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An evanescent optical mode existing in various nanophotonic structures always acts as a cavity mode
rather than an electromagnetic vacuum in the study of cavity quantum electrodynamics (CQED). Here we

show that taking the evanescent mode as an electromagnetic vacuum in which the nanocavity is located is
possible through the optical mode design. The proposed evanescent vacuum enables us to enhance both the
reversible photon-exciton interaction and fluorescence collection. By embedding the custom-designed

plasmon nanocavity into the evanescent vacuum provided by a metallic or dielectric nanowire, the photon-
exciton coupling coefficient can achieve 4.2 times that in vacuum due to the exponential decay of the
evanescent wave, and spontaneously emitted photons with Rabi splitting can be guided by an evanescent

wave with a collection efficiency of 47% at most. Electromagnetic vacuum engineering at subwavelength
scale holds promise for controlling the light-matter interaction in quantum optics, CQED, and on-chip

quantum information.
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Requirements for handling on-chip quantum information
and building scalable quantum networks are prompting
the development of nanostructure-based cavity quantum
electrodynamics (CQED) characterized as strong light
confinement [1-6]. Various optical modes arise in nano-
photonic structures [2-5], among which plasmon nano-
structures with an ultrasmall optical mode volume enable
both reversible and irreversible light-matter interactions to
be enhanced considerably [6-9]. Nevertheless, because of
large intrinsic losses in metal, the strict strong-coupling
regime, defined by the condition gy >k, y [1,10,11], is
difficult to achieve; here gy, x, and y are the coupling
coefficient of a single emitter, the cavity loss, and the decay
rate of the quantum emitter (QE), respectively. In the
plasmon-QE systems, by increasing the total number N
of the emitters, the coupling coefficient g (=v/Ng,) is
enhanced sufficiently to overcome cavity losses; hence,
vacuum Rabi splitting of the fluorescence spectra and
anticrossing among the energy levels have been observed
experimentally [12-16]. However, although several theo-
retical studies have predicted a strong coupling regime
between single QE and individual plasmon structure
[17,18], this reversible interaction has rarely been realized
experimentally [19].

Electromagnetic vacuum engineering plays a fundamen-
tal role in controlling light-matter interaction in quantum
optics, CQED, and quantum information devices. The
evanescent optical modes have ubiquitous presence in
various nanowires, metallic nanofilms, and other nano-
structures [20-23]. In previous studies [4,8,24], these
modes are taken as cavity modes rather than providing
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the electromagnetic vacuum environment that the cavity
resides in. For combined plasmon nanostructures, the
situation is nevertheless more complicated owing to the
coupling or hybridization of multiple optical modes. When
the interaction between the QE and optical modes is very
weak, i.e., in the weak coupling regime, all optical modes
can be viewed as constituting an electromagnetic back-
ground, so it is not necessary to distinguish cavity and
background [25-27]. However, in the strong coupling
regime, one should clarify the situation whether the modes
are decoupled or hybridized [28]. For the decoupled
situation, if the coupling coefficient between the QE and
specific optical mode is greatly larger than that between the
QE and other optical modes, then these modes can be
looked as the electromagnetic background or vacuum.

In this Letter, by carefully designing the optical modes of
the gap structure composed of the Ag nanorod (AgNR) and
the nanowire [Fig. 1(a)], we can identify the dipolar mode
of the AgNR as the nanocavity and the evanescent mode of
the nanowire as electromagnetic vacuum, forming a nano-
CQED system in evanescent vacuum (EV). The design is
simple but sufficient to present an instance where the two
optical modes decouple, in contrast to the instance of mode
hybridization, where the entire structure of AgNR and
nanowire should be viewed as a cavity [31-35]. Whereas
the strong coupling has been studied extensively [12—19],
exploiting the plasmon-exciton interaction in the strong
coupling regime within an evanescent electromagnetic
background has never been reported. Not limited to within
present plasmon nanostructures, the idea of electro-
magnetic vacuum engineering can be extended to other
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FIG. 1. Nano-CQED system embedded in EV. (a) Schematic
diagram of AgNR nanocavity near the nanowire. (b) Evanescent
wave of Ag nanowire. At A = 780 nm, the propagation constant
k,/ky = 1.747, which is consistent with the wavelength of
evanescent wave of 447 nm. (c),(d) Electric field distributions
of single excitation of the same size AgNR with and without a
nanowire. With a Ag nanowire, the resonant length of the AgNR
with D,q = 20 nm s a,,q = 38.6 nm. While without a nanowire,
the resonant wavelength is 670.7 nm.

