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ABSTRACT
The excitation of surface plasmons in individual silver nanowires and gold nanorods is investigated by means of high-resolution electron
energy loss spectroscopy in a transmission electron microscope. The transverse and longitudinal modes of these nanostructures are resolved,
and the size variation of the plasmon peaks is studied. The effect of electromagnetic coupling between closely spaced nanoparticles is also
observed. Finally, the relation between energy-loss measurements and optical spectroscopy of nanoparticle plasmon modes is discussed.

The surface plasmon modes of metallic nanoparticles lie in
the optical (visible and near-infrared) part of the electromagnetic spectrum, corresponding to energies in the range
of a few electronvolts. For this reason, optical spectroscopy
has been one of the primary methods for investigating
nanoparticle samples for many decades. Also, the development of new and powerful synthesis techniques has opened
up the possibility of engineering the plasmon modes of
metallic nanostructures for applications in optics and photonics. For example, the development of nanofabrication and
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self-assembly based on wet chemistry methods has enabled
synthesis of high yield gold (Au) and silver (Ag) colloidal
particles with well-defined structures other than solid
spheres,1 including triangular prisms, disks,2 shells,1 wires,3
and rods.4 Most methods of synthesis produce samples with
a range of nanoparticles with varying length and width.
Characterization of samples in solution by optical absorption5,6 yields strongly inhomogeneously broadened spectra
due to the sample polydispersity.
In order to overcome the inhomogeneous broadening
inherent in ensemble measurements, single-particle spectra
are desired. One of the primary challenges in optical studies

of nanostructures has been to measure the plasmon modes
of single nanoparticles or single nanoparticle complexes.
Scanning near-field optical microscopy (SNOM)7 and dark
field illumination (DF)8 have been demonstrated to measure
the absorption or scattering spectrum of a single nanoparticle.
However, apart from the serious technical challenges involved in these experiments, SNOM and DF are limited in
their ability to spatially resolve the mode structure of the
plasmon, e.g., of a metal nanorod or nanowire. Thus,
alternative techniques are required to measure the dielectric
response function (ω) of single metal nanoparticles.
Recent advances in electron microscopy have enabled the
acquisition of energy loss spectra of single nanostructures
with energies as low as 1.75 eV9 and 2.5 eV for metal
clusters.10 Thus, the optical plasmon modes of nanoparticles
are accessible using electron energy-loss spectroscopy (EELS).
EELS involves analyzing the energy of initially monoenergetic electrons, after they have interacted with a specimen.11
This interaction takes place within a few atomic layers; hence
EELS provides a highly localized spectrum of the excitations
of the system. The electrons are then collected through a
spectrometer to show their energy distribution following their
interaction with the sample, thus providing information on
the energy exchange with surface modes of the specimen.
Physically, a plasma oscillation may be induced either by
the driving electric field of a resonant optical field or,
impulsively, by the transient field associated with a fast
electron passing near a nanoparticle. Energy lost by a
monoenergetic electron beam due to excitation of plasmon
oscillations can be directly measured, yielding the plasmon
spectrum.11,12 Furthermore, the small size of the electron
beam allows measurements of energy loss with high spatial
resolution (1-4 nm), thus enabling the spatial structure of a
plasmon mode to be mapped with a resolution not achievable
by near-field optical methods.
The ability of high-resolution EELS to measure nanoplasmonic resonances has been demonstrated by Khan et al.13
and the work of Colliex et al.9 Those studies have shown
the feasibility of detecting spectral features for low energy
loss and of mapping the spatial variation of surface plasmon
resonances on individual noble metal nanostructures. They
have also demonstrated its capability to image these localized
optical excitations with sufficient resolution to reveal dramatic spatial variation over a single nanoparticle.9
The question naturally arises, therefore, as to the relation
between optical spectroscopy and electron energy loss
spectroscopy (EELS). The goal of both measurements is to
determine the dielectric function of a nanoparticle or particle
complex. Optical absorption generally measures Im((ω)).
On the other hand it has been established that the energy
loss function characterizing energy transfer to the electron
gas of bulk plasmon modes is determined by the energy loss
function Im(1/p(ω)).14 EELS spectra for nanoparticles have
been calculated directly for several specific cases.15,16 In this
Letter, we compare the spectra obtained by optical absorption
and by EELS to observe the relationship between these
different approaches to plasmon spectroscopy.
Nano Lett., Vol. 8, No. 10, 2008

