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Abstract: We demonstrate whispering gallery (WG) resonance of surface
plasmon polaritons (SPPs) in a 2-dimensional confined Au cylinder by self
interference. Despite the leakage of SPPs along the axis of the cylinder, Q
factors of 375 are obtained in a cylinder with diameter of 30 μm. The
coupling-angle-dependence of the WG resonance is also investigated. Our
results open opportunities for a new category of plasmonic cavities with 2dimensional confinement, and this may be applied to a variety of simple
and natural metallic micro or nanostructures.
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1. Introduction
Plasmonic resonators relying on resonance of surface plasmon polaritons (SPPs) in
micro/nano metallic structures have been attracting extensive interests due to their potential of
ultra-tight electromagnetic field confinement [1,2]. In the past years, a number of metallic
SPP cavities, including microdisks [2–4], micropillars [5], microrings [6–9], Fabry-Pérot
structures [10–15], spherical micro/nano particles [16–17] and nanowire arrays [18–19] have
been reported, among which disk or closed-loop ring cavities, benefitted from their highly
efficient recirculation of SPPs, offer opportunities to yield high quality (high-Q) plasmonic
resonance [2, 8]. So far, high-Q plasmonic resonators are realized with strong confinement of
SPPs in 3 dimensions, i.e., besides the circulation plane, the resonant modes are also well
localized in the third direction (perpendicular to the circulation plane). Here we propose a
metallic cylindrical cavity with strong confinement in only 2 dimensions, and experimentally
observe high-Q plasmonic resonances of whispering gallery (WG) modes in an Au microcylinder.
2. Theoretical model
The cylindrical cavity proposed in this work is sketched in Fig. 1(a), a metallic cylinder with
diameter of D and length L>>D, is employed for supporting plasmonic WG modes in the
cross-section plane vertical to the axis of the cylinder. A fiber taper, perpendicularly coupled
to the cylinder, is used for SPP excitation. For structural resemblance [20], a decoiled metallic
film with an equivalent width of the cylinder circumference (πD), is illustrated in Fig. 1(b) to
visualize the SPP excitation, propagation and interference on the surface of the cylinder. At
the excitation point (x=0), guiding modes of the fiber taper evanescently couple into the SPP
modes of the metallic cylinder when the phase-matching condition is fulfilled [21, 22].
Inheriting momentum of the excitation light from the fiber taper, the excited SPP modes
propagate along the x direction and spread out at y-direction (the axis direction of the
cylinder) [23]. When it propagates back to the excitation point after one circle with x=πD, a
fraction of the SPP self-interferes and recirculates around the cylinder, resulting in a
cylindrical plasmonic resonator. Despite of the leakage of the SPP along the axis direction, it
is possible to obtain high-quality SPP resonance in such a 2-dimension confined metallic
cylinder, as high-quality optical resonance in a 2-dimension confined dielectric cylinder has
been theoretically predicted very recently [24].
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Fig. 1. Schematic illustration of plasmonic resonance of WG modes in a metallic cylinder
cavity. (a) Metallic cylinder with a fiber taper for SPP excitation. (b) Structural resemblance of
the decoiled metallic cylinder.

3. Experimental
Experimentally, the metallic cylinder used in this work is a piece of Au solder wire from a
commercial laser diode chip (DL-3147-065, Sanyo), with diameters around 30 μm and
excellent diameter uniformity. The fine surface quality of the cylinder is shown in the
scanning electronic micrograph (Fig. 2(a)). To construct the resonator, we erected the Au wire
in air, and used a biconical fiber taper with waist diameter of about 1 μm for SPP excitation.
To excite SPP of the Au wire, we sent a broadband light (350 nm~1750 nm, Supeik Compact,
Koheras) into the fiber taper, and gradually moved the taper toward the surface of the Au wire
(D=29 μm), until obvious scattering occurred on the surface of the wire, as shown in Fig.
2(b). In the experiments, the coupling angle α (denotes the cross angle between the fiber taper
and the Au wire), can be continuously adjusted for changing the excitation condition. The
validity and mechanism of SPP excitation with the configuration shown in Fig. 2(b) has been
verified in similar structures [2, 21]: the phase matching requirement between the guided
mode of the fiber taper and the Au wire is fulfilled by scattering at the coupling area, and the
propagating SPPs along the surface of the Au wire are excited by the in-plane component of
incident wave vector of the guided light in the fiber taper. In Fig. 2(b), a red-color scattering
light is clearly seen near the coupling area, indicates the efficient SPP excitation on the
surface of the Au wire: the shorter-wavelength components of the SPP suffer higher loss than
the longer-wavelength, resulting in higher fraction of long wavelength SPPs [25,26].