custom-designed combined nanostructures with multiple
optical modes.

By placing a resonant plasmon nanocavity into the EV
provided by the dielectric or metallic nanowire [Fig. 1(a)],
we theoretically demonstrate the enhanced reversible inter-
action between the single exciton and individual nano-
cavity. Originating from the exponential decay of the
evanescent wave, the coupling coefficient is several times
larger than that without a nanowire. Simultaneously, the
spontaneously emitted photons with Rabi splitting can be
collected with the efficiency of 12%-47% and guided by
the evanescent wave of nanowires. The custom-tailoring
vacuum can enhance both the plasmon-exciton coupling
and fluorescence collection efficiency. Thus it raises the
possibility for experimental observation of strong coupling
between a single QE and individual plasmon structures.
CQED in subwavelength-confined quantum vacuum holds
promise for exploring fundamental physics and the appli-
cations related to on-chip quantum information and scal-
able quantum networks.

The mechanism to enhance the coupling coefficient via
EV is described as follows. The coupling coefficient
governing the interaction between the resonant AgNR

and QE is defined as gy = [(u - TE) /h], where p denotes

the transition dipole moment and E is the field correspond-
ing to a single excitation of the AgNR. In homogeneous
vacuum, localized surface plasmons of the AgNR can be
excited due to the collective oscillation of free electrons
[36,37] [Fig. 1(d)]. While putting the AgNR in the EV
provided by the nanowire [Fig. 1(b)], its localized surface
plasmon can also be excited [Fig. 1(c)], where the field at
the nanogap gets stronger than that at another end as the
evanescent wave undergoes exponential decay. Naturally,

when the electromagnetic energy is normalized to a single
excitation under the EV, g, at the nanogap becomes larger
than that in vacuum [Fig. 2(a)].

The specific nano-CQED system in the EV is shown in
Fig. 1(a), where the AgNR with diameter D4 and resonance
length a4 is vertically located in the vicinity of a nanowire,
dielectric or metallic. The evanescent mode of the nanowire
is squeezed into one spatial dimension [Fig. 1(b)]. Here, the
nanorod is too small to affect the evanescent mode of the
nanowire; i.e., their optical modes are decoupled; specifi-
cally, regardless of whether or not the AgNR is present, the
propagation constant k, is not changed. In the evanescent
wave of the nanowire, the longitudinal mode of the AgNR
can be excited. Therefore, the AgNR can be regarded as a
nanocavity embedded in the subwavelength-confined
electromagnetic vacuum. Alternatively, if the length of
nanorod is comparable with the diameter of the nanowire,
mode hybridization [31-35] between them can occur. In the
following, single-mode nanowires enable us to collect
fluorescence with high efficiency along one dimension.
Choosing a dielectric nanowire reduces considerably the
losses involved in guiding photons; in contrast, metallic
nanowire with AgNR enhances significantly the photon-
exciton coupling at the nanogap due to supporting gap
surface plasmons [38—41].

