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Noble metallic nanostructures exhibit special optical properties resulting from excitation of surface

plasmons. Among the various metallic nanostructures, nanorods have attracted particular attention

because of their unique and intriguing shape-dependent plasmonic properties. Nanorods can sup-

port transverse and longitudinal plasmon modes, the latter ones depending strongly on the aspect
ratio of the nanorod. These modes can be routinely tuned from the visible to the near-infrared

spectral regions. Although nanorods have been investigated extensively, there are few studies de-

voted to nanostructures deviating from the nanorod shape. This review provides an overview of

recent progress in the development of two kinds of novel quasi-one-dimensional silver nanostruc-

tures, nanorice and nanocarrot, including their syntheses, crystalline characterizations, plasmonic

property analyses, and performance in plasmonic sensing applications.
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1 Introduction

Noble metallic nanostructures have drawn considerable
attention due to their unique plasmonic characteristics

*Special Topic: Frontiers of Plasmonics (Ed. Hong-Xing Xu).

and good performance in a variety of applications [1-
5]. When the frequency of incident electromagnetic ra-
diation matches the natural oscillation frequency of the
conduction electrons on the surface of metallic nanos-
tructures, strong localized surface plasmon resonances
(LSPRs) occur. LSPRs produce large local electric field
at the metal-dielectric interface, and dramatically in-
crease light scattering and absorption [1]. In addition,
LSPRs are very sensitive to changes in the surround-
ing media. When the dielectric environment changes, the
frequencies of LSPRs shift accordingly [6]. These prop-
erties of LSPRs in metallic nanostructures have been ap-
plied to surface-enhanced Raman spectroscopy (SERS)
[7—18], chemical and biochemical sensing [6, 19, 20], opti-
cal trapping [21-23], and nano-antennas [24-26]. It is well
known that the energy of LSPRs in metallic nanostruc-
tures is determined by their compositions, dimensions,
and geometries, which influence the electron density on
the nanostructure surface. By controlling the size and
shape of a nanostructure, the wavelength of a LSPR can
be tuned accordingly. This characteristic is critical for
practical applications occurring at different wavelengths.

© The Author(s) 2015. This article is published with open access at www.springer.com/11467 and journal.hep.com.cn/fop
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Nanorods, which have a remarkable ability to tune
LSPRs, have attracted a lot of interest [27-34]. Spherical
nanoparticles usually display only one degenerate dipolar
LSPR mode with an intensity maximum generally cen-
tered in the visible light region [35]. Nanorods, however,
display two types of distinct LSPRs, which are transverse
modes corresponding to the short axis resonances, and
longitudinal modes corresponding to the long axis res-
onances [27-29]. While the energy of transverse LSPRs
in nanorods is relatively insensitive to size changes, the
energy of longitudinal LSPRs depends linearly on the as-
pect ratio of the nanorod [28, 29]. By manipulating the
aspect ratio, the wavelengths of longitudinal LSPRs can
be tuned from the visible region of the electromagnetic
spectrum to the near-infrared region, allowing nanorods
to be used for many more applications. As the aspect ra-
tio increases, high-order longitudinal LSPRs appear that
are analogous to Fabry—Pérot (FP) resonances along the
long axis resulting from the reflections of surface plas-
mons at two terminals [27-29, 36]. Compared with the
longitudinal dipole mode, the multipolar LSPRs pos-
sess lower energy losses and higher quality factors [29].
The longitudinal modes in nanorods are ultrasensitive to
any change in the dielectric constant of the surrounding
medium, which makes nanorods excellent LSPR sensors
[37, 38]. In view of such advantages in plasmonic applica-
tions, nanorods have been studied extensively in recent
years.