Fig. 2. Microscope images of a 29-μm-diameter Au wire. (a) Scanning electron microscope
image of the wire surface. Scale bar, 2 μm. (b) Optical microscope image of the wire excited
by a supercontinuum using a fiber taper. The direction of the excitation light is denoted by a
white arrow, and the coupling angle (the cross angle between the fiber taper and the Au wire)
is denoted as α. Scale bar, 30 μm.

4. Results and discussion
Typical SPP resonance spectra of a 25-μm-diamter Au wire, when excited by a fiber taper
with waist diameter of 1 μm and coupling angle α of 90°, are given in Fig. 3(a), in which
resonance feature is clearly seen. The spectra are normalized by the maximum intensity
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excluding the sharp intensity peak. For better characterization, all the resonant dips in Fig.
3(a) are fitted by Lorentzian curves (red lines). In a cylindrical cavity [27], the SPP modes in
the Au cylinder can be categorized as SPP lm, where l is the plasmonic mode number and m is
the azimuthal mode number [2]. Here, when the propagation constants of the SPP modes (  )
in the Au cylinder matches that of the excitation light in the fiber taper (  ), that is [27–28]

    [k 2 n2  2.4052  2 ]1 2 ,

(1)

the SPP WG modes can be excited in the Au cylinder, in which n is the refractive index of the
fiber taper, k is the wave vector of the light in the fiber taper, and ρ is the radius of the taper.
Therefore, the azimuthal mode number m can be obtained by periodic boundary condition
L    2  m,

(2)

where L is the single-circulation path of the SPP WG mode and is related to the free spectral
range (FSR) of the SPP WG resonance by [8]
FSR   2 [ L  (n Au  

dnAu
)],
d

(3)

in which nAu is the refractive index of Au [29].
In the cylinder cavity studied here, the lower-order (i.e., the smaller value of l) plasmonic
WG mode is tend to offer higher-quality resonance due to its lower divergence in the
recirculation. For lowest order plasmonic mode (l=1),

Ll 1   D,

(4)

and therefore m and FSR for the lowest mode (l=1) can be obtained. For example, around
1565-nm wavelength in Fig. 3(a), the calculated FSR of the SPP1m modes of the Au wire
(24.7 nm) agrees well with measured FSR (25.1 nm).
For higher order modes, e.g., l=2, the azimuthal mode number m can be obtained by using
measured FSR incorporated with Eqs. (2) and (3).
By using the above-mentioned categorization, two classes of plasmonic modes (l=1, 2) are
identified in Fig. 3(a), with measured FSRs of about 25.1 nm for SPP1m modes and 25.4 nm
for SPP2m modes, respectively.
For further verification of the SPP resonance in these wires, we compared resonance
spectra of the 25-μm-diameter wire with that of a 30-μm-diameter Au wire, as shown in Fig.
3(b). The upper spectra are truncated from Fig. 3(a), and the bottom ones are measured with
the same fiber taper and coupling angle. The measured FSR of SPP 1m in the 30-μm-diameter
Au wire around 1560 nm is 15.5 nm (16.8 nm in theory) and the ratio to the one of the 25μm-diameter Au wire is approximately 0.62, which approaches the theoretical value (the ratio
of the theoretical FSRs of the SPP1m, 0.69).
The Q factors of the resonances in the Au wires were calculated by the Lorentzian-fitted
curves (see Fig. 3(a)) in the range from 1554 nm to 1620 nm, with the highest figure of merit
of 375 for SPP1,78 in the 30-μm-diameter Au wire, as shown in Fig. 3(c). Although the Q
factors obtained here is lower than those demonstrated in 3-dimensional-confined disk
cavities [2, 3], much better SPP resonance is expected in metallic cylinders with much better
surface qualities.
The statistic analysis of the Q factors of the resonance modes given in Fig. 3(c) shows
that, the Q values of SPP1m in the 30-μm-diameter Au wire (Qmean=264) are averagely higher
than the ones in the 25-μm-diameter (Qmean=149), indicating higher Q factors can be obtained
in thicker wires, similar to those observed in SPP disk cavities [2], in which larger disks
usually yield higher Q factors.
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Fig. 3. Characterization of resonant WG modes in typical metallic cylinders. (a) Normalized
transmission spectra of a 25-μm-diameter Au wire, with resonant dips fitted by Lorentzian
curves (red lines). (b) Comparison of normalized transmission spectra of a 25- (upper) and a
30-μm-diameter (bottom) Au wires. The former is truncated from (a). (c) Statistical histograms
of the measured Q factors of the first order SPP eigenmodes in the Au wires. Qmean represents
the average Q value; σ is the standard deviation.

