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High-Q nanoring surface plasmon microresonator
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We investigate whispering-gallery-like surface plasmon modes in a silver nanoring located on a diamond sub-
strate. These hybrid modes are demonstrated to possess not only high quality factors (several hundred), but
also ultra-small mode area as well as ultra-small mode volume (less than 0.1 um?®). In experiments, this cavity
structure shows great potential for studying a strong and deterministic coherent interaction between the hy-
brid mode and single quantum system embedded in the substrate. © 2010 Optical Society of America

OCIS codes: 140.3945, 240.6680.

1. INTRODUCTION

The coherent interaction between photons and emitters
has attracted much attention for more than thirty years
[1], because it plays a central role in many applications,
especially for cavity quantum electrodynamics and quan-
tum information processing. A strong light-matter inter-
action is usually required, as it essentially depends on the
field intensity at the emitter position. Optical microreso-
nators have been employed recently as a platform for re-
alizing such strong coupling and are characterized by two
physical parameters: quality factor (§) and mode volume
(V). Dielectric microcavities have been studied exten-
sively with quality factors @ up to millions [2,3]. Alterna-
tively, the metal surface plasmon (SP) resonators with
low Q but ultrasmall mode volume are emerging recently.

As a natural plasmon resonator, silver nanowire (nano-
cylinder) [4,5] has been investigated, as it shows potential
applications in single photon sources [6] and quantum in-
formation science [7]. However, it basically suffers from
low @ factor (less than 100) because of end surface scat-
tering. High @ factor is expected in the rotational sym-
metric SP microresonator. Recently, Min et al. [8] experi-
mentally demonstrated SPP modes with @ above 1000 in
a silver-coated microdisk, and Xiao et al. [9] have numeri-
cally investigated hybrid ring-type microresonators with
Q@ >400 and small mode volume (~0.1 um?). In addition
to these, silver nanorings have been successfully synthe-
sized with a very smooth surface, where the SP wave can
travel along the cavity surface with a very low scattering
loss [10,11]. These show potential in SP amplification by
stimulated emission of radiation (SPASER) [12,13]. In
this paper, we numerically investigate whispering-gallery
(WG@G)-like SP modes in a silver nanoring that is placed on
a diamond substrate. These hybrid modes are demon-
strated to possess not only high Q (several hundred) but
also ultrasmall mode volume (less than 0.1 um?). From
the experimental point of view, this cavity structure
shows great potential for studying light—-matter interac-
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tion, especially for deterministic coupling between cavity
and single emitters, since the nanoring can be manipu-
lated by other nanostructures, such as nanotips.

2. RESULTS AND DISCUSSION

The proposed nanoring is shown in Fig. 1(a). It can be
chemically synthesized with principal radius r, ranging
from 2to 10 um and minor radius r; ranging from
20 to 100 nm [10,11]. Here we adapt the ideal ring model
with a circular cross section and smooth surface (thus no
scattering loss). Similar to other plasmon resonators, the
silver nanoring supports plasmon modes propagating
along its surface. Because of the rotational symmetry, the
field distribution of the plasmon mode can be described by
E(r,z)cos(im¢), where 2m denotes the number of nodes
along the ring surface.

In experiments, the silver nanoring is placed on a sub-
strate, which provides a convenient platform for studying
the plasmon mode stably coupling to selected emitters
(quantum dots or fluorescence molecules) buried in the
substrate. Here, a smooth diamond film with ng;,=2.4 is
especially chosen as the substrate, as single nitrogen-
vacancy (NV) defect centers are included therein. The
transition of the NV defect has a zero-phonon line at
637 nm. NV centers have been widely studied for cavity
quantum electrodynamics and quantum information be-
cause they have a long-lived spin triplet in their elec-
tronic ground states [14,15] that can be initialized, ma-
nipulated, and read out through highly stable optics and
microwaves at room temperature.