When the shape of metallic nanostructure deviates
from a nanorod shape, the optical properties are af-
fected. There are few studies on deformed nanorod
shapes due to difficulties in experimental synthesis, and
the analyses of the corresponding plasmonic proper-
ties are insufficient. Aimed at tailoring plasmonic fea-
tures and improving performance in different applica-
tions, we have synthesized and investigated two types of
quasi-one-dimensional plasmonic nanostructures: silver
nanorice [39] and silver nanocarrot [40]. These two novel
nanostructures provide an opportunity for researchers
to experimentally study the plasmonic properties of de-
formed nanorod structures and their advantages in appli-
cations. In this review, we will provide an overview of the
synthesis, crystalline structure characterization, plas-
monic property analysis, and applications of nanorice
and nanocarrot structures. Their shape-dependent op-
tical properties, such as high-order plasmon modes and
plasmonic Fano resonances, are introduced and discussed
in detail. Their potential for applications in sensing and
surface-enhanced spectroscopy is discussed as well.
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2 Silver nanorice structures

2.1 Synthesis and structure characterization

Nanorods have a constant diameter, which is usually
modeled by a right circular cylinder with either flat or
hemispherical ends. When the diameter of this cylinder
decreases gradually from the center to the two ends, it
forms nanorice in a prolate spheroid shape. Large-scale
and high-yield preparation of silver nanorice structures
with a uniform shape through a facile polyol route was
reported by Liang et al. [39]. In a typical synthesis, 0.5
mL of 1 M aqueous AgNO3 and 2.5 mL of 1 M aqueous
poly (vinyl pyrrolidone) (PVP, Mw = 40 000, the con-
centration was calculated in terms of the repeating unit)
were dissolved in 25 mL poly (ethylene glycol) 600 (PEG
600) in a flask with stirring. The flask was placed in an oil
bath and heated at 100 °C for ~8 h. A gray silver colloid
resulted. In this synthesis, PVP acts as a stabilizer, and
PEG 600 acts as both solvent and reducing agent. The
crystalline structure of the silver nanorice was studied
by both powder X-ray diffraction (XRD) and transmis-
sion electron microscopy (TEM) with electron diffraction
(ED). The nanorice structure has a nearly smooth sur-
face and round ends, as shown in Fig. 1(a). Except for the
typical FCC phase, which generally exists in silver nanos-
tructures, the HCP phase also appears in the nanorice
structure, as indicated by the XRD pattern in Fig. 1(b).
This HCP phase was confirmed by high-resolution TEM
(HRTEM) images in Fig. 1(c), and the ED pattern in Fig.
1(d). Unlike conventional silver nanostructures that have
a single or five-fold twinning structure, silver nanorice
consist of the intergrowth of a series of stacking faults,
as indicated by the black arrows in Fig. 1(c) (i), and
nanoscale twinning structures from the FCC phase, as
indicated by dashed lines in Fig. 1(c) (ii), and a small
amount of HCP phase, as labeled by “Hexagonal” in Fig.
1(c) (i). The increasing density of stacking faults and
HCP phase along the (111) growth direction towards the
end may reduce the surface energy, which determines the
prolate contour of the nanorice [39)].

To shed light on the growth kinetics of the silver
nanorice under our synthesis conditions, the growth pro-
cess was followed by taking out aliquots of reaction solu-
tion at certain time intervals, and observing their color
[41]. At the onset of the reaction, the solution showed a
light yellow color, which faded gradually after heating.
Then, the light yellow color reappeared and turned into
green. The green color intensified as the reaction pro-
ceeded. All of the intermediate reaction solutions were
analyzed by ultraviolet—visible-near-infrared (UV-Vis-

Hong-Yan Liang, Hong Wei, and Hong-Xing Xu, Front. Phys. 11(2), 117301 (2016)
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Fig. 1 (a) TEM image of silver nanorice. (b) XRD pattern from the same batch of sample used in (a). (c) Low-
magnification TEM image of a typical nanorice and HRTEM images for the square-enclosed regions. (d) The ED pattern

corresponding to (c). Reproduced from Ref. [39].

