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Reduced linewidth multipolar plasmon resonances in
metal nanorods and related applications†

Shunping Zhang,ab Li Chen,ac Yingzhou Huangd and Hongxing Xu*abe

Using dark-field scattering spectroscopy, we study the multipolar plasmon resonances in single crystallized

silver nanorods. The lineshapes and homogenous linewidths of the surface plasmon resonances (SPRs) of

different orders are analyzed and compared. The high-order resonances are found to sustain asymmetric

Fano lineshapes and their linewidths are narrower than the dipolar resonance. A quantitative comparison

using the finite element method reveals more than a three times reduction in the linewidth for the third

order resonance, as compared with the dipolar one. These narrow linewidths result from the smaller

radiative damping of the multipolar SPRs. Benefiting from the reduced damping, multipolar SPRs in

nanorods are better candidates for many plasmonic applications, including increased-sensitivity single

particle SPR sensors and reduced-threshold nanolasers.
Metallic nanoparticles (MNPs), supporting a group of collective
motions of the conduction electrons, known as plasmons, are
extensively investigated in nanophotonics due to their peculiar
and tunable optical properties.1 MNPs can function as effective
optical antennas, with the capability of capturing electromag-
netic radiation in their vicinity or transmitting the electro-
magnetic radiation from a nearby local emitter into the far-
eld.2,3 The concentration of an electromagnetic eld into a
nanometer scale space, e.g. interparticle gaps between MNPs,
produces an enormous electromagnetic eld enhancement that
can boost the excitation and emission rate of a local emitter.4,5

Therefore, MNPs are ideal ampliers for many weak optical
processes, such as Raman scattering, uorescence and
harmonics generation, etc.6–11 On the other hand, MNPs can be
used as local chemical or biological probes due to the fact that
the localized surface plasmon resonances (LSPRs) depend
strongly on the dielectric environment around the MNPs.12 In
all the above mentioned and many other LSPR-based applica-
tions, the performance of the system is usually related to, or
hampered by, a low quality factor Q, which is ultimately limited
by the Ohmic loss that is inherently associated with the metal
components.13 For example, the local eld enhancement that a
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very small MNP can provide is in the order of �Q.14 By deni-
tion, the gure of merit (FoM) of LSPR sensing15 is also
proportional to Q. In realistic situations, besides Ohmic loss
which is nonradiative, surface plasmons also suffer from radi-
ative damping. For particles larger than 60 nm, radiative
damping is considered to dominate over the Ohmic loss and
signicantly broaden the LSPR linewidths.14 As the volume of a
MNP increases, the number of conduction electrons involved in
the collective motions increases so that the dipole moment of
the surface plasmon is larger. The resonance is more radiatively
damped, resulting in a poorer quality factor for big MNPs.16

However, for multipolar LSPRs, the radiation strength is usually
much weaker so that the modes are always ‘dark’. With sup-
pressed radiative damping, the linewidths and the quality
factors of the multipolar LSPRs can, in principle, get close to the
quasi-static limit. A good example showing the merit of dark
modes is the Fano resonance arising from the interference of a
superradiative and a subradiative mode. The local eld
enhancement near the Fano dip (position of the dark mode) is
shown to be much higher than at other positions17 while the
FoM of LSPR sensing can be signicantly improved.18,19

