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Electromagnetic vacuum engineering in nanostructures can be used to tailor the light—emitter interaction at the

subwavelength scale. Here, by embedding a nanocavity quantum electrodynamic system in an evanescent vacuum,

we theoretically investigate high-dielectric constant enhanced photon—exciton coupling. The evanescent depth

decreases as the dielectric constant of the embedding medium increases. Thus, more confined evanescent fields

are obtained owing to faster exponential decay of an evanescent wave, which is used to obtain a larger coupling
coefficient enhancement. The enhanced coupling coefficients are also demonstrated by changing the Ag nanorod
size and the gap distance between the nanoparticle and plate. To significantly enhance the absolute value of the
coupling coefficients, the Ag cylindrical nanorod can be replaced by the Ag pyramid or bipyramid. Evanescent
vacuum induced strong photon—exciton coupling would have a significant influence on the fundamental physics

of the subwavelength-confined cavity quantum electrodynamics and on-chip quantum information processing
and scalable quantum networks. ~ © 2018 Optical Society of America

OCIS codes: (270.0270) Quantum optics; (270.5580) Quantum electrodynamics; (240.6680) Surface plasmons.
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1. INTRODUCTION

Traditional cavity quantum electrodynamic (CQED) systems,
which provide a quantum interface for coherent control of
light—matter interaction, achieved great success in quantum in-
formation processing [1—4]. In the strong coupling regime of
CQED systems, energy can be reversibly and controllably ex-
changed between the emitter and the cavity, where CQED sys-
tems can be used as quantum nodes for information swapping
and quantum state storing [4]. To meet the requirements of on-
chip quantum devices, plasmon-based CQED systems with a
strongly localized field were developed extensively [5—14].
Specifically, strong coupling between emitters and metallic
nanostructures was not only theoretically studied extensively
[15-21] but also implemented experimentally [22—27], accom-
panied by energy anti-crossing and Rabi splitting. However,
strong coupling between a single emitter and an individual plas-
mon nanostructure, which is of great significance to on-chip
quantum information processing, has been rarely experimen-
tally realized owing to ineluctable metallic loss [28-30].
Taking advantage of special modes of nanophotonic struc-
tures to obtain a custom-tailored vacuum, electromagnetic
vacuum engineering is an effective solution to enhance
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light—matter interaction in quantum optics and cavity quantum
electrodynamics. An evanescent vacuum (EV) is a specific vac-
uum caused by evanescent optical modes of nanophotonic
structures, such as one-dimensional (1D) EV provided by met-
allic or dielectric nanowires [16] and the two-dimensional (2D)
EV provided by a metallic nanofilm or plate. A more confined
evanescent field will in principle be beneficial to obtain the
larger coupling coefficient enhancement. One way to obtain
a more confined field is to increase the dielectric constant of
the embedding medium. It is well-known that, at the evanes-
cent depth Ly, in the medium along the y direction
(perpendicular to the metal-dielectric surface) (Fig. 1), the field
falls to 1/e of the maximum value. The evanescent depth can
be expressed by Ly = 1/]k)| = 1/|\/e,k% - k2|, where
ky = 2n/2 = w/c is the wave vector in free vacuum, k, is
the wave vector along the y axis, and 4, is the wave vector along
the propagation direction (z axis) [31]. Thus, with permittivity
€, increases, the evanescent depth decreases, leading to a more
localized evanescent field because of faster exponential decay of
the evanescent wave. However, in the strong coupling regime,
changing the permittivity of the embedding medium to en-
hance light—matter interaction was not investigated.
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Fig. 1. (a) Diagram of a nano-CQED system in 2D EV provided by
the Ag plate. (b) Evanescent optical field distribution of the Ag plate
when the permittivity €, = 4.0. Electric field distributions of the
longitudinal modes of the AgNR for (¢) ¢, = 1.5 with D,y =
20 nm and 4,5y = 49.6 nm, and (d) ¢, = 4.0 with D,,4 = 20 nm
and #,,g = 9.6 nm at the wavelength 4 = 780 nm.