To investigate the mode property, here we numerically
obtain the eigenmodes of the nanoring by the full-
vectorial finite element method [16]. The @ factor is ob-
tained by @ =Re(w)/2 Im(w), where w is the solved com-
plex eigenfrequency. The mode volume is defined as the
ratio of total energy and the peak energy [17], V
= fwd3x/max(w), where w=[de(7)/dw|E]®+uc/H*]/2 is
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Fig. 1. (Color online) (a) Schematic of a silver nanoring on dia-
mond substrate. The geometry of the nanoring is defined by the
principal radius r, and minor radius ry. (b), (¢), (d) Energy den-
sity distribution on the cross section of nanoring with r,=5 um
and ;=80 nm at ¢=0; gaps between nanoring and the diamond
substrate are g,,=%,150 nm, and 0, respectively.

the energy density [18]. Here, E and H are the electric
and magnetic fields; e=-19.2-0.19i and 1 are the electric
permittivities of silver and air, respectively, at 637 nm
and room temperature; and u, is the vacuum magnetic
permeability.

The energy distribution profiles of the WG-like plas-
mon modes in the (r,z) plane are shown in Figs. 1(b)-1(d)
for different nanoring—substrate gaps: g=%, 150 nm, and
0. When the silver nanoring is far away from the sub-
strate, i.e., it is in an isotropic environment surrounded
by air, the mode field is mirror-symmetric with respect to
axis r [Fig. 1(b)]. Different from straight nanowire, the
field is stronger at the outer surface for the nanoring as a
result of the curvature geometry. By moving the nanoring
close to the substrate, the plasmon modes are found to be
strongly attracted by the high-index substrate [Fig. 1(c)],
as a result of the non-isotropic environment. When the
nanoring—substrate gap decreases to zero, the plasmon
mode propagates along the nanoring—dielectric interface,
as shown in Fig. 1(d).

The mode properties can be characterized by an effec-
tive index defined as n.p=(c/r,)[dm/d Re(w)]. For r,
=5 um and ry;=80 nm, the effective indices for the modes
in Figs. 1(b)-1(d) are about 1.013, 0.999, and 2.43, respec-
tively. When the silver nanoring begins to approach the
substrate, n,4 extraordinarily decreases at first. In fact,
this decrease is a result of the reduction of the actually
effective radius of the modes [Fig. 1(c)] as the coupling be-
tween the plasmon mode and traveling wave in the sub-
strate invokes the characteristics of the hybrid mode.
With further decreasing of the gap, the field overlap be-
tween them increases exponentially, and n. then
switches to increasing. In this process, the quality factor
of the mode also exhibits a strong decrease at first and
then increases. This kind of transition can be understood
by the mode coupling between the plasmon mode and
traveling modes in the substrate. Unlike the pure plas-
mon mode confined at the metal surface, the traveling
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modes in the substrate have no confinement, and the
mode energy is strongly dissipated. The coupling between
them forms the hybrid mode.

The calculated @ and V of the nanoring in air and on
the substrate are plotted in Fig. 2 by fixing the minor ra-
dius ;=80 nm. To understand the behavior of the @ fac-
tor, we introduce the loss mechanism of WG-like SP
modes as 1/Qp1=1/Qqq+1/Qups- The Q.4 and Qs de-
scribe the optical radiation loss and metal absorption loss,
respectively. No scattering loss is included in our consid-
eration, since the surface of the nanoring could be im-
proved in experiments. In addition, the absorption of sur-
rounding material is also ignored, as this loss could be
tiny compared to that of metal. Bending could lead to ra-
diation, so the @,,,,; is limited by radiation at small ra-
dius 7, as we can see from Fig. 1(b), where the maximum
of the field is on the outer surface. With increasing of the
principal radius, the radiation @,,; increases. When @,,4
exceeds @,ps, the nanoring goes into the absorption lim-
ited regime. The absorption can be estimated by @
=1/7nXRe(e)/Im(e) where 7 is the portion of energy con-
fined in the metal. For a nanoring in air, the @,;, reaches
its maximum 450 at about r,=5 um. However, the @ does
not reach its maximum even for r,=10 um. This is be-
cause Q,,q is smaller when the nanoring is on the sub-
strate, as analyzed above. There is always nearly 70% en-
ergy confined in the substrate and 20% energy confined in
the nanoring, corresponding to ;= 500.

