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High-Q plasmonic resonators based on metal split nanocylinders
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In this paper we report on a detailed investigation of the quality Q factor exhibited by metal-nanostrip
resonators with a bent axis. A detailed comparison of the Q with the quasistatic limit value demonstrates that
under a large bending of the strip axis the resulting split-cylinder nanoresonators exhibit a Q that is exceeding
the quasistatic Q in the near infrared. Also, a possible application of high-Q split-cylinder nanoresonators as

high-sensitive plasmonic sensors is proposed.
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I. INTRODUCTION

In recent years, optical plasmon resonances' in metal

nanostructures” have been extensively investigated because
of their potential interest for challenging applications in
nano-optics,>* such as coherent control of light emission by
single molecules,’ new forms of local spectroscopy,® and
coupling of classical radiation to single-quantum systems.’
In this context, a design methodology allowing better control
of the resonances is desirable to really address such
applications,*® with the resonance quality, i.e., its sharpness,
becoming a key issue. Recently, the research interest has
been focused on the development of plasmonic resonators
based on slow surface-plasmon polaritons (S-SPPs) exhibit-
ing wave-retardation effects (i.e., constructive interference of
propagating back and forth S-SPP waves that are efficiently
reflected by structure terminations).’'* Actually, S-SPP al-
lows the electromagnetic field to be deeply squeezed in a
subwavelength region, thus potentially leading to various ul-
trasmall (i.e., nanometer-sized)'* resonators whose behavior
can nevertheless be described only by incorporating the re-
tardation effects. In particular, retardation results in a linear
size-dependent tunability of the resonances in a broad wave-
length range but also leads to a significant increase in the
scattering loss, resulting in a radiation damping mechanism
for the plasmon resonance. Therefore, the quality (Q) factor
exhibited by S-SPP-based resonators is typically poor as
compared to the Q of localized plasmon resonances observed
in ultrasmall metal nanoparticles, which, under the quasi-
static regime, is ultimately limited by ohmic losses in the
metals.'d

In a recent paper we proposed an innovative design for
retardation-based plasmonic resonators allowing efficient
suppression of radiation damping and thus resulting in a
high-quality Q factor of the resonant structures approaching
the quasistatic limit.'® The underlying idea was to exploit the
magnetic dipole response induced in a metal nanostrip after a
conformal bending transformation.

In this paper we report on a more extensive investigation
of the Q exhibited by bent nanostrips of different size in a
broader wavelength range (spanning from 400 nm to 4 wm),
aimed at a precise and quantitative comparison with the qua-
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sistatic value of Q.'° Actually, the quasistatic Q, being ulti-
mately limited by the ohmic losses in the metal, has been
sometimes considered as the upper limit for the Q of any
plasmonic resonator. Therefore, the possibility to achieve or
eventually exceed this limit in S-SPP-based plasmonic struc-
tures exhibiting retardation effects is not only interesting
from the theoretical point of view but, most importantly,
plays a key role for the future development of efficient plas-
monic nanoresonators for the real world.

II. QUALITY Q FACTOR: A DETAILED COMPARISON
WITH THE QUASISTATIC Q

We considered thin silver strips of thickness #, having
width w and different bending radii R surrounded by air (Fig.
1). The strip length along the z axis was assumed to be infi-
nite, i.e., much longer than w, thus allowing a rigorous two-
dimensional modeling in the xy plane based on the surface-
integral equation method for the magnetic field.'”!8 Our
previous analysis'® revealed that the peak wavelength \p in
the scattering spectrum exhibited under p-polarized plane-
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FIG. 1. (Color online) Schematic of the (a) straight, (b) bent,
and (c) split-cylinder nanoresonators and qualitative scattering
cross-section spectra exhibited under excitation with a p-polarized
plane wave (i.e., electric field parallel to the x axis) propagating
along y direction.
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wave excitation is progressively redshifted and the Q factor
(defined as the ratio between the resonance wavelength \p
and the full width at half maximum of the scattering line) is
progressively increased when the bending radius decreases
(Fig. 1). In particular, numerical simulations based on silver
refractive-index experimental data taken from Ref. 19
showed that under a strong bending of the structure the re-
sulting split-cylinder nanoresonator exhibits a Q of the same
order of magnitude as the quasistatic value Q,, given by the
analytical formula derived by Wang and Shen,"

