introducing the MNP into the microcavity.

The frequency of the microcavity and transition |3) <> |1) of
the QE is resonant, i.e., the detuning A, = 0. Moreover, our
model can provide a distinct method to control EIT and optical
switching simultaneously.

2.1. Steady-state analytical solution

We introduce the significant damping Hamiltonian term
of the open systems as presented in Ref. [40], which includes
the heating loss of the bath and the interaction with considered
system components. Then the terms are given as

Hyes = h/ [CO/ (m?m—l—n%n)} do',
Hes=ih [ (Tim'a+ Tn'b 4 Tym' o + he.) o,
H = Hy+ Hi + Harive + Hyes + Hr—s, 3

where m and n are defined as the radiative decay due to the
mode radiative output and the nonradiative decay due to ohmic
losses of the open environment, which obey the commutation
relation [m,n] = 0, respectively. The reservoirs T)—T3 repre-
sent the coupling strength between the reservoir and the mi-
crocavity, the MNP and the QE. Substituting Eq. (3) into the
Heisenberg—Langevin equations of motion, the dynamic equa-
tions of a coupled microcavity-MNP-QE system are given as

da . : ;

== —(—1(Ag—Ac) + Kk1)a—igio—iJb+/K11 + fis,
db . : ;

5= —(=i(Ao—Ac) +x2)a—igr0 —iJa+ fp,

do . . ; i

<, = (ido+11)0+ig10:a+ig0:b—1Q00 + fi1,
do . ; i

d;z _ 7(71 (AO 7A23) +721)012+181632a* 1!26+f]2,
d623 . : 1
T = _(_1A23 +y32)023 —igiop1a—1iQ (622 - 0'33) + f23,
do . ¥
Tll = Y31033 — 1] (d O-_GTa) +f11?

do .
Tzz = Y3033 — 102 (023 — O32) + fa2,

do . ;
733 = —2Y%033+ig) (aTo' — O'Ta) +1iQ (023 — 032) + f33,

“4)

where operators denote the expectation value O = (O) on the
left side of the equation. ki = nT2, Kk = nT}, % = nT¢ =
(132 + 731) /2 represent the decay of the microcavity mode,
the sum of the ohmic loss and the dephasing rate of the MNP
and the dephasing rate of the QE. Moreover, f,, f3, f13, f23,
f12, fi1, f2 and f33 are the noise operators which are derived
from the reservoir interaction and reservoir modes which sat-
isfy commutation relation at all times. ¢, = 033 — 07 is the
population inversion of the QE. The Langevin noise opera-
tors have zero mean values by assumption in this treatment,
as shown already in earlier works.!**! When the system is at
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the initial point, the great majority of the population of the QE
distribute in the |1) state, i.e., (011 &~ 1,02 = 033 =~ 0). The
steady-state solutions of Eq. (4) can be readily obtained ana-
lytically. The analytical solution of the cavity mode a is given

as
u = ASU!
= 2 .
o2 2 (B+%)721g1g21
Al + g22 o2 5 QZAZ
E_FT BA2+82 + C
_ VKin (5)
A —iy ’

where A| = —i (AO —AC) + K1, Ay = —1 (A() —AC) + 1, B=
—iAg+ 731 and C = —i (A9 — A23) + 121. Notably, the suscep-
tibility of the medium is given from Eq. (5) as

g12 J? (BJr%z)*Zig]ng
x=i — o (©)
B+ + % BA; + g2% + =52

The quantity ) can be written y = ' +ix”. The real
and imaginary parts reflect the dispersion and absorption of
the medium, respectively. When the system degenerates to
the conventional EIT, i.e., one QE and one microcavity (g, =

J =0 in Eq. (6)), the output of the cavity mode becomes
g’
Q? |-
T

a=y/Kin/ (AH-B+

According to the input—output relation ag,,, = \/K1a — aj,
without input light from the right side (aj ), the analytical
normalized transmission of the system output is given as

‘aout/ain | = K']Cl/n .
2.2. Numerical description

In general, the properties of the entire system can be ob-
tained numerically by replacing Eq. (3) with the master equa-

tion as
i . - :
EP = —£[H,P]+ Z Ki(1+7m) L(A;) + ki L(A;")
i=a,b
+Y 7iL(04),
jk

where A; = a,b (i = a,b). The Liouvillian superoperator is
L(0) = %[25p5* —pO'0—00p). K is the decay rate
of the microcavity field. Due to the small size of the MNP
(10 nm-radius), the scattering into free space could be omit-
ted and ohmic loss is not considered, only the dephasing
rate of the MNP k, has remained. ¥;x (j,k =1,2,3,j # k)
is the total decay rate of the excitonic dipole during tran-
sition |3) <» |2) and |3) <> |1) and 9»; is the decoherence
rate between the ground states |2) <> |1), respectively. 7y,
is the mean photon number of thermal excitations at the cav-
ity frequency @, which meets 7y, = O under the condition of
a zero-temperature bath for the oscillator. The power spec-
trum can be numerically obtained by the Fourier transform