However, for MNPs of spherical or other similar shapes, the
multipolar LSPRs of different orders are usually located very
close to each other, making the extraction of their linewidths
and lineshapes difficult. Compared with spherical MNPs, the
LSPRs in metallic nanorods depend linearly on the aspect ratio
of the nanorods and can be routinely tailored.20–22 With an
elongated dimension, a nanorod can sustain longitudinal
surface plasmon modes that travel back and forth along the rod
axis. Once the surface plasmon accumulates a 2np (n ¼ 1, 2,
3, .) phase shi from the round trip between the two facets
(like mirrors), it becomes resonant. Therefore, these multipolar
plasmon resonances in a nanorod can be well described by a
Nanoscale, 2013, 5, 6985–6991 | 6985
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Fig. 1 (a) Dark-field scattering spectra of Ag nanorods (diameter D � 35 nm) of
different lengths, L ¼ 104 nm (i), 258 nm (ii), 426 nm (iii) and 497 nm (iv). The
resonant orders are denoted on top of each peak and the SEM images of the
corresponding nanorods are shown in the insets. The scale bars are 200 nm. (b)
Resonant peak positions as a function of the length of the nanorods. The diam-
eters of the rods are restricted to a small range of 35� 3 nm, determined by SEM.
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damped Fabry–Pérot model and are well separated in the
spectral domain.23–25 Such a feature enables metal nanorods to
be ideal platforms for a multipolar LSPR study. The spatial
extension of multipolar plasmon resonances in nanorods has
been imaged directly by several groups using, e.g. cath-
odoluminescence spectroscopy,26 scanning near-eld optical
microscopy25 and most recently by electron microscopy with
unprecedented resolution.27–29 The high spatial resolution
enables the observation of surface plasmon antinode bunching
at the nanorod terminals.27 However, as a trade-off, the energy
resolution in electron energy loss spectroscopy (EELS) is usually
limited, e.g., to 100 meV in ref. 27 or 450–500 meV in ref. 28.
Therefore, it is difficult to extract the narrow linewidths of
multipolar plasmon resonances by EELS. Optical measure-
ments on the other hand provide a much better energy resolu-
tion. However, previous optical spectroscopy studies on the
multipolar LSPRs of metal nanorods were usually carried out on
assemblies of nanorods, like a planar array or in solution.30–33

These studies suffer from inhomogeneous broadening. The
choice of substrate may cause additional broadening in
previous dark-eld measurements on individual rice-shaped
silver nanoparticles.34 Although theoretical calculations have
clearly shown the reduced linewidth and a signicant
improvement in the quality factor for the second order plasmon
resonances in rod-shaped MNPs,35 experimental observations
have not yet been reported. Recent calculations have also shown
that an asymmetric Fano lineshapemay appear in the scattering
spectrum of a single rod-shaped MNP, originating from the
interference between the adjacent odd-order modes.36,37 In this
article, we present a combined experimental and theoretical
study on the lineshapes and homogeneous linewidths of the
multipolar plasmon resonances of individual silver nanorods
using dark-eld scattering spectroscopy. We show that at the
same energy position, the linewidths of the multipolar plasmon
modes in a longer nanorod are narrower than the linewidths of
the dipolar mode in a shorter nanorod. Asymmetric lineshapes
in the high-order multipolar plasmon modes are observed.
Though it is well understood conceptually, to the best of our
knowledge, we are the rst to provide quantitative experimental
conrmation that multipolar LSPRs possess lower losses and
higher quality factors, compared to the dipolar ones. Benet-
ting from the reduced radiative damping, the use of multipolar
plasmon resonances leads to a four-fold increase in the FoM of
LSPR sensing and a four-time reduction in the threshold of a
gain compensation nanolaser.

Crystalline Ag nanorods were synthesized using a sol–gel
method.38 150 mg of poly(vinyl pyrrolidone) (PVP, K130) and
0.6 ml of 1 M AgNO3 aqueous solution were added to a 12 ml
ethylene glycol (EG) solution. Aer stirring for half an hour,
the whole solution was added drop by drop into 5 ml of EG at
160 �C. Aer the AgNO3 was completely reduced (�60 min), the
solution was cooled, washed via centrifugation once in acetone
to remove the EG, then twice in ethanol to remove the PVP. The
diameters of the nanorods are typically around 28–36 nm, while
the lengths range from tens of nanometers to several microm-
eters. The nanorods, dispersed in ethanol, were simply dripped
onto a cleaned glass slice and allowed to dry. Aer that, an
6986 | Nanoscale, 2013, 5, 6985–6991
indexed copper grid was attached to the sample, which enabled
the correlation of the measured optical spectra and morphology
characterization using scanning electron microscopy (SEM).
Scattering spectra of individual Ag nanorods were taken by a
transmission type dark-eld microscope coupled to a confocal
Raman spectrometer (Renishaw, Invia). Non-polarized white
light from a halogen lamp was incident from the bottom,
scattered by the nanorod, collected by a 100� objective (N.A. ¼
0.85) and then directed to an air-cooled CCD aer passing
through the grating (1800 lines per mm). A background spec-
trum taken from a nearby area of a bare glass surface was
subtracted from each measured nanorod spectrum. Aer the
optical measurements, a thin Au layer (about 6 nm) was
deposited onto the sample to ensure the conductivity required
by the SEM. This made the nanorods appear thicker in the SEM
images than their actual sizes.

