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Enhancing light-matter interaction in cavity quantum electrodynamics has aroused widespread interests in
on-chip quantum information processing. Here, we propose a hybrid nanotoroid—nanowire system to enhance
photon—exciton interaction. A nanoscale gap is formed by placing a dielectric nanowire close to a dielectric
nanotoroid, where the coupling coefficient between photon and emitter can achieve 5.55 times of that without
nanogap. Meanwhile, the cavity loss and spontaneous emission of the emitter will remain at a small value to
guarantee the realization of strong coupling. The method might hold promise for the research of nanophotonics,

quantum optics, and novel optical devices.
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Cavity quantum electrodynamics (CQED) aims to study
the quantum behaviors of light—matter interaction at the
single photon levell?. Recently, tailoring the interaction
between atoms and the electromagnetic field at the sub-
wavelength scale in the strong coupling regime has already
been crucial to a wide range of applications, like single pho-
ton sources®?, superconductors?, and quantum gates?.
The condition to realize the strong coupling between a
quantum emitter and cavity photons is g > «, Y21, where
g refers to the interaction strength between the emitter and
cavity modes, « is the cavity loss rate, and y is the sponta-
neous emission rate of the emitter. Hence, it is of great
importance to enhance the coupling coefficient g while
restraining « and y at relatively small values to achieve
strong coupling in nanocavities. In previous studies, great
efforts have been made in the areas of Fabry—Perot optical
cavities surface plasmon cavities¥ and photonic
crystal cavities’!, both theoretically and experimentally
to meet the requirements of strong coupling.

Among the most known types of cavities, whispering
gallery modes (WGMs) cavities are with high-profile be-
cause the combination of their ultrahigh quality factor
and ultrasmall mode volume makes them promising
candidates for the study of CQEDY2U. So far, numerous
microstructures, such as microsphere? and microdisk res-
onatorsZ, have been proposed to achieve strong coupling
based on WGMs, where the coupling coefficient g is usu-
ally several hundred megahertz (MHz) in microstructures
of a few microns?!. Furthermore, nanogap structures can
confine light at the nanoscale, thus enhancing electric field
intensity dramatically?2, which makes it of fundamental
importance in CQED. In previous studies, researchers
have taken use of nanogap structures to achieve large
spontaneous emission®Z and large reversible photon—

exciton interaction enhancement®2. However, the
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proposal of reaching strong coupling in a nanogap while
restraining the cavity loss observably under the effect of
WGMs has not been reported.

Here, combining the advantages of strong local field
enhancement in the nanogap with high quality factor of
WGMs, strong coupling in low loss optical cavities
can be realized. We demonstrate theoretically a hybrid
nanotoroid—nanowire system with a nanogap that can
achieve large photon—exciton coupling, meanwhile main-
taining low cavity loss and weak spontaneous emission.
Under the excitation of the source, a hot spot appears
within the nanogap, which leads the coupling coefficient
g enhanced by several times [about several hundred
gigahertz (GHz)]. It is worth mentioning that the cavity
loss k and the spontaneous emission y are maintained at
small values in these processes (k about one hundred
GHz and y about several hundred MHz), which are far less
than g, so that a strong coupling condition can be easily
achieved. By carefully adjusting the dielectric constant of
the nanostructures, the radius of the nanotoroid, or the
width of the nanogap, the coupling coefficient can be
modulated within a few hundred GHz, realizing wide-
range modulation. The cavity loss rate k is at least two
orders of magnitude smaller than that of surface
plasmon nanocavities?, and the coupling coefficient g
can reach an order of several hundred GHz, significantly
higher than that of WGMs with dimensions of microns2.
Not limited within present toriodal nanostructures,
the idea of this work can be extended to other custom-
designed shapes like nanospheres or nanopolygons. This
model will provide a method to study strong coupling
in low loss cavities and promote the development of on-
chip quantum information processing.