\ de,
- " s (1)
2! d\

Q=
where €, and €, are the real and imaginary part of the silver
relative dielectric constant €, and \ is the free-space wave-
length. However, a quantitative comparison between Q,, and
the Q exhibited by split-cylinder nanoresonators was pre-
vented by the discrete nature of the experimental data em-
ployed for simulations, making any numerical computation
of the derivative in Eq. (1) unreliable. Therefore, for a de-
tailed analysis, we assume here a standard Drude-
Sommerfeld analytical model (also accounting for one inter-
band transition®’) fitted on the refractive-index experimental
data taken from Ref. 19.

In a first set of simulations we compared the Q,, with the
numerically computed Q of the fundamental resonance ex-
hibited in the scattering spectrum of silver nanostrips as the
bending radius R is progressively decreased. Excitation with
a p-polarized plane wave at an angle of 90° with respect to
the x axis is assumed (Fig. 1). Two sets of nanostrips with
different thicknesses and lengths are considered: r=3 nm
and w=50 nm [Fig. 2(a)]; =20 nm and w=300 nm [Fig.
2(b)]. Results of Fig. 2 reveal two distinct behavior of the Q
depending on the size of the structures; for relatively small
structures [Fig. 2(a)] as the bending radius decreases (and the
bent nanostrip is turned into a split cylinder) the Q progres-
sively approaches Q,,; on the contrary, for larger structures
[Fig. 2(b)], the numerically computed Q, though being sig-
nificantly lower than Qg in the visible, first approaches and
then becomes even higher than Q,, in the near infrared, be-
fore asymptotically converging to Q,. Also, it is worth not-
ing that as the bending radius is progressively decreased the
resonance wavelength becomes more and more sensitive to
small variations in R. We remind the reader to Sec. IV of the
present paper for a detailed discussion of this particular be-
havior exhibited by split-cylinder nanoresonators.

In a second set of simulations we numerically computed
the Q of the fundamental resonance in split-cylinder nan-
oresonators of a given thickness ¢ and gap size g for increas-
ing values of the strip width w. Actually, it has been reported
that by acting on the parameter w the peak resonance wave-
length in the scattering spectrum can be (almost linearly)
tuned in a broad wavelength range from the optical to the
infrared.'® Four sets of structures with increasing size have
been investigated, starting from 7=3 nm, g=1 nm, and
r=1 nm and scaling up the size of the structure by 3X,
6X, and 10X, respectively. The results are reported in Fig. 3
(triangles) aside with the quasistatic value Q,, (dotted line)
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FIG. 2. (Color online) Bending radius R (circles) and Q factor
(triangles) as a function of the resonance wavelength for two sets of
silver bent nanostrips: (a) =3 nm and w=50 nm; (b) r=20 nm
and w=300 nm. The quasistatic quality factor Q,, from Eq. (1) is
also reported (solid line).