Typical scattering spectra of Ag nanorods (diameter
restricted to around 35 nm) of different lengths are shown in
Fig. 1(a) and the corresponding SEM images are shown in the
insets. The resonant orders (n ¼ 1–5) are indicated on top of
each peak. For the short nanorod (i), length L ¼ 104 nm, only
the dipolar peak (n¼ 1) appears. As the length increases (ii), L¼
258 nm, high order (n ¼ 2, 3) modes can be observed while the
dipolar mode is red-shied outside the range of our measure-
ments. As the length of the nanorod is further increased to L ¼
426 nm (iii) or 497 nm (iv), higher order modes (n¼ 4, 5) appear,
while the second order mode is red-shied out of range. The
relatively low peak intensity of the n¼ 3 mode in (iv) may be due
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 (a) Scattering spectrum of the same nanorod as shown in Fig. 1(a)iii. The
red line is the Fano fit. (b and c) Linewidths (b) and quality factors (c) of nanorod
LSPRs of different orders: n¼ 1 (black squares), 2 (red dots), 3 (blue up triangles), 4
(green down triangles), 5 (magenta left triangles) and 6 (khaki right triangles).
The diameters of the rod are restricted to 35 � 5 nm. The error bars in (b) and (c)
are taken from the standard deviations of the fits.
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to a reduced collection efficiency in our setup in the longer
wavelength region for long nanorods (see ESI†). For longer
nanorods (L > 800 nm), the excitation efficiency for the multi-
polar plasmon resonances by a plane wave becomes smaller so
that the obtained scattering peaks are undistinguishable (see
Fig. S4†). Fig. 1(b) summarizes the resonant peak positions as a
function of the nanorod length. Clearly, modes of different
orders fall into different regions in such a way that the peak
positions depend linearly on the nanorod length for each
resonant order. Linear ts yield the dependence of resonant
wavelength ln and the nanorod length, e.g., l1 ¼ 3.94L + 152 for
the dipolar mode and l2 ¼ 1.73L + 211 for the second order
mode. The results of the ts are listed in Table 1. As the reso-
nant order increases, the tted slope decreases, and the inter-
cept increases, in agreement with theoretical predictions.7,39

Recent calculations show that the lineshapes of the multi-
polar plasmon resonances in a rod-shaped MNP exhibit asym-
metric Fano proles.36,37 As a coherent process, the Fano
interference takes place between two modes (more strictly, two
paths) that can partly overlap in both the spatial and energy
domains. For plasmonic nanoparticles, the Fano interference
usually involves a bright and a dark mode that are not far apart.
Specically, for a nanorod, the asymmetric Fano lineshape is
pronounced for the n ¼ 3 mode, originating from the interfer-
ence with the tail of the bright dipolar mode.37 To extract the
shape function and the linewidth of the resonant peaks, the
scattering spectra are tted by the following Fano lineshape
(more terms were added according to the number of peaks)

y ¼ Bþ A

�
qþ u� un

G=2

�2��
1þ

�
u� un

G=2

�2�
; (1)

where A and B are the tting coefficients, u0 and G are the
resonant energy and the full width of the SPRs. The Fano factor
q describes the degree of asymmetry of the peak. Fig. 2(a) shows
that for the nanorod shown in Fig. 1(a)iii, the scattering peaks
(n ¼ 3, 4, 5) exhibit clear asymmetric lineshapes. The Fano
tting reproduces the asymmetric proles of the resonant peaks
nicely, yielding G ¼ 87.6 meV (92.5 meV) and q ¼ 2.66 (3.75) for
n ¼ 3 (4). Note that the tting results for the n ¼ 5 resonance
uctuate with the tting range. We varied the tting range until
a maximized tting R-square parameter was achieved. Few of
the measured peaks, like the n ¼ 3 mode in the (iv) panel of
Fig. 1(a), were not well tted by eqn (1) and were excluded in the
analysis in the following. Though different from rod to rod,
Table 1 Results of the linear fits (ln ¼ aL + b) in Fig. 1(b)a