To this end, we change the dielectric constant of the
embedding medium to enhance strong photon—exciton
coupling. When the permittivity of the medium above the
Ag plate increases, the evanescent depth in the medium
decreases. The enhancement of the coupling coefficient for a
single emitter to an Ag nanorod (AgNR) at the nanogap in-
creases relative to that in homogeneous vacuum. The main
reason is due to the more confined evanescent field within
the smaller evanescent depth owing to faster exponential decay.
By fixing the permittivity of the medium &, = 2.13, more
enhancement of the coupling coefficients for longer AgNR
is obtained. Replacing the AgNR by an Ag pyramid or bipyr-
amid, the significantly enhanced absolute value of the coupling
coefficients can be obtained owing to the strongly localized field
close to the nanotip, but the coupling coefficients” enhance-
ment in EV relative to the free vacuum is small. Both exchang-
ing energy reversibly between the plasmon nanocavity and a
single emitter and Rabi splitting in the fluorescence spectra in-
dicate that strong photon—exciton coupling appears. Achieving
strong coupling in 2D EV has a major impact on the fundamen-
tal physics of nano-CQED systems and has potential applica-
tions in on-chip quantum information processing. Furthermore,
the broad region of the 2D evanescent field makes embedding
multi-nano-CQED systems in the same EV experimentally pos-
sible, which could be utilized in scalable quantum networks.

This paper is organized as follows: In Section 2, we set up
the model of a nano-CQED system embedded in the 2D EV.
Section 3 presents high-dielectric constant enhanced photon—
exciton coupling. In Section 4, the coupling coefficients
enhanced by changing the size of the Ag nanoparticle, size

of the gap distance, and shape of the nanoparticle are demon-
strated. Section 5 describes the reversible interaction between a
single emitter and a single plasmon nanocavity. Finally, discus-
sion about the experimental realization and a summary are
presented.

2. MODEL SETUP

A nano-CQED system is embedded in EV [Fig. 1(a)], where an
Ag nanoparticle is vertically placed close to an Ag plate, and a
single emitter can be located at the nanogap. The Ag nanopar-
ticle is too small to affect the evanescent optical mode of the
plate. They are decoupled, and there is no peak splitting in the
absorption spectrum of the Ag nanoparticle. Moreover, the
coupling of the emitter to the nanoparticle is much stronger
than that to the plate. Thus, the evanescent mode is seen as
the electromagnetic background of the nano-CQED system,
the so-called EV [16], and the Ag nanoparticle as the open plas-
mon nanocavity. However, if the nanoparticle size is too large to
have an impact on the evanescent optical mode, i.e., the optical
modes of the nanoparticle and the plate coupled with each
other, and peak splitting occurs in the absorption spectrum,
then the evanescent mode cannot be seen as the electromag-
netic background, which is beyond the consideration of
this work.

Note that the proposed system above is different from the
traditional dimer nanostructures [17,26]. Here, the modes of
the nanoparticle and plate are decoupled. The evanescent vac-
uum provided by the plate is the electromagnetic background
for the nano-CQED system. While in dimer nanostructures,
the role of the two nanoparticles is the same, namely, the cou-
pling between one of them alone and the emitter is comparative
with that of the other one alone. For example, in [26], the di-
pole modes of the two nanodisks coupled with each other,
forming two hybrid modes (dark mode and bright mode).
Then, the bright mode is taken as the cavity mode to interact
with the quantum emitter.