S(w)= ffwtll_{g {(a" (t+7)a(t)) e '**dr, and is analyzed as
the normalized output transmission spectrum later.

Then, we elucidate how the LSP mode-assisted one-sided
system manipulates and changes the characteristics of the pho-
ton emitting cavity and switching contrast with a control field.
We also quantitatively discuss the quantum interference effect
of the variable frequency of output light (VF-EIT) and tradi-
tional EIT by the presence and absence of the MNP structure,
respectively.

3. Results and discussion
3.1. Characteristic output properties

Figure 2(a) shows the output transmission as the expres-
sion |aout|/|ain| of the proposed scheme. The fixed parame-
ters in this section are {ki, k5, %,%1,1} = 0.07, 0.7, 0.086,
0.002, 0.1 meV. The decay of the cavity is much smaller
than the MNP with an order of around 10, and the weak
probe 7 is smaller than the coupling strength of the system
as well to satisfy the nonlinear effect at low optical inten-
sity. The coupling strengths {g1,g2,J} = 0.0206,1,2.9 meV
of the interaction of the QE—cavity mode, the QE-MNP and

G’Ollt/ain (arb. units)

0
g
® 0.6F 4
e
-
=
= 0.4 J
e
~
B
s 0.2¢ ]
A v N
0 N i L
—-0.6 —0.4 —-0.2 0 0.2 0.4 0.6

Ay (meV)

Fig. 2. For the (a) variable frequency EIT (VF-EIT) (red line) and (b) tradi-
tional EIT (blue line), the output intensity of the MNP-assisted system and
traditional cavity QED system numerically (solid line) and analytically (dot
line) based on the H-L and master equation with 2 =0, 2 =1 meV and 2 =
2 meV (from top to bottom panels). (c) Selective frequency in the VF-EIT
with tuning strength of control field 2 = 0-2 meV. A pair of bright modes are
plotted (dark dashed line). Other parameters are { Ky, Ky, %, %21,1,81,82,J } =
0.07,0.7,0.086,0.002,0.1,0.0206, 1,2.9 meV for (a). Other parameters are
{K1,%2, %, %1,1M,81,82,J} = 0.07,0,0.086,0.002,0.1,0.15,0,0 meV for (b).
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the cavity—-MNP are calculated referring to Ref. [26] but here
providing the smaller dipole moment (;3 = 1 e-nm. Due to
the much smaller mode volume of the MNP than the micro-
cavity, the coupling strength g; < g, is reasonable in spite
of the stronger loss of the latter. As we can see, the output
transmission of the analytical H-L equation and the numerical
master equation are accordant with each other as seen in the
experimental results of Refs. [14,41]. At Ag = 0, the narrow
spectral peak representing the dark mode shows without the
control field (2 = 0), while it disappears at 2 # 0. The de-
tailed and quantitative description of the dark state is deduced
using an interaction Hamilton later.

Figure 2(b) plots the normalized transmitted light
power versus Ao without the assisted LSP mode (J =
0, » =0, g = 0), which shows that the EIT ef-
fect makes the obvious conversion with the VF-EIT in
the MNP-assisted cavity QED system.
composed of one microcavity and a three-level QE, and

The system is

the parameters are chosen as {xi,K,,%,%i1,1,81,82,J} =
0.07,0,0.086,0.002,0.1,0.15,0,0 meV. When 2 = 0, the
Rabi splitting Ag = ++/g%+ Q2. The narrow dip at Ag = 0
shows that the system is under strong coupling in accordance

with g > k> 7. Conversely, when the control field is present,
i.e., Q # 0, the narrow spectral peak at Ay = O shows that the
control field induces destruction interference between excited
states of the QE. The probe light is essentially transmitted in
the cavity and has little absorption by the medium. It is as-
certained that the control field plays a critical role to achieve
switching performance from the above two results. In view of
Figs. 2(a) and 2(b), there is no deviation between the peaks of
the analytical and numerical results, but the strength of trans-
mission shows differences due to the static approximation of
the H-L equation.