Resonant order Slope, a Intercept, b (nm) R2-factor

n ¼ 1 3.94 � 0.66 152 � 98 0.9209
n ¼ 2 1.730 � 0.087 211 � 24 0.9804
n ¼ 3 1.052 � 0.048 240 � 21 0.9781
n ¼ 4 0.639 � 0.058 295 � 30 0.9309
n ¼ 5 0.429 � 0.037 334 � 21 0.9647

a The standard deviations for n¼ 1 are large because there are only four
points. Those for n ¼ 6 are not included since there are only two points
available.

This journal is ª The Royal Society of Chemistry 2013
typical values for the asymmetric factor q are around 2.5 and 3.5
for n ¼ 3 and 4, which are much smaller than those for n ¼ 1
and 2 (see Fig. S5†). Fig. 2(b) shows the tted linewidths of the
measured nanorods (diameter 35 � 5 nm) of different lengths.
Despite the uctuation among different nanorods, the line-
widths of multipolar (n $ 2) LSPRs are narrower than those of
the dipolar mode. Typically, G is 180–250 meV for the dipolar
mode, 80–170 meV for n ¼ 2 and 60–130 meV for n ¼ 3. The
quality factor can be deduced from the linewidth by Q ¼ un/G.
As shown in Fig. 2(c), multipolar plasmon resonances sustain a
higher quality factor than the dipolar mode, i.e., Q is less than
or around 10 for n ¼ 1, but increases to around and larger than
15 for n ¼ 2 and 3. The highest quality factor obtained in the
experiments exceeds 30. In a system without gains, the material
loss places an upper limit for the quality factor of LSPRs in the
quasi-static limit, determined by Q ¼ u(d3 0

m/du)(23
00
m)

�1, where
3
0
m and 3

00
m are the real and imaginary parts of the permittivity of

the metal.13 As revealed here, multipolar plasmon resonances
sustain a better quality factor approaching this limit. We note
that the measured linewidths and quality factors vary from rod
to rod. This is most probably due to the difference in the
diameter, geometry of the terminals and the exact dielectric
environment around the nanorods.

To compare more quantitatively the LSPRs of different
orders in a single metallic nanorod, we performed numerical
calculations using a commercial nite element method (FEM)
package (COMSOL Multiphysics). Instead of using an effective
Nanoscale, 2013, 5, 6985–6991 | 6987
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homogenous medium as the background, the effect of the
substrate was fully taken into account by the simulation model
using the Fresnel formulae as background elds.19 The nano-
rod, with a circular cross-section, was laid directly on the glass
substrate (refractive index, ns ¼ 1.5). The permittivity of Ag was
taken from the experimental data reported by Johnson and
Christy.40 The terminals of the nanorod were simply modeled as
hemispheres, which were included in the denition of the
length of the nanorod, see the inset in Fig. 3(a). An oblique
incident p-polarized plane wave, with an angle q to the substrate
normal, was used as the excitation. Fig. 3(a) shows the scat-
tering and absorption cross-section of a 300 nm long Ag nano-
rod deposited on glass. As in the experiment, multipolar
plasmon resonances of neighboring order are accessible for
oblique incidence. The scattering spectrum shows a clear
asymmetric lineshape at the n ¼ 3 resonance, while the
absorption peaks remain Lorentzian. Fig. 3(b) shows the near-
eld distribution at each absorption peak shown in Fig. 3(a). As
previously mentioned, the multipolar plasmon resonances can
be viewed as Fabry–Pérot cavity modes that travel along the
nanorod axis and get reected at the terminals. When the round
trip travel accumulates a 2np phase shi, it becomes resonant
so that the electromagnetic energy is trapped around the
nanorod. In this standing wave picture, the nth-order mode has
n nodes along the nanorod axis, as shown in Fig. 3(b). Using this
Fabry–Pérot model, the multipolar plasmon resonances fall in
to a “dispersion relationship” that agrees well with the funda-
mental surface plasmon polariton (SPP) mode, called the H0