and the (numerically computed) Q exhibited by straight
nanostrips with /=3 nm and r=1 nm (circles) for compari-
son. Note that, in agreement with what reported in Fig. 2(a),
the smallest split cylinders (for which 0.54 X 1072<R/\p
< 1.1 X 107?) exhibit a Q that is almost coincident with the
quasistatic value (rightward triangles in Fig. 3). However, as
the structures are progressively scaled up, the resonance
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FIG. 3. (Color online) Dispersion of the Q for split-cylinder
nanoresonators of different thickness and gap size (triangles). Re-
sults are compared to the Q of ultrathin straight nanostrips (circles)
and to the quasistatic value, Q,, (dotted line).
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wavelength is progressively redshifted. This circumstance in-
dicates that though split-cylinder nanoresonators exhibit a Q
as high as Q,,, they cannot be described according to a qua-
sistatic approximation, that should predict a scale invariance
for the plasmon resonance wavelength. Also, an even more
unexpected feature is observed in the larger structures: while
the Q deviates from Q,, toward lower values in the short-
wavelength range, it becomes higher than Q,, for longer
resonance wavelengths (i.e., longer strip widths), and the
crossing between Q and Q,, is more and more redshifted as
the strip width increases. This is a remarkably counterintui-
tive feature if we consider that the quasistatic Q,, given by
Eq. (1) was derived assuming no radiation loss (only conduc-
tion, i.e., absorption loss was considered). " Though such
approximation is certainly valid for ultrasmall nanostructures
based on localized plasmon modes, exhibiting no retardation
effects, for plasmonic structures based on propagating
plasmon-polariton modes radiation loss cannot be disre-
garded and one could expect that the supplementary radia-
tion damping should result in a Q significantly lower than Q,,
at any wavelength. This is precisely what is observed for
straight nanostrips (circles in Fig. 3) which have been
demonstrated to behave like electric dipole scattering
nanoantennas.?' It is worth noting that the highest value of
the ratio Q/Q,~ 1.5 is achieved in a split cylinder with 30
nm thickness, 10 nm gap, and 200 nm radius, which is a
moderately large nanostructure. Though the relative increase
in the Q as compared to Q,, is modest, this result demon-
strates the feasibility of resonant nanostructures with high-
quality factor as well as feasible size, which is an interesting
feature not only from a theoretical point of view but also for
real plasmonic applications.

III. EXPLANATION OF THE HIGH Q: THE CRUCIAL
ROLE OF MAGNETIC ENERGY

In a recent paper'® we showed that the radiation damping
mechanism which is responsible for the low Q exhibited by
straight nanostrips can be efficiently suppressed in bent
nanostrips in view of a magnetic dipole response of the
structure, thus becoming less radiating. Anyway, radiation
losses cannot be completely suppressed, and the fact that O
can exceed the quasistatic limit remains counterintuitive un-
less we consider the following argument: in the quasistatic
limit the energy stored in a plasmonic resonator is solely
given by the electric field energy regardless the particular
geometry of the structure;'> on the contrary, in retardation-
based plasmonic structures exhibiting a significant magnetic
dipole response provided by a specially designed geometry,
such as split-cylinder nanoresonators,'® the localized mag-
netic field becomes an extra channel for energy storing
which can strongly contribute to the Q. In order to check this
argument we computed the electric field enhancement |E/ E,|
and the magnetic field enhancement |H/H,| (being E, and H,,
the complex electric and magnetic fields of the incident plane
wave, respectively) in two different split cylinders of differ-
ent size exhibiting the same resonance wavelength and a Q
as high as Q,, (corresponding to the two almost overlapping
solid triangles in Fig. 3). The results are reported in Fig. 4.
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FIG. 4. (Color online) Resonant electric field enhancement (left
panels) and magnetic field enhancement (right panels) in two dif-
ferent split-cylinder nanoresonators exhibiting the same resonance
wavelength A »=2425 nm and quality factor Q=0Q,=24.5 at \p: (a)
t=3 nm, R=25.6 nm, and g=1 nm (solid rightward triangle in
Fig. 3); (b) =18 nm, R=77.3 nm, and g=6 nm (solid downward
triangle in Fig. 3).