Using state-of-the-art EELS in the various TEMs used in
this work, we have resolved the plasmon modes of individual
Ag nanowires and individual and pairs of Au nanorods. These
particles have plasmon resonances in the UV, visible, and
near-infrared regions. They have two plasmon absorption
resonances; one is due to the transverse oscillation of
electrons (i.e., electron motion perpendicular to the long axis
of the rods or wires) with energy around 2.5 eV for gold
and 3.5 eV for silver, approximately coincident with the
plasmon of spherical particles, while the second plasmon is
due to the oscillation of electrons along the long axis. This
longitudinal mode is red-shifted and strongly depends on the
nanostructure as the length divided by the width of the
nanoparticle.5 The energy resolution of the EELS system is
sufficient to spectrally resolve these two modes. Furthermore,
utilizing the nanoscale dimensions of the focused electron
beam of the TEM, we are able to excite the nanoparticles at
precise locations and thus probe the spatial dependence of
the relative excitation of the different plasmon modes. Energy
loss measurements reported herein were recorded in a
stationary probe mode.
Au nanorods were fabricated using a seeding growth
method to make gold nanorods4,17 with varied aspect ratio.
The gold particle aspect ratio could be controlled from 1 to
7 by simply varying the ratio of seed to metal salt in the
presence of a rodlike micellar template.18 The Ag nanowires
were assembled using the polyol method; details are given
in ref 19.
EELS measurements were carried out on an FEI Titan
(OSU), FEI Tecnai F20 (ANL), and a JEOL 2010 (UofM)
all equipped with high-resolution EELS (HREELS) spectrometers with energy resolutions ranging from 0.2 to 1 eV.
To improve the visibility of the spectral features in the EELS
data presented in this work, deconvolution was performed
using the Richardson-Lucy algorithm.20 The nanoparticle
spectra were deconvoluted from the spectrum of the support
film collected under similar conditions. We note however
that our conclusions regarding resonance positions and
behavior are not dependent on the deconvolution.
A single droplet of the solution of Au or Ag nanostructures
diluted in deionized water was placed on a thin SiOx film
supported on a 3 mm diameter copper mesh TEM grid. The
solvent was evaporated in room temperature. Care was taken
when acquiring single-nanoparticle spectra to leave sufficient
spatial separation between particles to avoid electromagnetic
coupling. After identifying a nanostructure of interest, we
positioned the beam at the corner of the particle to induce
charge displacement along both axes of the wire. Figure 1b
shows raw and deconvoluted EEL spectra taken at the corner
of a Ag nanowire 706 nm long and 50 nm wide (Figure 1a).
Two main surface plasmon peaks are identified, at 1.8 and
3.54 eV, which correspond to the longitudinal and transverse
plasmons, respectively. For comparison, the optical absorption spectrum of the solution is shown in Figure 2; the peak
at 3.5 eV corresponds to the transverse plasmon absorption
and the broad peak at lower energy is due to the absorption
of different length and shape nanostructures present in the
solution. The extremely broad peak in the ensemble optical
3201

Figure 1. (a) TEM image of Ag nanowire of length 706 nm and
width 50 nm. (b) Deconvoluted spectrum acquired from the edge
of the particle. Two peaks are clearly resolved; the transverse mode
is at 3.54 eV and longitudinal mode is at 1.8 eV.

Figure 2. (a) Ensemble optical absorption spectrum of Ag nanowires in solution. The peak at 3.5 eV is due to the transverse
plasmon absorption. The broad peak is due to longitudinal plasmon
absorption; the broadening is due to contributions from different
length and width nanowires present in the solution. (b) Deconvoluted spectra of four different length Ag wires: the transverse
plasmon resonance is relatively consistent (3.4-3.6 eV). The slight
peak variations can be largely attributed to wire thickness and film
support. The longitudinal plasmon peak is red-shifted as the wire
length increases confirming its dependence on the particle aspect
ratio.