The distance between the nanorod and nanowire is
d =2 nm and the wavelength of light is A =780 nm.
The dielectric constant of metals is taken from the exper-
imental data [42]. A dielectric nanowire of diameter 260 nm
and permittivity €gp., = 8.0 is embedded in a medium of
permittivity €, = 2.13. It has single mode HE;; with
k./ky = 2.138 and penetration length of 79.5 nm [21].
For a metallic nanowire of diameter 120 nm, the propagation
constant is Re(k./ky) = 1.747 and the penetration length is
129 nm [43]. Generally, the resonance wavelength of the
AgNR in homogeneous vacuum is less than that in the EV.
To calculate gy, k, and y, 3D finite-element simulations were
performed using COMSOL Multiphysics software [27,28,44].

Under the dipole and rotating wave approximations, the
Hamiltonian of the emitter-cavity system in an EV can be
written as H = hw,o'0 + hw.a'a + hgy(c'a + ca'),
where 6" and ¢ are the raising and lowering operators of
the emitter, and a' and a are creation and annihilation
operators of the longitudinal mode of AgNR. We let w, and
. denote the frequencies of the emitter and the AgNR
nanocavity. The Hamiltonian has the same form as that in a
traditional CQED system [45], but now g, denotes the
coupling coefficient between the QE and longitudinal mode
of AgNR in the EV. Note that the evanescent mode only
provides a thermal reservoir in which the nano-CQED
system resides. The dynamics of the CQED system is
governed by the master equation p = —(i/h)[H,p|-
(v/2)(6"6p — ops’ + H.c.) — (x/2)(a’ap — apa’ + H.c.).
Two dissipative channels influence the evolution: the
damping rate x of the nanocavity to the thermal reservoir
via Ohmic loss and the decay rate y of the emitter to modes
other than the AgNR nanocavity mode. y = y., + ¥;aq» fOr
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FIG. 2. Mechanism of enhancing the coupling coefficient via
EV. (a),(b) gy along the central axis of AgNR for a Ag nanowire
and dielectric nanowire systems. (c) Schematic diagram of the
AgNRs with variable size in the evanescent wave.

which y., originates from the EV, whereas y,,q describes
how the system radiates to far field.

First the enhancement of ¢, in the EV is demonstrated.
The calculation and validity of g, are presented in Ref. [28].
For both Ag and dielectric nanowire systems, the variation
of g, along the central axis for four AgNRs of various sizes
is shown in Figs. 2(a) and 2(b). Here, the QE is y-axis
orientated and its transition dipole moment is 4 = 0.2 enm.
Comparing the results with and without nanowires, the
coupling coefficients at the nanogap were found to be 1.9-
4.2 times of that without nanowires. Because the evan-
escent wave decays exponentially [Fig. 1(b) and Fig. 2(c)],
the electromagnetic fields at the nanogap are more local-
ized; for the homogeneous vacuum, the electric field
distribution of resonant AgNR is symmetric [Fig. 1(d)]
[37]. Thus in an EV, the energy redistribution of single-
photon excitation leads to the enhancement of coupling
coefficients at the nanogap.

Comparing nanorods with same diameter D,,y near
different nanowires [Figs. 2(a) and 2(b)], there is only a
slight difference in the resonance length a4, but the
enhancement (4.21,3.08) of gy near the Ag nanowire is
larger than that (2.27,1.94) near the dielectric nanowire.
The main reason is the existence of a gap surface plasmon
[38—41], where the charges at the end of nanorod induce the
gathering of charges with opposite sign at the surface of
metallic nanowire, leading to more enhanced field.

Therefore, to obtain larger enhancement of g,, plasmon
nanostructures are preferred.

To further enhance the coupling coefficients g;, we
increased the size of the AgNR. For both metallic and
dielectric nanowires, the resonance length a,,q becomes
longer with increasing diameter D, (see Fig. 2 or
Ref. [28]). The enhancement of g, continues because within
the penetration length of the evanescent wave, the longer
nanorod can receive more electric field attenuation
[Fig. 2(c)]. Moreover, with increasing nanorod size, the
coupling coefficients decrease because the optical mode
volume increases.