Note that in the shortest structure [Fig. 4(a)] the magnetic
field enhancement is relatively low (on the order of 4) as
compared to the electric field enhancement which is as high
as 300 in the gap region, (though a residual magnetic re-
sponse is nevertheless exhibited). The high Q is thus ulti-
mately due to the poor scattering cross-section peak (which
is actually as low as 1.3 nm in this structure), resulting in
very low radiation losses, (similarly to the case of ultrasmall
structures under quasistatic regime, even if our structure ex-
hibits retardation effects, as discussed in the previous sec-
tion). On the contrary, in the largest structure, that exhibits a
much higher scattering cross-section peak (of about 630 nm)
and thus much higher radiation losses, the magnetic field
enhancement also turns to be much higher (about 20) while
the electric field enhancement is still as high as 300 [Fig.
4(b)]. Note that being the magnetic field localized in the
whole area of the ring, the magnetic energy is expected to
scale as the square of the cylinder radius R whereas the en-
ergy stored in the electric field is proportional to the circum-
ference and thus scales linearly with the radius, being the
electric field tightly bound to the metal as is in any plas-
monic structure. Therefore, for a relatively large radius R it is
expected that the radiation loss can be compensated with the
storage of the magnetic energy. This situation is similar to
that found when one considers the absorption and scattering
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cross sections of nanospheres, that scale differently with the
radius, causing the absorption becoming dominant for very
small radii (and vice versa).

For a more quantitative evaluation of the role played by
the magnetic field in the energy storing, we can compute the
time-averaged electric and magnetic energy densities,??

1 de
WE=—[6 —)\—E} EP, 2)
4 ax |,
_ 1 5
WM=ZM0|H| , (3)

where €' is the real part of the dielectric constant in the
dielectric or in the metal (i.e., € =€, in the dielectric and
€' =€, in the metal). The electric energy £ and the magnetic
energy &, stored in the structure can thus be estimated by
integrating Eqgs. (2) and (3), respectively, over an area in the
xy plane comprising the scattered near field of the structure.
Remembering that for the incident plane wave we have E
=—iNuy/ (€9€))Hy, the ratio ['=E,;/Ex can be finally esti-
mated and turned to be I'=4.5% in the split cylinder with
the smallest area and I'=43% in the split cylinder with the
largest area. A similar behavior is observed if we compare
two different split cylinders of the same thickness and gap
size and different ring lengths, e.g., =18 nm, g=6 nm and
w;=180 nm and w,=780 nm, respectively, which are rep-
resented by points P; and P, in Fig. 3. Note that the first
structure exhibits a Q which is significantly lower than Q,, at
the corresponding resonance wavelength (Ap;=1082 nm)
and the T ratio turns to be I';=12%. On the contrary, the
second (largest) structure exhibits a Q exceeding Q,, at the
corresponding resonance wavelength (Ap,=3802 nm) and
the I' ratio turns to be I';=56%. Nevertheless it is worth
noting that the Q decreases in absolute value as the radius of
the split cylinder increases (and thus the resonance wave-
length is correspondingly redshifted; see Fig. 3) but the rate
of decrease is lower than that of Q,, and this causes the Q to
significantly exceed Q,; in the long-wavelength range for
moderately large structures. These results indicate that the
magnetic energy becomes an efficient channel for energy
storing as (for a given gap width) the radius of the split
cylinder increases and can thus strongly contribute to the Q
and eventually cause the quality factor to exceed the quasi-
static value Q,, at the corresponding wavelength.

Finally, note that the Q can be estimated also according to
a different though equivalent approach, namely, by comput-
ing the stored energy as a function of the excitation wave-
length. In fact, this approach offers the possibility to separate
the two different contributions provided to the Q by the elec-
tric energy and by the magnetic energy stored in the near
field of the nanostructure. As example, in Figs. 5(a) and 5(b)
we report the electric stored energy and the magnetic stored
energy, respectively, as a function of the excitation wave-
length for the two different split cylinders represented by
points P and P, of Fig. 3. Note that despite of the different
values of the Q exhibited by the two structures (respectively,
below and above Q,,) for each structure the electric and the
magnetic energy exhibit the same resonance wavelength as
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FIG. 5. (Color online) Normalized (a) electric and (b) magnetic
energies stored in the two split-cylinder resonators corresponding to
points P; (squares) and P, (circles) of Fig. 3 as a function of the
(normalized) detuned excitation wavelength. Solid lines: Lorentzian
fitting curves with quality factor of 36 and 19 for P, and P,, re-
spectively, in excellent agreement with the Q estimated from the
scattering cross-section resonance linewidths (Fig. 3).

