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We have characterized the surface plasmon resonance (SPR) in silver nanowires using spatially

resolved electron energy loss spectroscopy (EELS) in the scanning transmission electron

microscope. Non-symmetric EELS spectra due to high-k SPR propagation along the nanowire and

spectral shifts due to higher-order mode excitation are observed when the beam is positioned near

the tip of the nanowire. When the beam is far from the tip region and on the side of nanowire, no

spectral shifts are observed as the beam is scanned in the radial direction of the nanowire. The

experimental spectra are compared with three different theoretical approaches: direct numerical

calculation of the energy loss, analytical models for energy loss, and numerical simulations using

an optical model. All three models reproduce the spectral shifts as the electron beam approaches

the cap of the nanowire. The analytical model reveals the origin of the shifts in high-order plasmon

mode excitation. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903535]

I. INTRODUCTION

The surface plasmon resonance (SPR) modes of metal

nanoparticles (NPs) enable the development of nano-optics

and the manipulation of light at length scales far below the

diffraction limit. In recent years, researchers have developed

an extraordinary degree of control over the propagation of

confined optical modes on the nanoscale in a variety of

metallic systems. The character of SPR modes has been stud-

ied for varieties of geometries, including cubes,1 prisms,2

rods, and wires.3–5 Metal nanowires are of particular interest

since they may serve as the building blocks of more complex

plasmonic systems or circuits. Metal nanowires exhibit an

enhanced polarizability compared to more spherical shapes,

and their resonance frequency can be tuned by changing their

length and/or diameter and the composition of the surround-

ing medium. Some recently published theoretical analysis

and experimental measurements have illustrated their optical

properties and potential applications.6–8

In order to determine their spectral properties or their suit-

ability for various applications, SPR modes are typically

excited optically. In this case, it is difficult to study the spatial

modes in great detail since no optical characterization with

truly single-nanometer spatial resolution exists. However, elec-

tron energy loss spectroscopy (EELS) performed in the scan-

ning transmission electron microscope (STEM) is capable of

such resolution. In recent years, EELS has become a powerful

tool to study optical-frequency SPR modes in individual nano-

structures as a result of the improved energy resolution enabled

by electron monochromators.4,5,9 In this case, the attainable

energy resolution approaches the width of SPR excitations in

noble metals10 and the signal can be acquired with nanometer-

scale spatial resolution.11

Theoretical and experimental investigations of SPR exci-

tation using EELS have been conducted on a variety of nano-

structures, including single NPs of various shapes, nanoparticle

arrays, thin films, and composite metamaterials.10,12–16

Specifically for wire-type structures, Nicoletti et al.17 and

Rossouw et al.18 have both recently utilized EELS to map the

spatial extent of SPR’s in single silver nanorods. They

observed confined modes along the length of the wires as well

as anti-node bunching of high-order resonant modes at the

nanowire ends. They illustrated mode confinement effects and

interpreted their results with the aid of optical excitation calcu-

lations, which were found to be in good agreement with

experiment. Rossouw and Botton also analyzed the resonant

modes of bent and kinked silver nanowires for their potential

use in nanophotonic circuits.19 Interestingly, no interruption of

the mode propagation was observed due to the bends and

kinks, such that the optical response was similar to that of a

straight wire.

In this work, we further explore EELS of silver NWs,

presenting new data on the detailed dependence of the spec-

tral response on the electron beam position near the nanowire

surface. We observe an asymmetrical loss spectrum and

spectral shifts in the loss peak that we attribute to high-order

mode excitation. To aid interpretation, we compare the

experimental results with previously published analytical

theories, optical excitation models, and direct calculation of

electron energy loss probability.