Then, we describe the reversible interaction between the
surface plasmon and the exciton in the EV. With the present
emitter-nanocavity systems, k is generally in the range 30—
120 meV, and with increasing dipole moment u, gy and y
vary from several peV to several tens meV. The calculation
and validity of « and y are given in Ref. [28]. Consider a
specific AgNR resonator with D,,4 = 14 nm and a,,q =
31.2 nmnear single-mode Ag nanowire. The emitter is at the
center of nanogap with giid. Its transition frequency is
exactly resonant with cavity mode of the AgNR. Initially, the
emitter is excited and there is no photon in the nanocavity.

With the above parameters, the cavity loss is constant
with k = 67 meV, and g7 and y are, respectively, linearly
and quadratically proportional to the dipole moment
[Fig. 3(a)]. We use Python toolbox to calculate the expect-
ation values p,, and p,,, of excitons and cavity photons and
fluorescence spectra [28]. When p > 0.15 enm, the QE and
cavity photons begin exchanging energy periodically,
accompanied by small Rabi splitting in the fluorescence
spectra; when x > 0.5 enm, an obvious reversible inter-
action between them occurs [insets in Fig. 3(a)]. And, with
increasing u, the splitting becomes larger. The positions of
these splitting peaks are roughly at +¢T9, and the peak
widths broaden with dependence (x + y), in agreement with
the predictions from dressed state analysis [46]. In real
experiments, the dephasing rate originating from the
environment should be considered. In room temperature,
the dephasing rate of the atoms is generally less than 1 meV
[47], so it can be ignored here. For the quantum dots or
molecules, this value nevertheless can achieve from several
to several tens of mega-electron-volts, which greatly broad-
ens the linewidth of peaks, namely, to achieve strong
coupling, a larger coupling coefficient is needed.

By careful comsoL simulation [28], it is found that
Ref. [19] has provided strong experimental support for our
theory. With the parameters provided by Ref. [19], we first
obtained the absorption spectrum of Au nanosphere with
the resonance wavelength of 4 = 660 nm and linewidth of
k = 100.1 meV, which are in agreement with the exper-
imental results of 4 =660+ 10 nm and x = 122 meV.
The single peak in the absorption spectrum implies that we
can use the viewpoint of EV to calculate g,. Then, we got
the result of g =47.84 meV, in agreement with the
experiment result of gM'Y = 45 meV in Ref. [19]. Using the
parameters of y = 85 meV measured at room temperature,
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TABLE I. High fluorescence collection efficiency through EV.
(a),(b) Collection efficiency for Ag and dielectric nanowires.

(D1oq,Gro4) (NM) Collection efficiency

(a) Ag nanowire

10, 24.5 33.0%
14, 31.2 41.9%
20, 38.6 47.0%

(D1od,Groq) (NM) Collection efficiency

(b) Dielectric nanowire

10, 27.4 12.2%
14, 36.3 18.1%
20, 47.2 22.3%
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FIG. 3. Reversible interaction in EV. (a) Coupling coefficients
gg‘id and decay rates y of a single emitter at the center of the
nanoscale gap, and decay rates x of a AgNR nanocavity in the
Ag nanowire system. Insets in (a) show the expectation values
of p,, and p,, for 4 = 0.15 enm and 0.5 enm. (b) Fluorescence
spectra for different dipole moments as a function of the
detuning A, = @ — w,.

and g for ten QEs, « calculated by the simulations, the
resonance fluorescence spectrum with Rabi splitting are
obtained, whose position and linewidth of peaks are
consistent with Ref. [19].