NIR) spectroscopy and TEM. Based on the experimen-
tal observations, a basic growth mechanism was proposed
for the silver nanoparticles that evolved from a spherical
shape to a rice shape, as illustrated in Fig. 2(a). At the
beginning, silver ions are reduced to form silver nanopar-
ticles, which contribute to the light yellow color of the so-
lution. As the reaction continues, oxygen dissolved in the
PEG 600 solution selectively etches the twinning silver
nanoparticles because they have higher chemical reactiv-
ity. The reduction of the twinning nanoparticles leads to
color fading of the solution. At the same time, the small-

Hong-Yan Liang, Hong Wei, and Hong-Xing Xu, Front. Phys. 11(2), 117301 (2016)

size single crystals with lower chemical reactivity remain
intact, growing into primary nanoparticles through Os-
wald ripening. Hence, the light yellow color reappears.
Then, the larger-size primary nanoparticles make con-
tact with each other by an oriented attached way to
form intermediate quasi-one-dimensional nanostructures
[shown in Fig. 2(b)]. These nanostructures produce the
green solution color. Eventually, they evolve into typical
nanorice structures via continuous oriented attachment
fed by oxygen-etching selected seeds, combined with lat-
eral growth fed by atomic diffusion [41].

117301-3
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Fig. 2 (a) Proposed growth process of silver nanorice structures
(pink: Ag® or Agt; red: Single crystal; purple: Twinned crystal;
green: Nanorice). (b) TEM image showing the oriented attach-
ment of silver nanoparticles. Reproduced from Ref. [41].

2.2 Plasmonic properties of nanorice structures

The extinction spectrum of an ensemble of silver nanorice
structures, shown in the scanning electron microscopy
(SEM) image [Fig. 3(a)] was measured in an ethanol sus-
pension [Fig. 3(b)] [42]. Due to the prolate shape, the
spectrum is characterized by transverse and longitudinal
plasmon resonances. It is important to point out that
multipolar longitudinal LSPRs appear in the extinction
spectrum, as marked in Fig. 3(b), which were further
characterized for individual nanorice by dark-field scat-
tering spectroscopy. Compared with dipolar resonance,
the line widths of high-order resonance peaks are nar-
rower due to reduced radiative damping. As the length
of the nanorice increases, these longitudinal LSPR peaks
are red-shifted. The shifting rates are reduced as the res-
onance order increases. A perfect spheroid 500-nm long
and 60-nm wide was used as a model to simulate ex-
cited LSPRs [Fig. 3(c)] in order to understand better
the multiple LSPRs in nanorice structures. The simu-
lation results indicate that the nanorice has five dis-
tinct longitudinal resonances in the extinction spectrum,
corresponding to the first five multipolar modes [Fig.
3(d)]. The transverse modes and the fourth and fifth
order longitudinal modes are zoomed in, as shown in
the left and right inset, respectively, in Fig. 3(d). The
electric field distributions simulated under different in-
cident wavelengths and angles are shown in Fig. 3(e).
Quasi-standing-wave patterns are observed along the
long axis. When the incident polarization aligns along the
nanorice’s long axis, only odd order longitudinal modes
can be excited due to symmetry. When the incident po-
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larization is oblique, all resonance modes can be excited
efficiently. The polarization-dependent extinction prop-
erties of nanorice can be observed in an aligned nanorice
array formed by stretching a polymer film with embed-
ded nanorice [43]. After stretching the polymer film, em-
bedded nanorice preferentially orient their long axes par-
allel with the stretching direction to assemble an aligned
array. The LSPRs of the ensemble-aligned nanorice ar-
ray are dependent on the polarization of incident light.
For example, the intensity of longitudinal LSPRs in the
stretched film is much stronger under parallel excitation
(the incident beam polarized parallel to the stretching
direction) than that under perpendicular excitation.