II. EXPERIMENTAL SETUP

Silver nanowires were synthesized through CuCl2 medi-

ated polyol reduction.20 5 ml of ethylene glycol (EG) in a
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20 ml disposable glass vial was submerged in an oil bath and

heated to 150 �C under magnetic stirring. After 1 h of heat-

ing, 40 ml of 4 mM CuCl2�2H2O in EG was added and the

solution was heated for an additional 15 min. 3 ml of

147 mM polyvinylpyrrolidone (PVP) and 3 ml of 94 mM

AgNO3 solutions in EG were synchronously injected into the

heated EG solution at a constant flow rate of 0.45 ml/min.

Upon the formation of long silver nanowires, an hour from

the injection of PVP and AgNO3, the solution turned opaque

and wispy gray. The silver nanowires were separated from

the EG and PVP by centrifugation at 209 rad/s (2000 RPM)

for 20 min in acetone and re-dispersed in water.

The silver nanowires were dispersed in organic solvents

by replacing the PVP with an alkanethiol.21 Specifically,

1 mg/ml of silver nanowires in ethanol were mixed with

10 mM of 1-undecanethiol (UDT) in chloroform in equal

volume and sonicated for 10 min after which the mixture

was left for 24 h. This allowed for displacement of the PVP

and formation of a UDT self-assembled monolayer on the

nanowires. The silver nanowires were further purified by

centrifugation, supernatant extraction, and re-suspension in

target organic solvents.

In preparation for STEM-EELS analysis, silver nano-

wires were deposited from solution by drop-casting onto a

thin lacey-carbon film supported on a standard 3 mm copper

mesh grid. EELS spectrum imaging and high-angle annular

dark-field imaging (HAADF) were carried out using an FEI

Titan 80–300 STEM equipped with a double-hexapole spher-

ical aberration corrector on the probe-forming side of the

objective lens and a Wien-filter monochromator.31 The

instrument was operated at an accelerating voltage of 300 kV

using an accelerating gun lens resulting in a final probe cur-

rent of �100 pA. While the spherical aberration corrector

permits the formation of an electron probe with a diameter

of approximately 0.1 nm, additional source magnification is

incurred due to the dispersive action of the monochromator.

The exact probe shape is difficult to measure and calculate,

but the final probe size is on the order of 0.3 nm.

Spectroscopy was carried out with a Gatan Tridiem 865

imaging energy-filter, with typical acquisition times of

100 ms per spectrum, using a convergence angle of 13 mrads

and a collection angle of 13 mrads. The energy dispersion

was set to 0.01 eV/channel. To provide a measure of the

energy-resolution of the system under these conditions, the

full-width half maximum and full-width tenth maximum of

the zero-loss peak were measured and found to be 0.2 eV and

0.5 eV, respectively. Spectra were aligned in the energy

dimension using Matlab code to set the channel with maxi-

mum intensity to zero energy-loss. While it was impossible

to analyze free-standing NWs, in order to minimize substrate

effects, care was taken to analyze only the ends of those

NWs that extended far from the underlying amorphous car-

bon support. STEM-HAADF images were collected both

before and after EELS acquisition. Images collected prior to

analysis showed that the nanowires exhibited clean surfaces,

with no evidence of oxide or carbonaceous surface layers

present. However, the presence of ultrathin layers of this

kind cannot be entirely ruled out. Images collected after

analysis showed that some hydrocarbon deposition did occur

during the analysis. No other evidence of specimen alteration

was observed.

In order to study the plasmon modes in detail, we

performed EELS of individual silver nanowires. In the first

set of experiments, we acquired EELS spectra at a series of

electron beam positions relative to the nanowire. All spectra

are presented as they were acquired, without applying back-

ground subtraction or deconvolution. We investigated the

dependence of the spectral response on the distance of the

beam from the nanowire tip and the distance from the side of

the nanowire in a region that was far from the tip. The spec-

tral response was also measured at a fixed distance from the

side of the wire as a function of distance from the wire’s tip.

This measurement was complemented by hyperspectral

EELS imaging of the entire region of the nanowire within

several hundred nanometers of the tip.

III. RESULTS

EELS spectra collected as a function of beam distance

from the tip of the nanowire are shown in Fig. 1(a). The inset

shows the experimental setup, where spectra were acquired

every nanometer along a 50 nm line (indicated in orange).