spectrum implies a highly polydisperse sample, containing
nanostructures with a wide range of aspect ratios.21,22 We
note that the nanoparticle concentration in solution is very
low, and surface charge prevents aggregation, so the breadth
of the spectrum may be attributed to inhomogeneous
broadening and not to random interparticle electromagnetic
coupling.
Figure 2(b) shows spectra taken from different nanowires
of varying length and width, accurately measured from the
TEM image to within a nanometer. As the length of the
nanowire increases, we observe a significant shift to lower
energy of the longitudinal plasmon peak, while the transverse
plasmon peak is nearly constant. The slight variation in the
transverse mode peaks is due to different nanowire width
and support film thickness. The variation of mode energy
with nanowire dimensions implies strong inhomogeneous
broadening of the optical absorption spectra of ensembles;
the optical absorption of our Ag nanowire sample is shown
in Figure 2a. Theory predicts that the number of resonance
peaks increases when the symmetry of the cross sections of
the Ag nanowires decreases.23 Our results for 2D nanoparticles (nanowires) clearly show the longitudinal plasmon
blue-shifted as the particle aspect ratio decreases. This result
has been demonstrated optically in ensemble spectra, where
the absorption spectra of nanowire samples fabricated with
different average length.24
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Figure 3. (a) An overview of the different size and shape Au
nanorods present in the sample. The solution is mainly composed
of different size nanorods. (b) Ensemble optical absorption spectrum
of solution. The first peak at 520 nm is the main surface plasmon
absorption of Au and the second is to the longitudinal absorption
of the nanorods. The observed broadening is due to the polydispersity of the sample.

We next consider the plasmon resonances of Au nanorods
which are generally at lower energy than those of silver.
Figure 3a shows an overview of the shape and size of the
nanorods present in the solution that accounts for the two
peaks in the optical absorption spectrum in Figure 3b. The
plasmon peak at 520 nm (2.4 eV) is the transverse plasmon
mode for Au nanorods and is present in spherical particles
at the same energy. The much broader peak is due to the
longitudinal modes, with wavelength maximum depending
on the aspect ratio. To obtain a single-nanoparticle spectrum,
we selected a nanorod 40 nm long and 10 nm wide; again
the electron beam was positioned at the edge of the rod, as
shown in Figure 4a to induce charge oscillations along the
axes of the rod. Figure 4b shows the resulting spectrum; the
longitudinal plasmon resonance maximum is located at 1.74
eV corresponding to the theoretical value of an AR equal to
4;6 the transverse plasmon mode is located at 2.47 eV.
Metal nanoparticle plasmon modes can also be affected
by near-field interparticle coupling.25,26 Figure 5a shows two
nanorods separated by a 10 nm gap. We measured the energy
loss in the gap and at the edge of the particles at close
proximity; deconvoluted spectra are shown in Figure 5b.
Previous investigations25-27 have shown that the plasmon
resonance of two electromagnetically coupled particles is
shifted to lower frequencies or lower energy. The peak shift
dependence on particle proximity can be interpreted by a
simple dipole-dipole interaction. The spectra in Figure 5b
show that the resonance peak is red-shifted when the particle
is excited at the edge of either rod. This shift is due to the
weakened restoring forces on the oscillating charge: the
electron beam at one edge pushes the negative charges
toward the other edge. These negative charges in turn induce
the same effect on the second nanorod. Thus negative charges
near the gap face positive charges, effectively lessening the
net restoring effect and shifting the mode to lower energy.
When the electron beam is positioned in the gap between
the two particles, the energy loss peak amplitude is slightly
larger, which may be due to local field enhancement.
Additionally, we see that the peak is slightly blue-shifted
relative to excitation at the edge. This is attributed to the
increased restoring force present with excitation in the gap,
although microscopic calculations of the EELS spectra for
Nano Lett., Vol. 8, No. 10, 2008

Figure 4. (a) TEM image of a single Au rod 40 nm long and 10 nm wide with electron beam position indicated by the small red circle a
the tip of the particle. (b) Deconvoluted Spectrum of a single nanorod. Both plasmon peaks are resolved: the longitudinal plasmon peak is
at 1.74 eV and the transverse peak is at 2.47 eV.

Figure 5. (a) Two nanorods (dipole) positioned with a 10 nm gap. (b) Deconvoluted spectra of the dipole taken at the edge and in the gap
between the two rods along with that of the single nanorod Figure 4b. The plasmon peak at the edge of the dipole is 1.62 and 1.72 eV. In
the gap both peaks are red-shifted compared to the single rod plasmon peak, but the shift is smaller for excitation in the gap.

coupled nanoparticles is required for a detailed understanding
of the peak shifts.
We now turn to a discussion of the relation between EEL
spectra and optical measurements. Pines and Bohm28 first
suggested that the energy losses suffered by electrons passing
near or through a small metallic object are due to the
excitation of surface plasmons. Subsequent theoretical work
addressed energy loss in thin films,12 metallic spheroids
(sufficiently small that retardation effects may be neglected),16 and fully relativistic calculations of energy loss.15
In order to interpret our experiments, we consider the
nanowires and nanorods to be reasonably approximated as
prolate spheroids of varying aspect ratio.
Our aim here is to compare energy loss spectra calculated
from Im(1/p(ω)) and from the analytical energy loss
probability calculated for prolate spheroids and to relate these
to optical absorption spectra.
We begin with the imaginary part of the inverse dielectric
function14sthe loss function Im(1/p(ω))swhere the frequencydependent dielectric function p(ω) of the prolate spheroid
is derived using the electrostatic approximation29 as detailed
by Bohren.30 The dielectric function of a prolate spheroid
can be expressed as
p ∼ 1 + R