mode, on an innitely long nanowire over a dielectric substrate
system.41 Fig. 3(b) also shows that the near-eld enhancement is
stronger for the 3rd-order mode compared with the other modes
(n ¼ 2, 4 and 5). This is mainly due to the efficient excitation of
this mode under near normal incident (q¼ 15�), as judged from
the radiation pattern of this mode.24

The calculated scattering and absorption spectra show sharp
resonances for the resonant orders n$ 2, in agreement with the
experimental results. Fig. 3(c) shows the surface charge
Fig. 3 (a) FEM calculated scattering (blue) and absorption (red) cross-section of
a Ag nanorod (D ¼ 35 nm, L ¼ 300 nm) supported on a glass substrate. The
resonance orders n ¼ 2–5 are indicated on the top of each peak. Electric field |E|
(b) and surface charge (c) distribution at the resonant peaks: ln ¼ 418 nm (n ¼ 5),
457 nm (n ¼ 4), 532 nm (n ¼ 3) and 708 nm (n ¼ 2). The red and blue arrows
schematically show that the total dipole momentum along the nanorod is zero.
The 4 in (c) represents the instantaneous phase at which the surface charge is
plotted. As indicated in the inset in (a), the nanorod is excited by a p-polarized
plane wave with an incident angle q ¼ 15�.

6988 | Nanoscale, 2013, 5, 6985–6991
distributions corresponding to each multipolar resonance. The
instantaneous phase 4 comes from the factor ei4 ¼ e�iut for a
time harmonic eld. Similar to the local excitation of a nano-
wire SPP mode at the terminal,42 the excitation of plasmon
modes with different spatial extensions may be interpreted to
“happen” at a distinct phase delay. The n ¼ 3 and 5 resonances
are maximally “excited” at 4 ¼ p/2 compared with 4 ¼ 0 for n ¼
2 and 4. Fig. 3(c) also explains the narrow linewidths of the
multipolar plasmon resonances in the nanorod. Unlike the
dipolar mode, all the surface charges are distributed in such a
way that all themodes possess a small net dipole moment. If the
system is scaled down to the quasi-static limit, these kinds of
charge distributions are inaccessible by light and are totally
dark. However, the nite size of the nanorod, particularly its
length L in the order of excitation wavelength, guarantees that
the retardation effect is signicant and the multipolar plasmon
resonances are therefore accessible by light. For the current size
of the nanorods in this study, the coupling strengths to light are
still weak so that the radiative damping is small. Another
equivalent understanding of the reduced linewidth for the
multipolar plasmon resonances can be modeled within the
damped Fabry–Pérot model. The internal Ohmic loss inside
the metal is replaced by propagation decay along the cavity,
while the radiative loss is modeled by the transmission loss at
the end-facet mirror. Since the surface plasmon experiences
reection twice for each round trip, the decay constant via the
end-facet mirror is �ln (R)/L, where R is the reectivity of the
mirror.43 This value is typically larger than the attenuation
constant of the SPP for the current size and energy range of the
nanorod. Therefore, longer nanorods suffer less reection loss
and have sharper resonant peaks.