The acquisition began with the beam positioned inside of the

wire and then moving away from it into the surrounding vac-

uum. A 2-D plot of the spectral response vs. beam position is

given in Fig. 1(a), with the white dashed line indicating the

interface between the tip of the nanowire and vacuum. A

similar set of data was acquired for beam positions scanned

perpendicular to the side of the nanowire, and this is shown

in Fig. 1(b). Spectra extracted at various intervals along the

line of acquisition are presented in Figs. 1(c) and 1(d). In all

cases, a strong loss peak due to SPR has been excited near

3.6 eV. The SPR excitation efficiency drops off exponen-

tially as the beam moves away from the wire, corresponding

to the confinement of the SPR mode to the metal surface, as

has been established by a number of recent studies.4,18,22,23

When the beam is positioned near the tip of the nanowire,

the SPR peak is highly asymmetric and broad. In addition,

the peak was observed to continuously shift from �3.5 eV

when the beam was near the metal-vacuum interface to

�3.3 eV when the beam was 25 nm away as indicated by the

dashed black line in Fig. 1(c). By contrast, as shown in Figs.

1(b) and 1(d), the spectral peak in the transverse case was

relatively narrow and was positioned at 3.6 eV regardless of

beam position.

SPR propagation along the side of the nanowire was

also investigated by positioning the beam at the positions

indicated in the STEM image shown in Figure 2(a). The cor-

responding EELS spectra for each of these positions contain

a strong peak at �3.6 eV, as well as a series of peaks at lower

energy-loss (indicated by arrows). These lower energy-loss

peaks are due to the excitation of Fabry-Perot modes along

the wire due to its finite length.17,18 Moreover, it is shown

that the strongest silver SPR peak occurs at �3.6 eV when

the beam is positioned along the side of the wire, but that the

peak shifts to �3.5 eV when the beam is moved to the tip of

the nanowire. This observed difference in the energy-loss

position is consistent with the previously presented spectra.
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Figs. 2(b) and 2(c) show another STEM-HAADF image

of the nanowire and the corresponding spectra obtained

along the wire surface at the indicated positions. In this case,

the Fabry-Perot modes are again observed at low energy-loss

in addition to a pair of stronger peaks positioned at 3.5 eV

and 3.75 eV. As discussed previously, the former peak is due

to the delocalized SPR at the wire-vacuum boundary, while

the latter is due to the bulk plasmon loss as the beam passes

through the wire itself.4,24,25

The spatial distribution of the low-energy modes was

observed by extracting images from an EELS spectrum

image at varying energy-loss values, and a subset of the data

is shown in Fig. 3(a). As observed in the previous stud-

ies,17–19 the propagating modes along the length of the wire

become standing waves in a finite system due to boundary

confinement resulting in the Fabry-Perot type resonances.

These images can be compared to simulated electric field

distributions obtained by finite-difference time-domain

(FDTD) simulations of the optical response of the nanowire

(Fig. 3(b)) and the results are qualitatively quite similar. By

measuring the spatial separation between the peaks of each

SPR mode in Figs. 3(a) and 3(b), the dispersion relations are

obtained and plotted in Fig. 3(c). The values of k (in nm�1)

are measured from the experimental EELS series in Fig. 3(a)

and the simulated series in Fig. 3(b). k is given by

k ¼ 2p
ksp

;

where ksp is the wavelength between two resonance peaks.