Electron energy loss spectroscopy (EELS) is an ideal
technique for investigating the plasmonic features of
metal nanostructures, because it can provide high resolu-
tion in both space and energy. EELS was used to observe
the real-space distribution of the multipolar plasmon res-
onances in individual nanorice structures [41]. In these
measurements, the specimen was put in the TEM sys-
tem. When the incident electron beam passes through
or near the specimen, fast electrons will transfer their
kinetic energy to the specimen, and the plasmon oscilla-
tions are excited impulsively. By acquiring the change in
electron energy, the plasmonic features can be revealed.
Figure 4(a) shows an annular dark field (ADF) image of
a silver nanorice (top) and a series of EELS spectra (bot-
tom) collected at different positions. The probed position
of each EELS spectrum is enclosed by a rectangle with
the same color as that of the spectrum. Both transverse
and multipolar longitudinal plasmon resonances are ac-
quired in the EELS spectra. The spectral features vary
with the shift of the probed position. To confirm the or-
ders of these modes, a series of energy-filtered maps were
extracted by selectively filtering the scattering energy be-
longing to each peak in the summed EELS spectra, as
shown in Fig. 4(b). Standing-wave patterns in the inten-
sity across the long axis of the nanorice were observed.
Successive mode orders of longitudinal resonances can
be distinguished by increasing energy loss. The trans-
verse surface plasmon resonance is also resolved, which
is strongly confined to the nanorice’s surface. Compar-
ing these observations of nanorice structures with that
of silver nanorods having the same length, we can con-
clude that the non-uniform short-axis radius of nanorice
leads to the shift of resonance energy, although the gen-
eral plasmonic behavior is qualitatively similar to that
of purely cylindrical nanorods.

2.3 Silver nanorice for plasmonic sensing

The longitudinal LSPRs of quasi-one-dimensional nanos-

Hong-Yan Liang, Hong Wei, and Hong-Xing Xu, Front. Phys. 11(2), 117301 (2016)
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Fig. 3 (a) SEM image and (b) ensemble extinction spectrum of silver nanorice. (¢) Model of nanorice used in simulations.
(d) Simulated extinction cross section for a nanorice of 500 nm length and 60 nm width with an incident angle of 45°. The
insets show the zoomed transverse (left) and 4th and 5th longitudinal (right) resonances. (e) Local electric field distributions
in the z—= plane at the resonance wavelengths. Reproduced from Ref. [42].

tructures are highly sensitive to the surrounding media,
which makes them ideal sensors for monitoring local en-
vironmental changes during biological or chemical pro-
cesses [37, 38]. In such applications, two parameters are
used to assess the actual performance of the sensors. One
is the refractive index sensitivity, defined as the ratio
between the shift of the resonance wavelength and the
change of the refractive index (in unit of nm/RIU, RIU =
refractive index unit), which provides a primary measure
of sensor quality. Another is the figure of merit (FoM),
defined as the refractive index sensitivity divided by the
full width at half-maximum (FWHM) of the LSPR peak,
which is a meaningful indicator for evaluating the sen-
sor’s performance [44]. Figure 5(a) shows the measure-
ments of the LSPR sensitivities of nanorice structures
for detecting changes in the surrounding dielectric me-
dia [41]. In our experiments, a monolayer of nanorice

Hong-Yan Liang, Hong Wei, and Hong-Xing Xu, Front. Phys. 11(2), 117301 (2016)

was deposited on a glass substrate and then immersed
in different dielectric media to monitor the shifts of the
resonance peaks. The results obtained from the extinc-
tion spectra of this nanorice sample show that both the
transverse and the longitudinal plasmon resonance peaks
red-shift linearly as the environmental refractive index
increases, yet with quite different shift rates. The refrac-
tive index sensitivity of the longitudinal LSPR mode was
820.6 nm/RIU, remarkably higher than that of the trans-
verse mode (47.3 nm/RIU). This result is even better
than the calculated results for gold and silver nanorods
[45]. The high sensitivity of the silver nanorice may re-
sult from their sharp apexes, larger aspect ratios, and
lower resonance frequencies.