The dielectric constant of the metal is taken from the
experimental data [32]. At wavelength 4 = 780 nm, when
the permittivities of the medium are ¢, = 1.5, 2.13, 3.0,
and 4.0, the real parts of the propagation constant are
Re(k,/ky) = 1.257, 1.515, 1.827, and 2.151, and the evan-
escent depths are Lg,y, = 438.6, 305.4, 213.3, and
157.0 nm, respectively, as shown in Fig. 2. The real part of
the propagation constant increases with the permittivity &,
so the evanescent depth in the medium decreases.
Meanwhile, the imaginary part of the propagation constant
Im (k,/ky) increases; thus, the propagation distance L;, de-
creases, but a low-loss nanofiber can be added to guide photons
efficiently.

The fully quantum theory is used to handle the light—matter
interaction. Under the rotating wave and dipole approxima-
tions, the Hamiltonian of the nano-CQED system embedded
in the BV is H = hw,0'c + hwa'a + hgy(c'a + 6a"),
where 67 (0) is the raising (lowering) operator of the emitter,
and 4" (a) is the creation (annihilation) operator for the longi-
tudinal mode of the Ag nanocavity. @, (@,) is the frequency of
the emitter (nanocavity). The g, represents the coupling coef-
ficient between the longitudinal mode of the Ag nanoparticle
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Fig. 2. Dispersion relations for evanescent electromagnetic modes
of the Ag plate. (a) Real part and (b) imaginary part of the propagation
constant £,/ kg for the evanescent modes. (c) Evanescent depth Lgepen
in the medium and (d) propagation length L, for the evanescent
mode. When the permittivity increases, the evanescent depth in
the medium decreases, which results in a more confined field and
would be beneficial to the coupling coefficient enhancement.

and the single emitter in the EV. The master equation
p=-+£[H,p)-L(c"op-opc" +H.c.)-5(a'ap - apa’ + H.c.)
governed the dynamics of the nano-CQED system, where « is
the decay rate of the nanocavity mode, and y is for the emitter
to modes other than the nanocavity mode [4]. Specifically,
Y = Vev + Viad> Where the 7, is the decay rate to the evanescent
mode, and the y,,4 is that to the far field. The evanescent mode
does not involve the reversible interaction process because it is
the electromagnetic background of the nano-CQED system.
However, compared with free vacuum, the coupling coeffi-
cients are greatly enhanced because of the exponential decay
of the evanescent field.

The parameters g, k, and y in this hybrid system can be
simulated by commercial COMSOL multiphysics software
[9,16,33]. A spherical module with a radius of 2000 nm is
set up, where the bottom hemisphere is the Ag plate and
the top hemisphere is the dielectric medium. The Ag nanopar-
ticle is located in the dielectric medium, and & represents the
distance between the nanoparticle and the Ag plate. In order to
minimize boundary reflections, we introduced a perfectly
matched spherical layer with the thickness 4/2 outside the
spherical module. A phase-matching high index material is
put in one side of the Ag plate to efficiently excite the
evanescent wave of the Ag plate.

The theories of calculating g, &, and y are as follows. The

coupling coefficient is g, = E,';, which is proportional to the
transition dipole moment p of the emitter and the field E
corresponding to a single excitation of the Ag nanoparticle
longitudinal mode. To obtain the field E, we should first sub-
tract the background of the evanescent wave from the total
electromagnetic field to obtain the longitudinal mode, then
normalize its total energy to the single photon energy.
The nanocavity mode damping rate k is obtained by the
FWHM of the Ag nanoparticle absorption spectrum, which

is calculated by volume integration over the resistive loss in
the simulation.

The emitter decay rate is ¥ = Yo, + ¥V1ad = ¥+ = Vnr» Where
7, and y,, are the total decay rate and the nonradiative decay
rate due to the ohmic losses, respectively. Note that we have
ignored the scattering loss y,.,, of the nanoparticle, which is
much smaller than the absorption loss y,,, for our considered
small nanoparticles. A point dipole emitter is located in the
nanogap between the Ag nanoparticle and the Ag plate. The
energy W, flowing out through a nanosphere enveloping
the emitter is calculated. As for nonradiative energy W,
not only the absorption for the Ag nanoparticle is included,
but the absorption for the charge images of the nanoparticle
and the emitter in the plate is also included. Then, the
decay rate y can be derived by y/yo = (v, - ¥u)/v0 =
(W, - W)/ W, where Wy, is the energy flowing out through
a nanosphere enveloping the same dipole emitter in free space,
and y, is the decay rate of the emitter in free vacuum.