The plasmonic WG modes in the Au wire are also sensitive to the excitation angle. Figure
4, for example, gives normalized transmission spectra of a 29-μm-diamter Au wire with
different coupling angles, and also the corresponding optical micrographs and relative angles
between the wire and the tapered fiber. Within the spectral range 1510–1600 nm, two
categories of modes, SPP1m and SPP2m, are presented and investigated here. At small coupling
angle (Fig. 4(a), α=50°), the WG resonances of the two lowest-order SPP eigenmodes are
relatively weak and broadened (compared with Fig. 4(b) and (c)). As the coupling angle
increases to nearly perpendicular coupling circumstances (Fig. 4(b), α=80°; Fig. 4(c),
α=110°), the more pronounced plasmonic resonances are clearly identified. When the
coupling angle increases to far beyond the perpendicular coupling condition (Fig. 4(d),
α=140°), the resonances become weak again and most of the first- and second-order SPP
eigenmodes (e.g., SPP1,78, SPP1,76, SPP1,75, SPP2,76, SPP2,74, and SPP2,75) are absent. Similar to
those observed in dielectric cylindrical cavities [30], here the α-dependent WG resonance is
originated from the self-interference of the propagating SPPs, as illustrated in Fig. 4(e). The
self-interference is mainly established by partially overlapping the newly excited SPP modes
and the propagating SPPs after one-circle propagation around the coupling point. Under the
perpendicular coupling condition, the intensity distribution of the propagating SPP is
symmetric with respect to the circulation plane (the dotted line) perpendicular to the axis of
the wire, leaving the intensity maximum overlapped with the coupling point, which results in
strong self interference. When the coupling angle deviates from the perpendicular coupling
condition, the intensity maximum shifts away from the coupling point, and the interference
becomes weak.
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Fig. 4. Plasmonic WG resonance versus coupling angle α. The normalized transmission spectra
are obtained from a 30-μm-diameter Au wire with α of (a) 50°, (b) 80°, (c) 110° and (d) 140°,
separately. Optical images at the right column correspond to the recorded spectra with
measured α. (e) Structural resemblance of the decoiled metallic cylinder under non-vertical
coupling condition.

5. Conclusion
So far we have experimentally observed the WG resonances of SPPs on the surface of Au
cylinders using fiber-taper-coupling technique. Although SPPs leak out along the axis
direction, quality factors of the identified resonant SPP modes around a 30-μm-diameter Au
cylinder go up to 375. The dependence of the resonance on the coupling angle verifies the
self-interference model we employed for interpreting the resonance of propagating SPPs on
the surface of the cylinder. Since the resonant SPP WG modes are obtained in simple metallic
wires, results demonstrated in this work suggest possibilities to realize easy-fabrication,
flexible, high-quality and compact SPP cavities for a variety of applications such as
plasmonic sensing, as well as to extend the WG resonance model to diverse metallic
structures such as metallic nanowires, nanotubes and nanopillars.
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