Figure 2(c) depicts the VF-EIT with the wide range of
strength of control field 2 = 0-2 meV. This demonstrates the
existence of the EIT effect and exhibits the switching response
in our system from Q = 0 to a certain strength. The pro-
posed model could provide an easier operation of light switch-
ing which provides continuous transmission by manipulating
the detuning Ap and the intensity of the control field Q2 in the
change from blue to red lines shown in Fig. 2. Additionally, a
pair of bright modes show in the off-resonant frequencies, and
total coupling strength is enhanced.

1.0
(a) (b) ~1.0
=t
05 _ 5
> > E
E o &) 05 =2
T g &
—0.5 ~
3
o]

-1.0 iy 0.05

1.0 -05 0 0.5 1.0 ~1.0 -05 0 0.5 1.0
Ay (meV) Ay (meV)

(d) 1.0 () 1.0 1.0 ~1.0
() ’ -
=
05 0.5 0.5 E
% | -
\S, 0 0 0 [ 0.5 E
g : E
—0.5 —0.5 —0.5 I <
3
3

-1.0 -1.0 ~1.0 0.03

~-1.0 -05 0 05 1.0 ~1.0 —0.5 0.5 1.0 —-1.0 —=0.5 0 0.5 1.0
Ay (meV) Ay (meV) Ay (meV)

Fig. 3. The dependence of the EIT effect on detunings Ay and Ap. (a)—(c) are the traditional cavity QED system, while (d)—(f) are the VF-EIT
effects provided by the plasmon-assisted system, both including a 3LS QE for 2 = 0 meV, 1 meV, 2 meV. Parameters are the same as above.

We consider the variation of output intensity if the probe
light and control field are tuned off-resonance simultaneously
in order to verify the dependence of additional conditions de-
picted in Fig. 3. Here we discuss traditional and MNP-assisted
systems as above with the variation of control field Q = 0-
2 meV depicted in the first and second rows. The first panel
is simplified as the cavity QED system with a three-level QE
shown in Figs. 3(a)-3(c). There are just two bright modes
without the control field, while splitting once with the increas-

ing control field. In the second panel, note that the intracavity
dark mode splits into two modes which are enhanced by the in-
creasing control field strength plotted in Figs. 3(d)-3(f). How-
ever, the bright modes remain in the fixed detuning position
Ap = 0.16 meV in spite of the varied 2. The second anti-
crossing is more obvious at the position of the bright mode.
When the applied control field boosts, the frequency of the sec-
ond Rabi splitting center is resonant A, = 0 meV. Thus, we can
not only control the splitting position and strong coupling of
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the system by the control field but also the switch ‘on/off’. No-
tably, the dark state apparently exists in our system without the
need for the control field so the system shows a strong trans-
mitted intensity. The bright modes remain almost unchanged
in both results. Contrary to the EIT effect, the extra advan-
tage of the proposed system is the shifting frequency of output
light, showing that when the probe light is off-resonant with
the cavity, the same transmitted efficiency can be exhibited by
manipulating the intensity or power of the control field. This
is useful for selective undistinguished frequencies of photons
to enter and entangle in the entanglement swapping by means
of tuning the strength of the coupling field. Referring to the re-
sults in Ref. [43], we have already given a general explanation
of VF-EIT by adding an extra field so as to enrich the coupling
process. This system of Guo et al. studied an N-type four-
level QE and discussed the contribution of a microwave field
added to couple the two ground states. This provides a helpful
method to regulate the entry of photons and exclude the noise
photons in the network node. The range of tuning frequency
of probe light is ideally wide within the gap of bright modes as
shown in Figs. 3(e) and 3(f) (A9 = —0.5 meV to 0.5 meV). No-
tably, the time for the steady state in the plasmon-assisted cav-
ity QED system is < 50 ns which is three times smaller than
that of the traditional cavity QED (150 ns) given in Ref. [44].