3. HIGH-DIELECTRIC CONSTANT ENHANCED
COUPLING COEFFICIENTS

The EV can enhance the photon—exciton coupling [16], but
the impact of the dielectric constant of the embedding medium
on the coupling coefficient enhancement was not discussed.
Here, we changed the permittivity €, of the medium above
the plate. Specifically, the 2D evanescent optical field distri-
bution for &, = 4.0 is shown in the Fig. 1(b). The period is
consistent with the wavelength of the evanescent wave, which
is calculated by 4., = 780 nm/Re(k,/ky) = 362.7 nm. The
Ag nanoparticle is placed close to the plate, and the nanogap
between them is setas 4 = 1 nm. The zero point of the y axis is
at surface of the Ag plate. Owing to the collective oscillation of
free electrons in the EV, the electric field distributions of the Ag
nanoparticle longitudinal mode for &, = 1.5 with D4 =
20 nm and 4,y = 49.4 nm and ¢, = 4.0 with D, 4 =
20 nm and 4,,¢ = 9.6 nm are shown in Figs. 1(c) and 1(d).
Both the exponential decay of the evanescent wave and the
gap surface plasmon [34-36] greatly contribute to the strongly
localized field. Moreover, the fields are more localized for €, =
4.0 than for ¢, = 1.5 because of faster exponential decay of the
evanescent wave, which would result in more enhanced
photon—exciton coupling.

Then, we focus on the coupling coefficient enhancement
caused by the high dielectric constant. The transition dipole
moment of the emitter is y-axis orientated, and the value is
u = 0.2 enm, which is in the range of atomic dipole moments.
When the permittivity of the medium increases as 1.5, 2.13,
3.0, and 4.0, the resonance length decreases as ,,g = 49.4 nm,
32.7 nm, 19.1 nm, and 9.6 nm for the AgNR with the diam-
eter D,,q = 20 nm, respectively. As shown in Fig. 3, the cou-
pling coefficients of the single emitter to the AgNR with the
plate decrease first and then increase, while the coupling coef-
ficients without the plate are close. In detail, the coupling co-
efficients with the plate increase from 7.1, 7.6, 8.1, to 8.7 times
larger than that in homogeneous vacuum. One can find that a
high dielectric constant results in larger photon—exciton cou-
pling enhancement. The main reason is that, with the permit-
tivity &, increasing, the real part of the propagation constant Re
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Fig. 3. Larger coupling coefficients enhancement for smaller evan-
escent depth. The coupling coefficients g, along the central axis
of the AgNR for (a) ¢, = 1.5, D,q =20 nm, @,y = 49.4 nm;
(b) & =213, D,y =20nm, ay =327 nm, (I & =3.0,
D,yq =20 nm, 4,,q = 19.1 nm, and (d) ¢, = 4.0, D,oq = 20 nm,
arog = 9.6 nm. The coupling coefficient enhancements are 7.1,
7.6, 8.1, and 8.7 times. The coupling coefficient enhancement in-
creases with the permittivity because the faster exponential decay of
the evanescent wave results in more localized plasmon mode within
smaller evanescent depth.

(k;/kg) increases, then evanescent depth gy decreases,
resulting in a more confined evanescent field owing to the faster
exponential decay of the evanescent wave. Thus, a more local-
ized plasmon mode of the nanoparticle is obtained to increase
the coupling enhancement.