Figure 2(b) shows the mode volume with different r,,.
The mode profile is almost the same for different principal
radii, which induces the linear increase of mode volume
with the length of the ring, i.e., proportional to r,. How-
ever, the V for nanoring on substrate is almost 1/10 of
that in air. This is the result of the small contraction area
of the hybrid structure and the high index of the sub-
strate.

Note that despite the larger radiation loss due to bend-
ing when r,, is small (less than 5 um), the @ factor is still
larger than for nanowire, benefiting from the round geom-
etry without end face scattering. When r,=2 um, the cor-

P
responding nanowire length is 12.6 um, and our simula-

400_- (a) 4

100 T T T T T T ’T
65\ 1.0 T T T T T T T T T ‘- - - On Substrate
S o8] (b) —
[} i
£ 0.6 ]
3 j
g 0.4- ]
3 0.2 1
o -
= 00 S S S T T T T T

2 3 4 5 8 7 9 10
Iy (m)

Fig. 2. (Color online) (a) Q factor and (b) mode volume of the
modes with nanoring in air (solid curve) and on the diamond sub-
strate (dashed curve). The minor radius r;=80 nm, and the
wavelength in the simulations is 637 nm, corresponding to the
transition of NV centers.
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Fig. 3. (Color online) Calculated Purcell factor (a) and coupling
strength (b) of NV center at the peak field intensity, with fixed
r4=80 nm and wavelength of 637 nm.
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tion of the SP modes of nanowire shows its @ factor is
only 64, about 1/2.5 of that of the nanoring in air.

We now study the hybrid plasmon mode coupled to NV
centers in the diamond substrate. Although the Q of a
nanoring on substrate is only half of that in air, the nano-
ring on substrate has much smaller V. The enhancement
of the spontaneous emission can be approximately de-
scribed by the Purcell factor Fp=3Q()\/n)3/(4772V) [19]. It
is worth noting that the F, provides only a rough estima-
tion of the radiative decay rate, and the non-resonant
channels could also be included in a more rigorous study
[20]. As shown in Fig. 3(a), the Purcell factor F), is largest
when r,=2 um. In addition to the enhanced spontaneous
emission of the emitter near the nanoring benefiting from
the large bandwidth of the plasmon mode, the silver
nanoring is also suitable for coupling to multipole emit-
ters, especially to artificial quantum dots that have large
spectral range. For coupling with single NV centers, the
coupling strength is g=d\%w/2eV/#, corresponding to the
vacuum Rabi frequency. The coupling strength for various
r, is shown in Fig. 3(b). For example, the nanoring with
r,=56 um has the maximal coupling strength gy
=11.6 GHz with d=2.74X1072° C -m, the dipole moment
of the NV center transition. A number of NV centers could
lead to a large coupling effect and gain [21].

The silver nanoring provides a new type of microcavity
for coherent light-matter coupling experiments. The sil-
ver nanoring on the substrate can be easily moved and
manipulated by a nanotip. Thus, it provides an excellent
method and platform for deterministic coupling between
cavity and single NV centers, or between other emitters
in substrates for the scanning cavity microscope tech-
nique [22]. It is still possible to deterministically couple
two or more different single emitters through the nano-
ring. In addition, a nanoring with a Q factor of a few hun-
dred and ultra-small mode volume is comparable to a dia-
mond microdisk with Q=100 [23] and a photonic crystal
microcavity with Q=585 [24].

3. CONCLUSION

In conclusion, we investigated and analyzed the WG-like
plasmon modes in a nanoring. Benefiting from the sym-
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metric ring shape, the radiation limited cavity Q factor is
up to a few hundred, much higher than nanowires. In ad-
dition, the mode volume of the SP modes in a nanoring on
a substrate is ultra-small. It will give rise to strong modi-
fication of the emission properties of emitters in sub-
strates, and also large coupling strength between SP
modes and emitters. These give the nanoring potential for
use as a SPASER [12,13] and in studies of the fundamen-
tal physics of cavity quantum electrodynamics [25,26].
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