3.2. Switching contrast

The switching contrast is defined by the difference

of normalized transmission of the resonant photon Ty =
To-1 _ To—o
Tmax 1 Timaxo
of the LSP mode-assisted cavity QED system and conven-

‘. At the resonance Ay = 0, the contrast value

tional cavity QED has a significant discrepancy with 60% and
<10% given in Figs. 2(a) and 2(b). Further, the dependence
of the switching contrast on the decoherence of the QE, cavity
dissipation, imperfect mode matching and the LSP mode-QE
cooperation C = (g7)? /(2% %) is given in Figs. 4(a)—4(d). Ob-
viously, the mode-enhanced factor J is quite informational due
to the existence of a maximum point in the switching contrast
curve in the middle strength J ~ 0.6 meV, which shows the
critical dependence of a well-designed system. The FWHM
corresponds to a range of coupling strength J (0.17-2.6 meV),
which can be modulated by the spatial position and size of
the MNP in the cavity. Parameters k» and J; play subtle roles
Weak dependence of
the decay rate of the LSP mode provides an advantage for

in exploring the maxima or minima.

eliminating cavity loss. Simultaneously, switching contrast
diminishes exponentially with the increased dephasing rate
of the excited state of the QE. The above discussion reveals
that the moderate coupling strength of two fields and a small
dephasing rate of the excited state of the QE are preferred
In Fig. 4(d), stable switching
contrast (about 90%) is ensured on J = 0.6 meV even at the

for high switching contrast.

prior high cooperation C of Ref. [21]. Conversely, due to the
existence of the LSP mode, light is transmitted for 2 = 0
and absorbed for 2 # 0. So less dependence on the coop-
erativity is shown. Moreover, we also focus on the effect of
QE-microcavity coupling g; in the lack of LSP mode-assisted
system. For the bad cavity g; < max (xi,¥;) (with the critical
point 71 = 0.08 meV), the value of the switching contrast sig-
nificantly reduces to less than 10% only considering cavity—
QE coupling (g; = 0.0206 meV), showing that light in the
microcavity radiates to the free space due to the low exchange
rate between the microcavity and the QE. Once the LSP mode
is available, the value will be greatly increased. This illustrates
that considering the LSP mode improves the low switching
contrast despite the low exchange rate between the cavity
and the QE. In previous theoretical research on cavity QED
systems, the ideal switching contrasts have been achieved in
more complex systems such as a coupled-resonator array (the

[12] a5 the cavity, or a

number is 7)!13) and three empty cavities
multiple-level quantum emitter (energy level> 3).143] Wang et
al. demonstrated that only at a certain probe light—-QE detun-
ing and coupling strength, the resonant photons are completely

reflected and the cavity QED system could be regarded as a

1.0
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g —_— =0
< > —N=1
S 0.5 N 7

g : N csT
5 N

]
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Fig. 4. The switching contrast at Ay = 0 manipulated by (a) mode-
enhanced factor J, (b) decay rate of LSP mode k3, (c) dephasing rate of
excited state Y in the LSP mode-assisted system. The switching con-
trast is marked by a dot dash line. Switching on and off are depicted by
red and blue lines, respectively.
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perfect absorber with cumbersome experimental operation. [>]

This indicates that the proposed LSP mode-assisted system
can serve as a high-contrast and stable photonic switch using
a relatively simple setup for one-sided input light.

3.3. Optical property of the QE

Next we discuss qualitatively the linear property of the
medium to explain this VF-EIT effect. The real and imag-
inary parts of the susceptibility reflect the dispersive and
absorbing nature. Without the extra control field, there is
an interaction between the cavity field and QE level transition

[1) — |3). According to the Heisenberg—Langevin analytical
method, the significant transmission peak appears at the res-
onant frequency due to rare absorption of the medium shown
in Fig. 5(a) (red line), which corresponds to the dark mode in
Fig. 5(a) (2 = 0), manifesting that the incident probe photon
is nearly all trapped in the microcavity. At off-resonant fre-
quencies shown in Fig. 5(b), the absorption has two peaks and
also corresponds to the gap between bright and dark modes in
Fig. 2 (2 = 1,2 meV). However, with the control field, the
complete reversal happens at Ag = 0 and exhibits the vanish-
ing of the dark state at the fully resonant frequency. The real
part of permittivity plotted in Fig. 5(c) shows the anomalous
dispersion from one to two contours corresponding to the cen-
tral linewidth of the absorption profile. To make a contrast,
the absorption and dispersion of a one QE—one cavity system
are also depicted in Figs. 5(a)-5(d) (blue line). Without the
control field, the output transmission exhibits the strong peaks
of Rabi splitting which illustrates the non-existent dark state,
as shown in Fig. 5(a) (blue line). Due to the manipulation of
the control field, the strong absorption at Ag # O corresponds
to the weak bright mode, while the stronger EIT peak is shown
at a resonant frequency in Figs. 5(b) (blue line) showing the