A dielectric nanotoroid is an ideal platform to support
WGMs, which has already been used to implement
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multiple functionalities, such as sensing??, lasing®®, and
strong coupling®?. Meanwhile, dielectric nanowires can
transmit evanescent wave modes. Compared with a metal
nanowire, it has advantages in respect to low loss trans-
mission. A nanoscale gap can be formed by bring the
two nanostructures mentioned above together, integrat-
ing the advantages of low cavity loss and localized field
enhancement. Figure 1(a) shows the diagram of the
nanotoroid—nanowire system schematically; a dielectric
nanotoroid with major radius R and minor radius r is
coupled to a dielectric nanowire, thus forming a nanoscale
gap. Parameter d expresses the width of the gap. The
dielectric constants of the nanowire and the nanotoroid
are represented as e€; and ey, respectively. A two-level
quantum emitter polarized along the X axis, like an atom,
molecule, or quantum dot, can be inserted into the gap.
The dimensions of the nanowire are comparable with
the nanotoroid. WGMs of the nanotoroid and evanescent
wave modes of the nanowire can couple with each other
and form gap modes; here, we identify the coupled modes
as cavity modes, and strong photon—exciton interaction
can occur within the nanogap.

In order to compute the photon—exciton coupling
coefficient g, the cavity loss k, and the spontaneous emis-
sion rate y of the emitter, we resort to three-dimensional
numerical simulations by commercial COMSOL

(c)
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Fig. 1. Nanotoroid—nanowire system. (a) Schematic diagram of
a dielectric nanotoroid close to a dielectric nanowire. (b) Electric
field distribution of the nanostructure. Details of electric
field distributions of the same size nanotoroid (c¢) without and
(d) with nanowire with parameters R = 500 nm, r = 170 nm,
d=>5nm, ¢ =12, ¢; =5, D=100 nm, and working wave-
length 4 = 524.693 nm.

multiphysics software. We build a cylindrical model in
COMSOL. The radius and the length of this model are
3 pm and 10 pm, respectively, much bigger than those
of the nanowire and the nanotoroid (about several
hundred nanometers). Meanwhile, a perfectly matched
layer is introduced to minimize boundary reflections. In
this instance, computed results are almost constant (less
than one percent change) when changing the sizes of the
boundary or the length of the nanowire, so our model can
simulate an infinite environment.

In the following discussion, a specific example is taken
into account, the major radius and minor radius of the
toroid are set to R = 500 nm and r = 170 nm, respectively,
with the dielectric constant of €, = 5. A dielectric nanowire
with diameter of 100 nm and dielectric constant of e; = 12 is
placed d = 5 nm away from the nanotoroid. Here, the di-
pole moment of the quantum emitter is set as g = 0.2 enm.

The related parameters g, x, and y in this coupled
nanotoroid-nanowire system can be solved by the follow-
ing algorithm. The coupling coefficient g expresses the

interaction strength between the emitter and the cavity,
=
which is defined as g :#@], where u denotes the

transition dipole moment and is set as a constant.

E'):E:

- hW‘”E is the electric field of single photon
excitation that is normalized by n photons, W is the total
energy of the cavity modes and can be obtained by calcu-
lating the integral of the energy surrounding the cavity,
and F is the electric field intensity that is obtained directly
through COMSOL simulation. The photon loss rate «
through the cavity can be obtained from the full width
at half-maximum (FWHM) of the normalized energy of
the cavity modes spectra?. Another loss y that needs
to be addressed is the photons emission to the far field
rather than cavity modes, which can be calculated indi-
rectly in the form of L= P 221 A nanosphere with a radius
of 1 nm wrapping the emltter is used to calculate the total
power P of the emitter without a nanowire by surface in-
tegrals over the Poynting vector on the sphere. The far
field radiation power P, is the surface integral over the
Poynting vector on the whole flank of the model that is
regarded as far field with the coupled system. Spontaneous

2
under certain parameters?y. Thus, we can obtain the
parameters g, k, and y by the method mentioned above.

Adjusting the wavelength of the light source, we can
stimulate WGMs of the nanotoroid at 1 = 524.692 nm.
The corresponding electric field distribution is shown in
Fig. 1(b). It becomes unsymmetrical surrounding the
nanotoroid on account of the existence of the nanowire.
By comparing the electric field distributions of the same
size nanotoroid without [Fig. 1(c)] and with [Fig. 1(d)] the
nanowire, we can obviously find that there is a hot spot in
the nanogap between two nanostructures, which will be in
favor of enhancing the photon—exciton coupling.