Next, we discuss the fluorescence collection through the
EV. A weak fluorescence signal and large divergence angle
hindered the experimental measurement in the photonic
nanostructures. In the irreversible interaction, one ingen-
ious and successful solution is utilizing the evanescent
wave provided by the nanofiber, metallic nanowire, and gap
surface plasmon nanostructures to collect the enhanced
spontaneously emitted photons [4,5,8,9,24,27,48]. Here,
by taking the advantage of an evanescent wave, the nano-
wire can both collect and guide the emitted photons.
The total decay rate of emission photons is y, =y + v =
Yev + Yrad + 7ar» Where v, is the nonradiative decay rate to
the AgNR. For the Ag nanowire system, besides the Ohmic
loss of AgNR itself, y,,, also includes the absorption of both
the images of AgNR and the emitter in the nanowire [27].
The nanowire collects the guiding part y., into the

evanescent wave, so the channelling efficiency of fluores-
cence is defined as 7 = (yoy/7:)-

With the emitter still at the nanogap, # for metallic and
dielectric nanowires can achieve 33%—47% and 12%-22%
respectively (see Table I). The results with a dielectric
nanowire are roughly in agreement with the channelling
efficiency of 22.0(+4.8)% obtained by putting single
quantum dots close to the optical nanofiber [4]. With
increasing the size of AgNR, # increases for both nano-
wires. When the longitudinal mode of a longer AgNR in an
evanescent wave is excited, more localized fields are
gathered at the nanogap, resulting in the higher channelling
efficiency. The fluorescence in the present nano-CQED
system can be efficiently collected via the evanescent
wave. And these propagating photons can be directly used
in on-chip quantum devices.

We compared the results from metallic and dielectric
nanowires (Table I) combined with a AgNR that is almost
the same except that the corresponding resonance length is
slightly changed. The channeling efficiency # in the Ag
nanowire system was found to be larger than that in the
dielectric nanowire system. Because the gap plasmon
[38—41] with a more localized electromagnetic field at the
nanoscale gap causes a larger 5. For a Ag nanowire system,
although a larger 7 is obtained, the propagation length of the
emitted photons is only over ten micrometers, which to some
extent limits its applications in on-chip photonics. Thus, if
only the channeling capability of the fluorescence is of
concern, low-loss dielectric nanowires are preferable.

Finally, with currently available nanotechnologies, indi-
vidual nanowire [4,20,49] and metallic nanoparticles [50]
have been controllably fabricated. Using the techniques
that accurately control the gap in nanoparticle-coupled
nanofilm structures [19,26,40,51], a nanoscale gap between
the AgNR and nanowire can in principle be formed.
Aligning terrylene molecules in a spin-coated ultrathin
crystalline film of p-terphenyl has been realized, so
inserting a single upright emitter in the nanoscale gap is
very promising [52]. The excited state of the emitter can be
prepared in two ways. One is via total internal reflection of
the p-polarized incident light through a microscope objec-
tive [53]. The other way is exciting the emitter by the

073604-4



PRL 118, 073604 (2017)

PHYSICAL REVIEW LETTERS

week ending
17 FEBRUARY 2017

longitudinal mode of a AgNR in the evanescent wave
of a nanowire. The evanescent wave can be excited via
near-field overlapping technique using an optical nanofiber
taper [54]. Thus using present techniques, experimentally
realizing our CQED protocol is possible.

In summary, by proposing the concept of the EV, we
have theoretically demonstrated the enhanced reversible
interaction in a plasmon nanocavity embedded in the EV.
Simultaneously, using the specific property of the evan-
escent wave whereby the optical mode is squeezed into one
spatial dimension, the emitted photons with the collection
efficiency of 12%-47% can be guided into the nanowire.
Enhanced interaction and high collection efficiency in the
EV enables the experimental observation of a single emitter
coupled to a plasmon CQED system. Hence, by engineer-
ing the vacuum at subwavelength scale, we have developed
a novel quantum interface for studying the CQED, where
typical phenomena in traditional CQED [11,55], such as
reversible interaction, entanglement, and state manipula-
tion, are expected to be realized. Apart from its funda-
mental interest, the CQED in subwavelength-confined
quantum vacuum should have an impact on on-chip
quantum information technologies and scalable quantum
network applications.
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