4. ENHANCEMENT OF THE COUPLING
COEFFICIENTS VIA CHANGING OTHER
PARAMETERS

This section presents the coupling coefficient enhancement at a
fixed permittivity £, = 2.13 of the medium. First, the coupling
coefficients enhanced via changing the size of the cylindrical
nanorod are demonstrated. Then, results for a larger nanogap
are clarified. Finally, large absolute values of the coupling
coefficients for the Ag pyramid or bipyramid are obtained.
The enhanced coupling coefficients in EV via changing the
size of the AgNR are shown in Figs. 4(a) and 4(b). The nanogap
is d =1 nm. We decrease the diameter of the AgNR to
Doy = 14 nm and D,,y = 10 nm, whose resonance lengths
in an evanescent wave at A =780 nm are 27.5 and
22.0 nm, respectively. The resonance length decreases when
the nanorod diameter decreases. For D,y = 14 nm (or
D,oq = 10 nm), the coupling coefficient of 84.8 meV (or
97.3 meV) at the nanogap is 5.1 (or 4.0) times larger than
the value of 16.6 meV (or 24.3 meV) without a plate. By com-
paring these results with those in Fig. 3(b), more enhanced cou-
pling coefficients are obtained for longer AgNRs because,
within the same penetration length, the exponential decay of
the evanescent wave results in a more localized plasmon mode
for longer nanoparticles. The absolute values of the coupling
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coefficients are smaller for larger size AgNRs owing to the
increased mode volume. These are in agreement with the
previous work [16].

The dielectric constant of the embedding medium and the
length of the AgNR can affect the coupling coefficient enhance-
ment. In the evanescent field with the same embedding
medium, larger coupling coefficient enhancement can be ob-
tained for longer AgNRs. Bug, in the third section, shorter
AgNR in the medium with a high dielectric constant can obtain
a larger coupling coefficient enhancement than longer AgNR in
a medium with a small dielectric constant. Thus, the impact of
the dielectric constant on the coupling coefficient enhancement
is larger than that of the length of the AgNR.

The coupling coefficient enhancement via changing the size
of the nanogap is demonstrated [Figs. 4(c) and 4(d)]. When the
distance is 4 = 2 nm, the enhancement of the coupling coef-
ficient is 3.9 times for the nanorod with D,y = 20 nm and
a,qg = 37.6 nm. While for 4 = 5 nm, the enhancement is
2.0 times for the nanorod with D,y =20 nm and
4rog = 43.6 nm. Compare the two cases above with that in
Fig. 3(b), and we can see that, for the nanorod with the same
diameter, the resonance length of the nanorod decreases with
the decrease of the nanogap size, while the enhancement of the
coupling coefficients increases because a smaller nanogap re-
sults in a more localized field because of the exponential decay
of the evanescent wave. With the present technology, the nano-
gap can be accurately controlled to 0.9 nm [29]. However, the
nanogap size cannot decrease infinitely because the distance
smaller than 0.3 nm would induce quantum effects [37].

Replacing the cylindrical nanorod with a pyramid or bipyr-
amid will greatly increase the absolute value of the coupling
coefficients, but the coupling coefficient enhancements are rel-
atively small compared with those of the cylindrical nanorod
[Figs. 4(e) and 4(f)]. Here, the gap distance is 4 = 1 nm.
The slant angle of the ridge to the central axis of the nanopar-
ticle is 20°. For the pyramid with the tip diameter Dy, =
10 nm and length 2 = 30.6 nm, the maximum of the coupling
coefficient at the nanogap is up to 124.8 meV, and the en-
hancement is 3.6 times. While for the bipyramid with Dy, =
10 nm and the length 2 = 49.0 nm, the maximal coupling co-
efficient is 124.1 meV, and the enhancement is 4.9 times.
Because more charges gathering at the nanotip result in a more
localized field, i.e., the tip effect, a larger coupling coefficient
than that for the cylindrical nanorod would realize strong
coupling more easily.