well as the same resonance width. The same behavior was
observed in all the structured we examined, in agreement
with the fundamental fact that the electric and the magnetic
fields are coupled together by Maxwell’s equations, and thus
are expected to follow the same decay rate. This is also an
indication that the electric dipole mode and the magnetic
dipole mode sustained by a split-cylinder resonator are
coupled together, i.e., the fundamental resonant mode of a
split-cylinder resonator is an hybridized mode originating
from an electric dipole mode and a magnetic dipole mode; in
the short-wavelength range or for very small structures it is
the electric mode that dominates (and thus stores most of the
energy); on the contrary, in the long-wavelength range and
for moderately large structures a significant amount of en-
ergy is also stored in the magnetic part of the mode.

IV. HIGH Q FOR SENSING APPLICATIONS

The analysis above reported demonstrates that moderately
large split-cylinder nanoresonators can exhibit a high-quality
factor, indeed as high as the Q,; or even higher in the near
infrared. This feature, together with the linear size-dependent
tunability and the high field enhancement demonstrated in a
broad wavelength range,'® makes split-cylinder nanoresona-
tors very attractive for sensing applications. It is worth not-
ing that, contrary to ultrasmall plasmonic nanostructures
where the smallest radius of curvature is the most critical
parameter (leading to large variations in the observed reso-
nant behavior for nominally identical structures), split-
cylinder nanoresonators are intrinsically robust, being the
resonance wavelength, the quality factor and the field en-
hancement weakly sensitive to the local radius of curvature r
at strip terminations.

More precisely, Fig. 6 demonstrates that after 300% varia-
tion in r only a few percent variation in the resonance wave-
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FIG. 6. (Color online) Resonance wavelength (squares), Q fac-
tor (circles), and field-enhancement (triangles) sensitivity to the
variations in the nanometer-sized radius of curvature r at strip ter-
minations for a split-cylinder nanoresonator of 300 nm width, 20
nm thickness, and 5 nm gap (resonance wavelength at 1818 nm for
r=2 nm).

length, Q factor, and field enhancement is expected in a
300-nm-wide, 20-nm-thick, and 5-nm-gap split-cylinder
nanoresonator. Actually, the most sensitive parameter of the
structure turns to be the gap size g, as can be easily revealed
if we redraw the data of Fig. 2 by plotting the resonance
wavelength as a function of g instead of R (Fig. 7). Note that
under few nm variation in the gap size, the resonance wave-
length experiences very large variations. Rather than being a
limitation, this behavior, combined with the high Q of the
structure, can be profitably exploited to make a sensing de-
vice out of a single split-cylinder nanoresonator. Actually, if
the structure was compressed or stretched along the x axis,
its deformation (and the strength of the compressing or
stretching force after proper calibration) could be accurately
recovered by inspecting the large-wavelength shift in the
resonant peak of the scattering cross section. As example, at
1.55 wm (i.e., at the telecom) resonance wavelength
d\N/dg=50 (Fig. 7) and the Q is as high as 30 (Fig. 2).
Therefore, a resonance shift of few nanometers corresponds
to a gap deformation of about 1 A, and a single split-
cylinder nanoresonator, coupled to a high-sensitive photode-
tector (i.e., a single-photon avalanche photodiode) can pro-
vide, in principle, an effective optomechanical transducer
with atomic resolution.'*
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FIG. 7. (Color online) Resonance wavelength as a function of
the gap arc g for the bent nanostrips of Fig. 2. Inset shows a sketch
of a possible realization of the split-cylinder nanosensor based on a
nanorod schaphoid and a polymer as a surrounding medium.
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As a note on feasibility, we believe that split-cylinder nan-
oresonators could be fabricated in a double step process; in a
first step, a closed-cylinder structure is produced by using a
single dielectric nanorod as a schaphoid for thin metal film
deposition; then, the ring splitting can be obtained by ion-
beam milling. The final structure should be embedded in a
polymer possibly matching the refractive index of the nano-
rod material, and a split-cylinder nanosensor should appear
as sketched in the inset of Fig. 7. Further numerical analysis
of such a composite (three-media) structure is required in
order to quantitatively account for the residual asymmetry of
the dielectric environment surrounding the nanostrip. Never-
theless, it is well known that a slow (and short range) SPP
mode with no cutoff always exist in an asymmetric insulator-
metal-insulator structure,” and thus the unique features ex-
hibited by split-cylinder nanoresonators embedded in a uni-
form dielectric are expected to be substantially preserved in
the case of slight asymmetries of the surrounding medium.
Another issue to be considered for real sensing applications
is that the application of a pointlike or, more generally, of a
stretching or compressing force which is nonuniform along z
direction would result in a nonuniform distortion of the gap,
causing anomalous response of the split-cylinder nanosensor
or degradation of its effective sensitivity. To reduce these
detrimental effects the length of the split cylinder would be
limited to few micron (at the expense of a lower signal-to-
noise ratio in the detected scattered radiation) making the
structure more rigid along z direction, and thus less sensitive
to nonuniform deformations.