Recently, numerical calculations were carried out to
study the performance of Fano-like interference of plas-
mon resonances in nanorice structures for refractometric
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Fig. 4 (a) The EELS signals (after subtracting the zero loss peak) probed at different positions of a nanorice as marked
on the top ADF image. (b) Intensity distributions mapped under different resonances energies. Reproduced from Ref. [41].

sensing under realistic conditions [44]. In the scattering
spectra of individual silver nanorice, a narrow, asymmet-
ric peak appears, as shown in Fig. 5(b). This asymmetric
peak is explained as a result of Fano-like interference be-
tween adjacent plasmon resonances. In addition, when
two nanorice of different size are arranged parallel to
form a hetero dimer, distinctive multipolar Fano reso-
nances are obtained under different illuminations based
on a theoretical investigation [46]. For refractive index
sensing, Fano-like plasmon resonance shows a great ad-
vantage. Due to the high sensitivity and narrow FWHM,
a remarkably high FoM can be obtained [44]. Although
the size dispersity in synthesized colloidal nanorice leads
to peak broadening, a FoM with a value larger than 10
can still be obtained within a 5% size uncertainty [44].
The refractive index sensitivity of high-order plas-
mon resonances in a nanorice structure consisting of a
silver core surrounded by an AlyOgs shell was investi-
gated by numerical simulations [47]. The high-order res-
onances have narrower linewidths and larger quality fac-
tors, which are desired for sensing applications. With the
increase of the dielectric shell thickness, the LSPR peak
positions are red-shifted exponentially due to the expo-
nential decay of the electromagnetic field intensity in the
direction perpendicular to the Ag-Al,Og3 interface.
Excitation of the LSPRs produces strong electric field
at the surface of plasmonic nanostructures, as mentioned
previously. If there are chemical species located nearby,
the strong electric field can interact with them, and
amplify many weak optical processes, such as surface-
enhanced spectroscopy. Nanorods have been widely used
in this field due to their tunable longitudinal LSPRs and

117301-6

huge electric field enhancements [48]. In nanorice struc-
tures, the intensity of the electric field increases in the
vicinity of the elliptical ends, which benefits these types
of applications. Wei et al. applied silver nanorice struc-
tures to SERS, and a significant enhancement was ob-
tained [42]. Li et al. combined silver nanorice antennas
with a patterned gold triangle nanoarray chip to create
spatially broadened plasmonic “hot spots”, which makes
the composite structure an ultrasensitive SERS sensor
[49].

3 Silver nanocarrot structures

3.1 Synthesis and structure characterization

Another asymmetric quasi-one-dimensional nanostruc-
ture is the silver nanocarrot, which was produced re-
cently [40]. In a typical synthesis, 0.4 mL of 1M aqueous
solution of CF3COOAg and 0.222 g PVP, with an av-
erage molecular weight of 40 000, were added to 20 mL
PEG 600 in a flask. The flask was heated at 95 °C in
an oil bath for ~18 h with continuous stirring. This
synthesis process is similar to the one used for the syn-
thesis of silver nanorice. The main difference is that the
precursor used here is CF3CO0OAg instead of AgNOs.
The carrot-like shape, with a tapered tail and a thicker
head, is shown in the TEM image in Fig. 6(a). In order
to reveal further the three-dimensional structure, tilted
SEM measurements, as well as TEM thickness measure-
ments, on individual nanocarrots were performed. The
results show that the nanocarrot has a conical shape. A