EREUNA G=1meVi 7 10
g =i
5 0.8} = 0.8t
£ e
5 0.6 5 0.6f
S04t < 0.4}
) o
S o2t S 0.2
8 B
0
—0.5 0 0.5
Ag Ag
;u:? GV(C) 2=1 meV E 6 (d) 2=0 meV
= £
= 4 :
g )
20 2 of
.l = gl
A < 7°
Q
& -6} = —6f
—1.0 —05 0 05 1.0 —1.0 —05 0 05 1.0
Ay Ay

Fig. 5. The absorption and dispersion of the medium of 2 = 1 meV (a)
and (c), and 2 = 0 (b) and (d) for VF-EIT of the MNP-assisted cavity
QED system (red line) and EIT system (blue line). Other parameters
are equal to the MNP-assisted and traditional cavity QED system as in
the above discussions, respectively.

occurrence of the dark state. The reflective index of the LSP
mode-assisted system is four times as large as that of the tradi-
tional cavity QED system shown in Figs. 5(c) and 5(d) show-
ing stronger manipulation of the structure.

3.4. Quantum interference explanation

In order to demonstrate profoundly the dynamics of the
probe light in view of quantum mechanics, we analyze the cou-
pling pathway of the traditional EIT and the proposed model.
We first deduce the quantum interference model induced by
the additional control field shown in Fig. 6. We limit the Fork
state of a photon in |0), |1) in Hilbert space. Firstly, for the
usual EIT effect without MNP structure, the ground state of
the system is [0) @ |1) () is a direct product of cavity ex-
citation and excitation of QE). After the probe light emits to
the cavity, the state becomes |1) & |1). The coupling inter-
actionis [1)® |1) — |0)® |3) without the control field and
N 1) — |0>®% (|2) + |3)) with the control field, pro-
ducing the dressed states |+) = % (12) £ 13)) and making
the original excited state degenerate. The Rabi splitting posi-
tion of the EIT effect is A = 0, =1/g% + 2. With the control
field varying in the range 2 = 0-2 meV, two broad peaks ap-
pear on its left and right sides at Ayp = £0.08-0.48 meV, as
shown in Fig. 2(b).

0,0,+
(@) 10,0,3) ) 00
g g2 10,0,-)
o i g1 g2
L0 <~ o,1,1) |1,0,1) 10,1,1)
n - n N —
10.0:-1) 0,0,1)
¢) 0.06
(c) 5>
0.04
5
£
0.02 2=0
0
25 50 75 100
7 (ns)

Fig. 6. Energy-level and transition pathway diagram of the coupled
cavity—QE (a) without and (b) with the control field in the LSP mode-
assisted system. The quantum interference effect between different
transition pathways for the transition |3) <+ |2) of the QE due to the
presence of a control field leads to the counterintuitive EIT effect. The
Dirac operator is a direct product of the Fork state of the cavity photon
and the population of the QE. Here one Fork state is considered. g and
g2 is the coupling between the transition of |3) <> |1) and the micro-
cavity, and the LSP mode, respectively. J refers to the mode-enhanced
factor between the microcavity and LSP mode. (c) Population evolu-
tion of mean photon number of LSP mode for VF-EIT versus different
strength of control field 2 =0 meV and 2 =2 meV.

Considering the Hamilton term of all interactions and the
pump of the control field, the density matrix of the proposed
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system can be given as

0 7 U
82 82
m=| L. S %
V2 V2
BB 0 2

The eigenvalues of the matrix reflect the states of the scheme.

Next, in the proposed MNP-assisted system, the middle
EIT peak represents the intracavity dark state when the control
field is absent. The quantum explanation is destructive inter-
ference due to mode interaction between the extra LSP mode
and cavity field which plays the main role. The ground state
basis of the coupled system |0,0,1) experiences the probe
light 1 of the cavity and yields |1,0,1). Two coherent tran-
sition pathways are plotted in Fig. 6(a). One is coherent cou-
pling |1,0,1) — |0,0,3) with g;, while the other is two steps
|1,0,1) — |0,1,1) — |0,0,3) with coupling strength J and
g2. The systematic eigenstates can be written as

7 Vel 2
\qf,>:gf|1,o,1>77“>’2g+ 10,1,1)4+10,0,3),
2 2

B = —% 11,0,1) +10,0,3),

J Vg2 +J?
) = g—|1,0,1>+g2g7\0,1,1>+|0,o,3>. )
2 2

During this process, the population on middle |1,0,1) is sup-
pressed, steering the system to a dark state as seen with two
fields in Ref. [42]. Therefore, there is no medium absorption
and no effects on the cavity photons. Notably, variation of 2
has little effect on the frequency range of bright modes shown
in Figs. 3(b) and 3(c). The broad frequency of bright modes is
located on the off-resonant frequency at Ap = 0.5 meV.