A quantitative comparison of the lineshapes and linewidths
of the n ¼ 1–3 order LSPRs in a single Ag nanorod is shown in
Fig. 4. By varying the length of the nanorod, the LSPRs of
different orders are tuned to the same energy position, ln ¼ 730
nm (un¼ 1.698 eV). As mentioned above, the scattering peak for
the n ¼ 3 order resonance exhibits a clear asymmetric Fano
lineshape. A t using eqn (1) yields an asymmetric Fano factor
q¼ 6.356. The presence of a dielectric substrate canmediate the
coupling of different LSPRs in a nearby MNP and lead to Fano
resonances.19,44 However, the Fano interference presented here
Fig. 4 FEM calculated scattering (a) and absorption (b) cross-sections of a single
Ag nanorod (D ¼ 35 nm) supported on a glass substrate. The length of the
nanorod L¼ 142.4 nm (black squares), 311.6 nm (green dots) and 482.3 nm (blue
diamonds). The incident angle q ¼ 0� for n ¼ 1, 3, and q ¼ 45� for n ¼ 2. The lines
are Fano (a) and Lorentz (b) fits to the calculated points. For clarity, the curves for
n ¼ 1, 2 are shifted vertically.

This journal is ª The Royal Society of Chemistry 2013
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is attributed to the interference between adjacent odd (or even)
nanorod modes,37 which is also pronounced in the absence of a
substrate. As shown in Fig. 4(b), tting the absorption peaks
using the Lorentzian function yields the linewidth G ¼ 145.8
meV, 65.2 meV and 44.7 meV for n ¼ 1, 2 and 3, respectively.
Usually, for a MNP of given shape, the LSPR linewidths become
broader for a larger particle size due to the stronger radiative
damping.14,16 However, Fig. 4 reveals the opposite behavior. The
linewidth of the n ¼ 3 mode on the 482.3 nm long nanorod is
only 30.7% of that of the dipolar mode on the 142.4 nm long
nanorod. In terms of quality factor, the resonance is improved
from Q ¼ 11.67 for the dipolar mode to 26.08 and 37.99 for the
2nd and 3rd order resonances. Of cause, the present conclusion
is not to overturn the general statement that larger MNPs have
stronger radiative damping, but to emphasize that it is valid
only when comparing the modes of the same order.

The reduced linewidths of the multipolar plasmon reso-
nances are of critical importance in many LSPR-based applica-
tions. In the following, we will show two examples, namely, the
LSPR sensing, and loss compensation by gain materials. For
simplicity, the glass substrate is not included in the following,
aiming to simulate nanorods suspended in a solution. Fig. 5(a)
shows the scattering cross-section for a single nanorod
embedded in different matrices with refractive indices nm,
corresponding to some commonly used liquids.18 As expected,
the LSPR red-shis as nm increases. As shown in Fig. 5(b), linear
regressions yield the sensitivity, namely, the energy shi per
refractive index unit (RIU), of 0.5433 eV per RIU, 0.9764 eV per
RIU and 1.192 eV per RIU for the n¼ 1–3 resonances. Dened as
the ratio of sensitivity to the full linewidth of the peaks, the FoM
provides a fairly good characterization for comparing different
LSPR sensors.15 Beneting from the narrower linewidths, the
FoM for multipolar LSPR sensing can be improved by about a
Fig. 5 (a) FEM calculated scattering cross-sections of a single Ag nanorod (D ¼
35 nm, L ¼ 300 nm) embedded in different matrices with refractive indices nm ¼
1.33 (water, red), 1.397 (butanol, blue), 1.4458 (chloroform, green) and 1.5 (oil,
magenta). The incident angle is q ¼ 15� . (b) Linear plot of LSPR shifts of n ¼ 1–3
order modes as a function of refractive index nm.

This journal is ª The Royal Society of Chemistry 2013
factor of four, i.e. FoM¼ 24–29 for n¼ 3 compared to 6.4–6.8 for
n ¼ 1. Therefore, longer nanorods are better LSPR sensors, as
proposed in a recent study where the Fano interference but not
the linewidth was emphasized.45