The coupling strength within the nanogap in the hybrid
nanotoroid—-nanowire system can be enhanced by several

emission rate y, in vacuum is a constant of y, =
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Fig. 2. Mechanism of enhancing the coupling coefficient g and
maintaining comparatively low cavity loss «. (a) The variation
of the coupling coefficient g along the X axis. ¢ = 588.69 GHz
with nanowire and g = 106.07 GHz without nanowire, respec-
tively. (b) The variation of the normalized energy of the cavity
modes W.,, with the wavelength A. x = 70.34 GHz with nano-
wire and k = 64.68 GHz without nanowire, respectively.

times compared with that of the no nanowire structure.
Figure 2(a) shows the variation of the coupling coefficient
g along the X axis for both with (the red curve) and with-
out (the blue curve) the dielectric nanowire. The outer
edge of the nanotoroid is set as the origin of the horizontal
axis [shown in Fig. 1(b)]. With the dielectric nano-
wire, the coupling coefficient ¢ can reach its maximal
value ¢ =588.69 GHz at the boundary between the
nanowire and the nanogap, while without the nanowire
g=106.07 GHz at the same position. The coupling
coefficient g at the nanogap achieves 5.55 times enhance-
ment. The reason for this enhancement is that as the
cavity size is reduced, a reduction of mode volume will
occur, followed by a large confinement of the electromag-
netic field. Compared with previous studies, the coupling
coefficient ¢ in an individual dielectric toroid with a radius
of several microns is generally in the order of hundreds of
MHz, much smaller than the value of our research?.
Thus, we can draw the conclusion that within the nanogap
of the hybrid nanostructure, the photon—exciton coupling
can be enhanced dramatically.

The feature of low cavity loss of WGMs is almost
unaffected when the dielectric nanowire exists, which is
a favorable characteristic of our research. As shown in
Fig. 2(b), the red and blue curves represent the normalized
energies of the cavity modes W,, with and without the
nanowire, respectively, by integrating the energy density
around the nanocavity with the parameters mentioned
above. The cavity loss k can be calculated through the
FWHM of the spectra. For the same size nanotoroid,
resonant wavelength with a nanowire has a slight shift
(less than 0.1 nm) in comparison to that without it.
The FWHM of the red curve indicates x = 70.34 GHz,
only a little higher than that of the blue curve with
k = 64.68 GHz, illustrating that the nanowire introduces
additional loss, which is too small to break the strong cou-
pling condition. Another loss that needs to be addressed is
the photons emitting to free space rather than cavity
modes. It is found that in our structure, the spontaneous
emission is only hundreds of MHz, while g and « are at the
GHz level. So, it is reasonable to take no account of the
spontaneous emission y. Previous studies have also shown
that y is weak enough to be ignored compared with other
radiation channels?. In short, ¢ > «, 7 in the nanogap of
our nanotoroid—-nanowire system, reaching strong cou-
pling condition.

The enhancement of the coupling coefficient g comes
from the ultrasmall mode volume V of the nanogap struc-
tures, which is affected by the dielectric constant of the
nanowire and of the nanotoroid. First, we investigate
the variation of the coupling coefficient g with the dielec-
tric constant of nanowires €; ranging from 7 to 12. As
shown in Fig. 3(a), for different minor radii of the nanot-
oroid r =170 nm and r = 160 nm, respectively, we can
see that the coupling strength ¢ in the cavity can be
enhanced observably with increasing dielectric constant
€, of the nanowire. Then, the calculated coupling coeffi-
cient ¢ for the nanocavity versus dielectric constant of
the nanotoroid e, is shown in Fig. 3(b), which reveals
that the higher e, can also lead to the stronger photon—
exciton coupling in our hybrid nanostructure. These
tendencies are direct results of the reduction of the mode
volume V, owing to the increment of the dielectric
constant, which agrees well with previous research™?.