For a given resonance mode, the spacing between adjacent

maxima of intensity varies slightly along the silver nanowire,

so that the k does not have a unique value. The theoretical dis-

persions from a model neglecting retardation and substrate

FIG. 1. Experimental EELS spectra collected near the end of a 100 nm diameter silver nanowire with the beam traveling in (a) the longitudinal direction and

(b) the transverse direction. The inset STEM-HAADF images show the region analyzed. Data were collected serially in 1 nm increments in the direction indi-

cated by the orange arrow. The white dashed line overlaid in the EELS data represents the interface between the silver nanowire and vacuum which is set as

the origin of the abscissa. Also shown are EELS spectra as a function of distance from the nanowire surface along the (c) longitudinal direction and (d) the

transverse direction.
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FIG. 2. (a) STEM-HAADF image of 100 nm diameter silver nanowire and corresponding EELS spectra extracted from the numbered locations. The strongest

SPR peaks are at �3.5 eV to �3.6 eV, while the black arrows highlight the Fabry-Perot resonances observed at lower energy-loss, the position of which

depends strongly on distance from the nanowire tip. (b) STEM-HAADF image of a silver nanowire and a zoomed image of the region analyzed by EELS. (c)

Corresponding EELS spectra extracted from the seven numbered positions denoted in (c).

FIG. 3. (a) Images extracted from a EELS hyperspectral dataset acquired from near the end of a 100 nm diameter. The images show the spatially resolved

EELS response at various energy-loss values and depict the standing wave pattern in the nanowire resulting from surface plasmon resonances. (b) Simulated

electric field distributions resulting from optical excitation of a model silver nanowire. The intensity has been scaled independently for all of the images in. (c)

Experimental and calculated dispersion relations as a function of wavenumber k, where k¼ 2p/ksp and ksp /2 is the half wavelength measured between two

resonance peaks. Note that the k values are not uniquely defined but have an error range, as the EELS signal is not perfectly periodic.
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effects are also shown; clearly, a small systematic shift is

observed between the model and experimental dispersions,

which may be due to limiting assumptions of the model as

well as effects due to shape, size, and composition.19

IV. DISCUSSION

To investigate the features observed in the collected

spectra and the relation between the optical and energy loss

responses, we first performed EELS simulations using the

MNPBEM toolbox.26 The nanowire was modeled as a 1 lm

long cylindrical wire with spherical caps at both ends; the

wire diameter was set to 100 nm. Values for the silver per-

mittivity were extracted from optical experiments,27 and the

EELS maps and spectra were computed according to the pro-

tocol given previously.28,29

In Figure 4, the calculated EELS response is shown as

a function of distance from the nanowire when the beam is

moving in the longitudinal and transverse directions (Figs.

4(a) and 4(b), respectively). The interface between the

nanowire and vacuum is again denoted by the white dashed

lines. The corresponding spectra for selected impact param-

eters are also shown in Figs. 4(c) and 4(d). In both cases, a

number of peaks associated with Fabry-Perot resonances

are observed at lower loss energies (<3 eV), which then

merge into a continuum of states around 3.60 eV. Also, in

both sets of simulations, a peak is observed at 3.75 eV when

the beam is positioned inside the nanowire, which corre-

sponds to excitation of the bulk plasmon for silver. If only

the asymptotic SPR peak near 3.60 eV is considered, a

higher degree of dispersion was observed in the longitudi-

nal case than in the transversal. This can be seen in the

insets of Figs. 4(c) and 4(b), which enlarge this spectral

region near the wire surface, as well as in Fig. 4(c) where

the peak near 3.6 eV shifts to lower energies when the elec-

tron beam moves away from the nanowire. In contrast, the

asymptotic peak in the inset of Fig. 4(b) and in Fig. 4(d)

shows almost no dispersion whatsoever. Therefore, the ex-

perimental and theoretical results show very nice agree-

ment, especially in the asymptotic regime.