5. DEMONSTRATION OF THE REVERSIBLE
INTERACTION

Exchanging energy reversibly and Rabi splitting are signatures
of strong coupling between a nanocavity and a single emitter
[1]. The exact resonance between them is assumed. The gap
distance is 4 = 1 nm. Here, we analyze two cases. First, for
g, = 1.5, the damping rate of the specific plasmon nanocavity
with D,,g = 20 nm and 4,,y = 49.4 nm is k; = 78.0 meV.
Second, for €, = 4.0, the damping rate of the nanocavity with
D,y =20 nm and #,,¢ = 9.6 nm is k, = 64.5 meV, while

the coupling coefficient gf'd and the emitter’s decay rate y
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Fig. 4. Coupling coefficient enhancement via changing the radius of the AgNR, size of the nanogap, and the shape of the Ag nanoparticle. The
dipole moment of the emitter is 4 = 0.2 enm, and the permittivity is €, = 2.13. The gap distance is 4 = 1 nm for (a), (b), (¢), and (f). The
coupling coefficients g, along the central axis of the AgNR for (a) D,y = 14 nm, a,,g = 27.5 nm, and (b) D,,q = 10 nm, #,,q4 = 22.0 nm.
Because the exponential decay of the evanescent wave results in a more localized plasmon mode for longer nanorods within the same penetration
length, the coupling coefficients for longer AgNR increase more than that of the shorter one. The coupling coefficients g, for (c) 4 = 2 nm with
D,oq = 20 nm, 4,5y = 37.6 nm, and (d) 4 = 5 nm with D,y = 20 nm, #,,¢ = 43.6 nm. With the decrease in the size of the nanogap, the
enhancement of the coupling coefficients increases because smaller nanogap results in a more localized field owing to the exponential decay of

the evanescent wave. Coupling coefficients for (e¢) the Ag pyramid with D

Dtip
due to the strongly localized field close to the nanotip.

ip = 10 nm, 2= 30.6 nm and (f) the Ag bipyramid with

= 10 nm, 2 = 49.0 nm. The slant angle of the ridge to the central axis of the nanoparticle is 20°. The larger coupling coefficient is mainly

at the center of the nanogap are proportional to the transition
dipole moment p and square of y, respectively [38,39].

With the above-mentioned parameters g™, «, and y simu-
lated by the commercial COMSOL software, the dynamical
evolution and fluorescence spectra of the nano-CQED systems
are calculated using the Python toolbox [40]. The excited-state
probability of the emitter is p,, = (¢ 6), and the average num-
ber of photons in the nanocavity is p,, = («'4). When calcu-
lating the dynamic evolution of p,, and p,,,, the emitter is in the
excited state, and there are no photons in the nanocavity ini-
tally, i.e., p,.(# =0) =1 and p,,,(r = 0) = 0. It is not nec-
essary to add any driving field; thus, the quantum emitter
interacts with the quantized vacuum state [0). Then, when cal-
culating the fluorescence of the steady state, we add a thermal
reservoir to drive the nanocavity mode. The reservoir reduced
density operator pp, is the multimode extension of the thermal

hoy Mgl
operator, i.e., pp = [[;[1-¢7""]e” " , where kp is the
Boltzmann constant and 7" is the temperature. The fluores-
cence spectrum is the Fourier-transformed electric field oper-
ator (E-(7,0)ET(7,¢t + 7)) x ¢'(£)o(z + 1), which can be
written as S(7, @) = 1Re [de(E-(F, ) ET (7, t + 7)) ™.