The mode volume V of the cavity can be strongly influ-
enced by the size of the nanogap. As far as our hybrid
nanocavity, a convenient method is to alter the width
of the nanogap by controlling the spatial position of the
nanowire. As shown in Fig. 3(c), for both r =170 nm
and r = 160 nm, the coupling coefficients g increase with
the width of the nanogap d narrowing from 10 to 2 nm.
This rule enlightens us to the fact that narrowing the
gap in our model can reach more effective coupling be-
tween the light and the emitter. The calculations also
show an increment of the coupling coefficient g, as the
nanotoroid minor radius is decreased by comparing the
two curves in each figure. These increments are caused
by the depressed optical mode volume and the increasing
confinement of field as the width of the nanogap or the
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Fig. 3. Results of the coupling coefficient ¢ influenced by
relevant parameters. (a), (b) g increases with the growth of
€, and €. (c) g increases with the shortening of d.

minor radius of the nanotoroid is reduced. Considering the
balance between the desired large coupling coefficient and
the difficulty of the experiment, we present the results at
d =5 nm in the main result. Moreover, corresponding x
and y are almost unaffected and remain at relatively small
values in the above models, which guarantee the realiza-
tion of strong coupling.

We also use Ag nanowire to replace the dielectric nano-
wire to explore the photon—exciton coupling in the
dielectric-nanotoroid—metal-nanowire coupled system.
Ag nanowire can support a surface plasmon polariton.
When it is in close proximity to a dielectric nanotoroid,
gap modes will appear between two nanostructures under
the influence of a surface plasmon polariton and WGMs.
The electric field distribution is displayed in the inset of
Fig. 4(a), where the parameters are the same as above
except the dielectric nanowire is replaced by Ag nanowire.
Obviously, there is also a hot spot within the nanogap.
Figure 4(a) shows the variation of the coupling coefficient
g along the X axis. Compared to other positions, g in the
nanogap is enhanced significantly, and reaches its maxi-
mum ¢ = 689.40 GHz at the interface of the nanogap
and the nanowire. However, the inherent loss of the metal
will have a great influence on the parameter x, which
requires our attention. The cavity loss can be calculated
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Fig. 4. Results of coupling coefficient g and cavity loss « in the
nanotoroid-Ag-nanowire system. (a) The variation of the cou-
pling coefficient g along the X axis. At the interface of the nano-
gap and the nanowire, the coupling coefficient g can reach its
maximum ¢ = 689.40 GHz. Inset in (a) shows the electric
field distributions of the WGMs of the nanotoroid and the
surface plasmon polariton of the nanowire. (b) Normalized
energy of the cavity modes W, changes with wavelength A.
k = 2814.57 GHz with Ag nanowire.

as k = 2814.57 GHz by measuring the FWHM of the
spectra in Fig. 4(b), which is about 70 times that in the
nanotoroid—dielectric-nanowire structure with same size.
Therefore, k > ¢ in the nanotoroid-metal-nanowire sys-
tem, indicating that the emitter loses its energy through
the cavity principally rather than interacting with the
cavity modes, which does not meet the demand of the
strong coupling.

With currently available nanotechnologies, the spatial
position of individual nanowires and other nanostructures
can be controlled accurately. A nanoscale gap can be
formed experimentally2227 Particularly, in Ref. [29],
researchers have achieved a nanogap with d = 0.9 nm
experimentally, so our scheme has the possibility of being
experimentally implemented and is expected to achieve
strong coupling in the low loss cavity of nanometer
magnitude.

In conclusion, we have theoretically demonstrated a
hybrid nanotoroid—dielectric-nanowire structure supporting
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gap modes to enhance photon—exciton coupling, which
can combine the advantages of strong local field
enhancement of the nanogap structure with low cavity
loss of the WGMs. The coupling coefficient g between
the photon and emitter can achieve 5.55 times enhance-
ment within the nanogap. In our model, increasing the
dielectric constant of each nanostructure, narrowing
the width of gap, or shrinking the radius of the nanot-
oroid can effectively enhance the coupling coefficient
g, while introducing a metal nanowire will bring enor-
mous cavity loss that destroys the strong coupling con-
dition. Our method to reach strong coupling in a low loss
nanocavity is helpful to subsequent researches, such as
state manipulation, entanglement, and quantum gates.
Furthermore, enhancing light—matter interaction at the
sub-wavelength scale will open new opportunities for
on-chip photonics circuits and quantum information
technologies.
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National Natural Science Foundation of China
(Nos. 11525414 and 11734001).
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