In the case of applying the control field, the excited state
of the QE degenerates to a dressed state, and the whole sys-
tematic states include |1,0,1), |0,1,1), |0,0,4) as shown in
Fig. 6(b). The destructive interference between two coherent
excitation paths of the QE (|2) =+ |3)) seen in the conditional
EIT effect is induced due to the same strength and opposite

el®3] at the frequency of probe resonance. However, the

phas
third coherent pathway is formed due to mode-enhanced fac-
tor J between |1,0,1) and |0,1,1). Thus, the formation of
Addi-
tionally, variation of 2 has proportional manipulation on Rabi

splitting of dark modes. As shown in Fig. 2, a single EIT peak

destructive interference and the dark state vanishes.

splits into two peaks near resonance frequency and resonant
frequency can be given as four eigenvalues and written as 1% =
[P+ g2+ Q%+ \/(ﬂ +8.2+Q2)> —4J2Q2)/2. From the
above expression, the decisive factor to prepare the dark state

is whether or not J2Q2 = 0. Hence, reliable evidence to gener-
ate a dark state in the LSP mode-assisted system is again given
without the control field.

In Fig. 6(c), it can be seen that the transient evolution of
the population of the LSP cavity reflects the distribution of sys-
tematic states. For the dark state ¥ at Q = 0, the |0, 1, 1) state
is destructive interference and the number of LSP cavity pho-
tons is substantially reduced. Contrarily, the population shows
an increasing trend at © # 0 because of the vanished dark
state and all contributions of the four eigenstates of the sys-
tem. After destructive interference occurs, the electronic state
is trapped in the excited state of the QE. This corresponds to
the inversion of the dark state to manipulate the switch *on/off’
state.

4. Conclusion

In conclusion, we have achieved the high and stable
switching contrast and variable frequency of photon output
from the one-sided LSP mode-assisted cavity QED system,
even with small J and high cooperativity C by tuning the inten-
sity of the control field. A full analytical solution is given to
describe transmission spectra and eigenstates for the evolution
of the system on the basis of the Heisenberg—Langevin equa-
tion and input—output relation the solution of which is univer-
sal for the interaction of three modes on cavity QED systems.
The quantum interference is presented to describe the evolu-
tion of systematic states by the absence or presence of the con-
trol field. Due to the destructive interference, a certain system-
atic state vanishes that renders one of the microcavity or LSP
photons trapped without the control field. At macro scales,
the electric susceptibility of the medium is significantly dif-
ferent between VF-EIT and EIT effects. In long-distance en-
tanglement swapping, selecting a certain frequency of photons
for Bell-state measurement (BSM) is a critical step to conduct
the entangled photons. As the network nodes via the photonic
link, the LSP mode-assisted system is embedded in the quan-
tum circuit to help select a certain frequency of input photon.

Here we propose several experimental realizations to
achieve the LSP mode-assisted cavity QED to manipulate op-
tical switching. Jauffred et al. optically trapped an individ-
ual airborne gold nanoparticle using a single infrared laser
beam.[*3] By constructing three chambers to trap a single par-
ticle easily, the measurement time is about 0.04 s, which is
much longer than the switching process (the order of ns). The
A-type artificial QE can also be trapped by applying another
laser with visible wavelength. Then ideally, through infinite
approaching MNP and QE by modulating two lasers, the tran-
sient sub-nanometer distance between the MNP surface and
the QE can be achieved. An order of GHz microwave drives
the magnetic-dipole transition between two hyperfine ground
states of the QE to form a A-type QE. Finally, by turning
on/off the controlling field applying to the optical medium
state-excited state, transmission of the probe light can be de-
tected in the same direction in the one-sided system.
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However, the accurate control of the position of 10-20 nm
between the QE and MNP in the air and the total resolution of
the two particles is challenging. Hence, providing the fixed QE
and movable MNP through the optical tip makes the theoreti-
cal system possible. Firstly, the QE can be fixed on the surface
of molecules or spheres which cannot respond to the charac-
teristics of interaction with light by a self-assembly technique.
Then, the position of the MNP is controlled by an AFM tip
with the precision of a few dozen nanometers.[*>*”] The cav-
ity could be provided by the waveguide. The whole experi-
ment can be achieved with the on-chip device.
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