The processes of exchanging energy for e, = 1.5 are
displayed in Figs. 5(a) and 5(b). When pz = 0.08 enm, the de-
crease in p,, and increase in p,,, simultaneously indicate that the
emitter and the nanocavity start exchanging energy, which is
accompanied with tiny Rabi splitting in the fluorescence spec-
tra, as shown in Fig. 5(c). By increasing the dipole moment to
u = 0.20 enm, the increased coupling coefficients gg‘id lead to

faster energy exchanging because the frequency of the exchang-
ing energy is 2gi. The decreases in the peak values of p,, and
P are due to the damping rates of the emitter and nanocavity
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Fig. 5. Reversible interaction and Rabi splitting in EV. The permit-
tivity €, = 1.5, D,oq = 20 nm, and 4,,y = 49.4 nm for (a), (b), and
(c). While for (d), (e), and (f), &, = 4.0, D,,y = 20 nm, and 4,4 =
9.6 nm. (a), (b), (d), and (e) Population probabilities p,, in the AgNR
nanocavity and p,, in the excited state of the emitter for y = 0.08 enm
and 0.20 enm. (c) and (f) Fluorescence spectra versus the probe field
detuning A, = @ - @, for various dipole moments of the emitter.
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mode. The emitter exchanged energy several times with the
nanocavity before it decayed to the ground state, which is
the characteristic of strong coupling. The fluorescence spectra
show that larger Rabi splitting appears for a larger dipole mo-
ment because the fluorescence intensity reaches maximum
at the positions :I:g{)nid, which is consistent with that of the
dressed state analysis [41]. The results for £, = 4.0 are shown
in Figs. 5(d)-5(f). Compared with that for €, = 1.5, faster en-
ergy exchanging and larger Rabi splitting can be obtained for
the same dipole moment owing to larger coupling coeffi-
cient gd,

It is known that the typical value of atomic dipole moments
is y = 0.05 ~ 0.25 enm. However, for the Rydberg atom with
a large electron orbital, it is 0.5 enm [42], which is larger than
that of normal atoms. As for quantum dots and the micro-
molecular, it is generally larger than 0.5 enm [17,43,44].
Therefore, for the emitters noted above, the experimental

realization of the aforementioned Rabi splitting is possible in
2D EV.

6. DISCUSSION AND SUMMARY

Meetallic plates and nanoparticles may be controllably fabricated
with the development of experimental technology, such as elec-
tron beam evaporation, electron beam lithography, and focused
ion beam lithography [29,45—47]. The permittivity £, = 2.13
is corresponding to the doped silica [21], which can also be
replaced by some other medium with refractive index from
1.0 to 1.8 [29]. Through layer-by-layer polyelectrolyte film
or the cladding molecular spacers, the nanogap between them
can be accurately controlled [29,36,48,49]. In a spin-coated
ultrathin crystalline film of p-terphenyl, terrylene molecules
can be successfully aligned [50], and proper orientation of
the emitter can be made using the host—guest chemistry of
macrocyclic cucurbit[n]uril molecules [29], which makes it
possible to insert a single upright emitter in the nanogap.
Through the microscope objective, the total internal reflection
of the p-polarized incident light can excite the emitter [51].
Thus, the greatly enhanced photon—exciton coupling in a
nano-CQED system could be experimentally realized in the
near feature.

In summary, we theoretically studied high-dielectric
constant enhanced photon—exciton coupling in a nano-
CQED system embedded in 2D EV. When the dielectric con-
stant increases, the evanescent depth decreases; thus, a more
confined evanescent field leads to larger coupling coefficient
enhancement. Further enhanced photon—exciton coupling is
investigated by changing the size of the Ag nanoparticle, size
of the gap distance, and shape of the nanoparticle. Based on
strong photon—exciton coupling, the setup of the nano-
CQED system could be used as a quantum node. Owing to
the broad 2D evanescent field region, multi-nano-CQED sys-
tems can be placed in the same evanescent vacuum, which has
potential applications in scalable quantum networks [4,52].
Such exciton—polariton in a nanocavity is promising for emerg-
ing technological applications and exploring polaritons for
quantum computation and simulation [53]. Moreover, the
reversible interaction, entanglement, and state manipulation
are promising to be realized in this nano-CQED system,

which will have an important impact on on-chip quantum
information processing.

Funding. National Key R&D Program of China
(2018YFB1107200); National Natural Science Foundation
of China (NSFC) (11525414, 11734001).
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