Hong-Yan Liang, Hong Wei, and Hong-Xing Xu, Front. Phys. 11(2), 117301 (2016)
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Fig. 5 (a) Top: Extinction spectra of a monolayer silver nanorice film on glass substrate immersed in different dielectric
media; Down: The relationship between the peak shifts and the refractive index change. Reproduced from Ref. [41]. (b)
Top: Calculated scattering efficiency of a silver nanorice in a medium of refractive index 1.5 with incident field polarized
parallel to the long axis; Middle: Calculated scattering efficiencies for a nanorice of random orientation in the media of
different refractive index; Down: Linear scaling of the peak positions inside the dashed box (middle panel) as a function of

refractive index. Reproduced from Ref. [44].

detailed crystalline characterization was performed with
HRTEM, XRD, and ED, as shown in Fig. 6. Similar
to the crystalline structures of nanorice, the nanocarrot
consists of mixed twins and stacking fault domains along
the (111) direction of FCC phase, and a small amount
of HCP phase. Further investigation indicates that the
growth mechanism is also analogous to that of nanorice:
elongated growth via oriented attachment combined with
lateral growth by deposition of diffused metal atoms. The
main difference is that during the oriented attachment
process, relatively large seeds cap one end of the nanocar-
rot to terminate the longitudinal growth and stimulate
lateral growth, which eventually leads to the formation
of a big head and a tapered tail.

3.2 Plasmonic properties of nanocarrot structures

The plasmonic properties of nanocarrots were studied

Hong-Yan Liang, Hong Wei, and Hong-Xing Xu, Front. Phys. 11(2), 117301 (2016)

by both experiment and simulation, as shown in Fig.
7. Multipolar longitudinal modes were revealed clearly
by the EELS spectrum of an individual particle and the
extinction spectrum of a colloid suspension [top panel
in Fig. 7(a)]. As the order of resonance increases, the
peak amplitude decreases. Compared with the EELS
spectrum of single nanocarrot, the ensemble extinction
spectrum is broad because of the size/shape polydisper-
sity. The EELS signals for nanocarrots depend strongly
on the detection positions [lower panel in Fig. 7(a)], sim-
ilar to what we saw for nanorice. For example, when the
electron beam is focused on the terminals, the first order
longitudinal mode (m = 1) is effectively excited, whereas
when the electron beam is positioned in the middle, the
first order resonance has a lower intensity, and the other
three higher order successive modes (m= 2, 3, 4) ap-
pear. Under closer inspection, some subtle differences in
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Fig. 6 (a) TEM image and (b) XRD pattern of silver nanocar-
rots. (¢) HRTEM image and (d) corresponding ED pattern taken
from the center part of a nanocarrot. In (c), twins and stacking
faults are labeled as T and S, respectively. Reproduced from Ref.
[40].

the plasmonic responses at the two terminals are ap-
parent. With excitation at the tail (spectrum 1, black

@) Energy (eV)

3.10 1.55 1.03

line), the peak intensity of the m = 1 mode is amplified.
With excitation at the head (spectrum 5, purple line),
the peak intensity of the m = 1 mode is lower and the
m = 4 mode disappears. These differences between the
excitations at the two terminals are attributed to vary-
ing diameters and curvatures. A series of energy-filtered
maps in Fig. 7(b) further reveal the spatial characteris-
tics of LSPRs belonging to each order of resonance. The
standing-wave patterns in the EELS maps are explained
by the interference of counter-propagating surface plas-
mons. These maps resemble that of nanorod structures,
which can be regarded as FP resonances along the long
axis. However, the distribution of the nodes along the
axis of the nanocarrot shows clear asymmetry [40].

In order to compare the plasmonic responses of an
asymmetric silver nanocarrot with a symmetric silver
nanorod, their EELS maps were measured, as shown in
Fig. 8(a). The asymmetric electric field distributions in
the nanocarrot are noticeable, and the distance between
adjacent nodes decreases as we go toward the tail of
the nanocarrot. This result is reproduced by simulation
[Fig. 8(b)], which further proves that the asymmetric
plasmonic response of the nanocarrot results from its
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Fig. 7 (a) Top: Optical extinction spectrum of the nanocarrot ensemble (black), EELS spectrum (red) and simulated
optical extinction spectrum (blue) of an individual nanocarrot; Down: EELS signals acquired at five different positions as
marked on the ADF image in the inset. The transverse peaks are enlarged and vertically offset to improve the readability.
The dashed lines are guides to the eye joining identical resonance modes. (b) EELS maps of multiple plasmon resonances.