(1)

where R is the polarizability of the prolate particle; see ref
30 and references therein. We take the energy loss probability
derived by Ferrell et al. (see eq 13 in ref 16) for an electron
with constant velocity V and impact parameter b passing a
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prolate spheroid traveling parallel its minor axis
Γloss(ω) )

∞
l
Plm(ηo)
aω
bω
2
J 2
C
K 2
×
Vω l)1 m)0 lm Qlm(ηo) l+1⁄2 V m V

∑∑

( ) ( )

Im[Rlm(ω)] (2)

where a is the focal length of the confocal spheroid, ηo
depends on the aspect ratio F of the particle and is given by
ηo )

1

√F2 - 1

Im[Rlm(ω)] is the imaginary part of Rlm(ω)
Rlm(ω) )

(ω) - 1 - [m(ω) - 1]βlm
(ω) - m(ω)βlm

and
Clm ) (-1)m(2 - δ0m)(2l + 1)

with, δ0m ) 1 if m ) 0 or 0 for m * 0.
Finally
βlm )

Q′ lm(ηo)Plm(ηo)
P′ lm(ηo)Qlm(ηo)

(3)

is the surface plasmon eigenvalue for the (l, m) mode of the
dielectric function and real and negative number, Plm and
Qlm are the associated Legendre functions of the first and
second kinds, respectively; Jl+1/2 is a the ordinary Bessel
function of order l + 1/2, and Km is the modified Bessel
function of order m.
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Figure 6. Comparison between analytical representations of the
energy loss peak for three Au prolate spheroids. For all expressions
we set the host dielectric m ) 1 and the damping coefficient for
the Drude model for dielectric γ ) 1.06. The aspect ratio F is varied
to show its influence on the plasmon peak absorption.

In Figure 6, we plot together the optical absorption of the
prolate spheroid here taken as29,30
Im(1 + R)

(4)

for the transverse and longitudinal axis, the energy loss
probability equation from (2) and the size dependent Im(1/
p(ω)). The medium dielectric is kept constant (m ) 1), and
the Drude dielectric function
(ω) ) 1 -

ωp2
ω(ω + iγ)

has been used for the material response. Although in principle
the interband contribution to the dielectric constant for Au
should be included, the Drude model does give a very good
approximation to the Au plasma frequency since the freecarrier contribution is much larger than the interband part
of the dielectric constant, as indicated by Dressel and
Grüner.31 We have selected parameters appropriate for Au
(ωp ) 2.5 eV, γ ) 1.06), the effect of the aspect ratio is
shown (F ) 4, 4.5, and 5). Atomic units are used (a.u., i.e.,
e ) m ) p ) 1).
It is apparent in Figure 6 that the EELS and optical
measurements are sensitive to the same modes, and each
clearly resolves the longitudinal and transverse modes of the
structures. Furthermore, the red shift of the longitudinal
plasmon peak with increasing aspect ratio is also manifested
in all three approaches. Nevertheless, important differences
are apparent. The spectral peak position of the optical
absorption Im(p), the loss function Im(1/p), and the loss
probability Γloss, do not exactly coincide. The loss function
and the loss probability longitudinal peaks are blue-shifted
relative to the longitudinal peak of the optical absorption.
Their transverse peaks also show less dependence on the
aspect ratio than the transverse optical absorption peak. The
energy loss expressions Γloss(ω), and Im(1/p(ω)) for a prolate
spheroid with F ) 4, show longitudinal peaks at 1.6 and
1.76 eV, respectively, and transverse peak between 2.4 and
2.5 eV. These values agree quite well with our experimental
values for the Au nanorod with the same F displayed in
Figure 4b.
The primary consequence of this work is that the dielectric
function of metallic nanostructures can be deduced from an
EELS experiment, and the mode structure required for
3204

understanding or engineering optical plasmonic interactions
can be accomplished through EELS measurements of single
nanoparticles.
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(31) Dressel, Martin; Grüner, George Electrodynamics of Solids; Crambridge University Press: Cambridge, MA, 2002.

NL801504V
Nano Lett., Vol. 8, No. 10, 2008