V. CONCLUSION

In conclusion, we reported on a detailed numerical analy-
sis of the quality factor exhibited by the fundamental scatter-
ing resonance of split-cylinder nanoresonators. Our simula-
tions considered several structures of different size and a
broad range of excitation wavelengths, from the visible to
the near infrared. We found that under a strong bending of
structures, split-cylinder nanoresonators exhibit a Q that ex-
ceeds the quasistatic limit in the long-wavelength range even
in a moderately large structure and yet with complete retar-
dation effects. A detailed computation of the energy stored in
the near field of the structures revealed that this counterin-
tuitive feature can be explained in terms of the extra channel
for energy storing provided by magnetic field excitation. Ac-
tually, the quasistatic regime is characterized by the domi-
nance of the electric field and absorption leading to a limit in
Q. Using slow plasmon-modes retardation introduces the in-
crease in the scattering loss, which results in a poor Q for
structures with a simple linear geometry, such as straight
nanostrips. Anyway, contrary to the case of the quasistatic
limit, where geometry plays no role, retardation effects gives
the possibility to create resonant magnetic fields (forming
magnetic dipoles for the fundamental resonances) under a
proper design of the geometry, as we know from gap
resonators?* and split-cylinder resonators.!® The overall ef-
fect on Q thus depends on the balance between these two
new contributions, and this is the transition we carefully ex-
plored in this paper. In particular, split-cylinder resonators
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turned to be more effective in achieving this compensation,
as compared to gap resonators, in view of a higher degree of
freedom. Actually, here we have two knobs: the radius and
the gap. The radius gives the possibility to increase the rela-
tive ratio of the magnetic energy stored at resonance (as dis-
cussed above) and the gap gives the possibility to suppress
the scattering loss.

Therefore, depending on the geometry of the structure,
retardation effects can enhance the Q instead of decreasing it.
This result is in line with what has been recently reported in
another theoretical investigation? where the authors demon-
strated that, in view of retardation effects, a deep-
subwavelength resonant mode exists in ultrasmall three-
dimensional plasmonic resonators allowing a Q factor
exceeding Q..
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Also, another interesting feature exhibited by split-
cylinder nanoresonators has been put in evidence, namely,
the strong sensitivity of their plasmonic resonance to the gap
size of the split cylinder. This feature, aside with the high Q,
makes split-cylinder nanoresonators potentially suitable for
sensing at the nanoscale, and an optomechanical transducer
for deformation detection with atomic resolution has been
proposed.
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