Another attractive LSPR-based application is to design
nanolasers,43,46 based on surface plasmon amplication by
simulated emission of radiation (SPASER).47 However, the lossy
characteristic associated with LSPRs imposes a high gain
threshold for lasing. Dipolar plasmon resonances in metallic
nanorods were shown to have a dramatically reduced damping
compared with those in spherical nanoparticles.48 This smaller
damping converts to nearly a one order reduction in the
threshold of nanorod-based SPASERs.49 Although a strict
calculation of gain compensation in nanostructures is rather
complicated, we have adapted a simple approach by adding a
negative imaginary part to the permittivity of the gain material.
This model assumes an unrealistic, uniform spatial distribu-
tion of gain but otherwise provides a qualitative estimation of
the gain coefficients required by the system. To avoid the
extension of the electromagnetic eld into the perfectly
matched layers in FEM simulations near the threshold of loss
compensation, the calculations were carried out using the
boundary element method (BEM). Since only the scatters need
to be discretized, BEM can provide a fairly good calculation of
the amplied scattering or absorption cross-sections. The gain
material is modeled by a 20 nm thick dielectric shell
(permittivity 3gain ¼ 2.25 � i300gain), coated uniformly onto the
nanorods presented in Fig. 4. The surrounding medium was
chosen to be water in view of most experimental realizations.46

Due to the screening effect, the LSPRs are red-shied to 913
nm, 884 nm and 874 nm for n ¼ 1, 2 and 3, respectively. Fig. 6
shows the scattering cross-sections of a coated nanorod at
each resonant position, as a function of the imaginary part of
the permittivity of the coating material. The LSPRs reach their
lasing thresholds at 300gain ¼ 0.335, 0.115 and 0.085 for n ¼ 1, 2
and 3. As expected, the multipolar LSPRs need much smaller
gain coefficients to fully compensate their loss. Comparing the
n ¼ 1 and n ¼ 3 modes, about a four-time reduction in gain
threshold is obtained. Therefore, multipolar LSPRs in metallic
Fig. 6 BEM calculated scattering cross-section of a Ag nanorod (D ¼ 35 nm) of
different lengths, L¼ 142.4 nm (black), 311.6 nm (red) and 482.3 nm (green), as a
function of the imaginary part of the permittivity of the coating gain material. The
calculations were taken at resonant positions of the LSPRs, ln ¼ 913 nm, 884 nm
and 874 nm for n ¼ 1–3. The real part of the permittivity of the coating layer
(thickness T ¼ 20 nm) is 2.25. The coated nanorod is embedded in water.

Nanoscale, 2013, 5, 6985–6991 | 6989
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nanorods are a more realistic test-bed for achieving single
nanoparticle SPASERs.

In conclusion, we have performed dark-eld scattering
measurements on individual Ag nanorods. Correlated optical
and morphology studies enable us to investigate the depen-
dence of the LSPR position and the nanorod length. We inves-
tigate the lineshapes and linewidths of the LSPRs of different
orders and nd that multipolar LSPRs exhibit asymmetric Fano
lineshapes and their linewidths are signicantly smaller than
the dipolar mode. The weak ability to radiate, i.e., a smaller
radiative damping, is the main reason for the narrow line-
widths. Multipolar LSPRs have an increase in quality factor
approaching the quasi-static limit. Electromagnetic simulations
based on FEM show the scattering and absorption cross-
sections, local eld enhancement and surface charge distribu-
tion of a substrate-supported nanorod. Quantitative compar-
ison between modes of different order is performed by FEM,
which supports the experimental observations. We further
propose to use these nanorod multipolar plasmon resonances
for increased-sensitivity LSPR sensors and reduced-threshold
SPASERs. A four-fold increase in the FoM of LSPR sensing and a
four-time reduction in the threshold of gain compensation
nanolasers are predicted.
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45 F. López-Tejeira, R. Paniagua-Domı́nguez and J. A. Sánchez-
Gil, ACS Nano, 2012, 6, 8989–8996.
This journal is ª The Royal Society of Chemistry 2013
46 M. A. Noginov, G. Zhu, A. M. Belgrave, R. Bakker,
V. M. Shalaev, E. E. Narimanov, S. Stout, E. Herz,
T. Suteewong and U. Wiesner, Nature, 2009, 460, 1110–1112.

47 D. J. Bergman and M. I. Stockman, Phys. Rev. Lett., 2003, 90,
027402.
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