The scale bar is 50 nm. Reproduced from Ref. [40].
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with same length. Reproduced from Ref. [40].

asymmetric structure. This phenomenon may be caused
by variations in the velocity of the surface plasmon po-
laritons (SPPs). The thinner tip in a nanocarrot can be
considered as a cylinder with a smaller diameter, where
the SPPs are more localized and their propagations are
slower than propagations at the broader head. Finally,
the slower SPPs lead to the nodes toward the tail.

Similar to nanorods [34], the longitudinal LSPRs in
nanocarrots depend on the aspect ratio. By changing
the aspect ratio of the nanocarrot, the longitudinal res-
onances can be tuned accordingly. Both experimental
and theoretical analyses show that the longitudinal reso-
nance peaks red-shift linearly with increasing nanocarrot
length. By keeping the width nearly constant, the shift is
more obvious for lower-order resonances [40]. Moreover,
the plasmonic properties of nanocarrots also depend on
the polarization of incident light. In stretched polymer
films, the embedded nanocarrots are aligned with the
long axes preferably oriented along the stretched direc-
tion. The longitudinal resonances can only be efficiently
excited when the incident light is polarized parallel to
the long axes [43].

Hong-Yan Liang, Hong Wei, and Hong-Xing Xu, Front. Phys. 11(2), 117301 (2016)

3.3 Silver nanocarrot for plasmonic sensing

LSPRs in silver nanocarrots are also highly sensitive to
changes in the surrounding dielectric media. Their per-
formance for refractive index sensing was evaluated by
dispersing them in a mixture of ethanol and PEG 600
with various volume ratios to measure the shifts of their
resonance peaks. A high refractive index sensitivity of
890 + 87 nm/RIU was obtained for the first order lon-
gitudinal mode, which resulted from the sharp tip and
the large aspect ratio. Such high sensitivity makes them
very attractive for sensing applications. Moreover, ex-
perimental and simulation results show that the localiza-
tion of SPPs around the taper tip of the nanocarrot can
produce a higher field enhancement because of so-called
“self-focusing”, or lighting rod effect [40]. This advantage
makes them ideal for applications utilizing the field en-
hancement effect, such as surface-enhanced spectroscopy.

4 Conclusions

In conclusion, we reviewed the syntheses and investiga-
tions of the plasmonic features of silver nanorice and
silver nanocarrot, two silver nanostructures with shapes
deviating from cylindrical nanorods. These two quasi-
one-dimensional nanostructures have optical properties
similar to nanorods. Both of them support transverse
and multipolar longitudinal LSPRs. The latter ones are
analogous to FP resonances. The resonance peaks of
the longitudinal modes red-shift linearly with increas-
ing aspect ratio. Their electric field distributions show
standing-wave patterns along the long axis, as shown
in the EELS maps and the simulation results. In addi-
tion, Fano-like interference occurs in nanorice, due to
the interaction between two adjacent modes. The shape
deviation from a nanorod has some effects on the plas-
monic properties. For example, different from a nanorod,
the non-uniform short-axis radius of nanorice leads to
the shift of resonance energy, and the sharp tip gener-
ates a strong electric field. In nanocarrot structures, the
asymmetric shape causes the compression of the charge
distribution towards the tail and the localization of SPPs
around the taper tip, which can produce higher field en-
hancement because of the “self-focusing” phenomenon.
These investigations provide a deep understanding of the
shape-dependent plasmonic properties that can poten-
tially be used in sensing, surface-enhanced spectroscopy,
and other applications.
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