However, there are some interesting differences between

the acquired spectra and the calculated EELS response. First,

in the experimental EELS data, the Fabry-Perot modes are

much less distinct than the EELS calculations suggest. This

is likely due to the finite energy resolution of the experimen-

tal data. Indeed, when the simulated spectra are convolved

FIG. 4. Simulation results for a cylindrical nanowire of 1 lm length and 100 nm diameter, using the MNPBEM toolbox.27 Density plot for electron energy loss

maps as a function of loss energy and impact parameter along the (a) longitudinal and (b) transversal directions. The insets show a magnified view of the as-

ymptotic regime, marked by the white box. The nanowire boundary at 0 nm is shown by the dashed line. (c) and (d) Corresponding spectra for selected impact

parameters.
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with a Gaussian function with FWHM¼ 0.3 eV (shown in

Fig. 5), the pronounced peak structure is almost completely

indiscernible and the simulated spectra more closely match

those acquired experimentally (Figs. 1(b) and 1(d)) quite

well. Therefore, the modeled spectra indicate that the origin

of the observed spectral asymmetry arises from the contribu-

tions of the high-k longitudinal modes on the low energy

side of the SPR peak. Another discrepancy is that the bulk

peak is less intense in the experimental data and optical exci-

tation calculation than in the EELS simulations. A quantita-

tive explanation of this requires further work but is possible

that this effect is due to the attenuation of the electron beam

within the metal nanowire, which is not accounted for in the

EELS calculations.

While the EELS spectra calculated using the MNPBEM

toolbox nicely replicated the spectral shift behavior observed

in our experiments, they did not indicate what the origin of

this behavior could be. In order to obtain physical insight

into the observed plasmonic modes and the relation between

the nanoscale optical and EELS responses, we then carried

out detailed simulations using energy loss theories and opti-

cal models. A theoretical description of the collective elec-

tronic excitations at metal surfaces has been presented by

Pitarke et al.,25 who predicted that a number of multipolar

modes can be excited and contribute to the energy loss of

moving electrons. To approximate the nanowires that were

examined experimentally, we have considered two distinct

geometries. First, a semi-spherical model was used to ap-

proximate the tip of the nanowire, although it is apparent

from the image in Fig. 1 that the true tip geometry deviates

from this simplified geometry. To compare the analytical

theory of energy loss with the optical response of this silver

nanosphere, we performed numerical simulations using the

FDTD Lumerical package, assuming excitation by an optical

dipole source at different positions to mimic the electron

beam positions. The frequency dependent dielectric function

of silver was taken from previously reported optical data.30

Figure 6(a) presents a schematic of the silver nano-

sphere model used to approximate the nanowire tip. The

red line in Fig. 6(a) depicts the electron beam traveling at a

particular distance, b, from the center of the silver nano-

sphere. Fig. 6(b) shows the calculated FDTD normalized

power flow distribution as a function of distance from a sil-

ver nanosphere with diameter of 100 nm. The origin of the

x-axis is set in the nanosphere, and the white dashed line at

x¼ 0 denotes the interface between the sphere’s surface

and vacuum. When the beam is positioned within the

sphere, the resonance peak is observed at �3.7 eV, which

corresponds to the bulk plasmon energy. This peak is stable

as the beam moves towards the surface of the sphere.

However, when it reaches the interface and progresses

away from the sphere, the resonance peak steadily shifts

towards �3.5 eV. The inset in Fig. 6(b) presents the electric

field power flow distribution in the region near the nano-

wire tip. The black dashed curve with arrow indicates the

resonance peak position as the beam moves away from the

tip. The spectral shift observed in this simulation agrees

quite well with that observed in the experimental EELS

data (Figs. 1(a) and 1(c)).

To investigate the origin of this shift, the electron

energy-loss probability was also calculated analytically for

the spherical model.25 Fig. 6(c) shows the results of this

calculation for several SPR resonance modes: the dipole

mode (mode index ‘¼ 1), quadrupole mode (‘¼ 2), octu-

pole mode (‘¼ 4), and hexadecapole mode (‘¼ 8). In this

case, the resonance peaks are seen to shift from 3.50 eV for

‘¼ 1 to 3.66 eV for ‘¼ 8. In addition, the higher order

modes are noticeably more localized at the surface of the

sphere than the lower order modes which extend much fur-

ther into vacuum. Since the tip of the nanowire analyzed

using EELS can be considered pseudo-spherical, these ana-

lytical computations suggest that the spectral shift observed

in the experimental data (Figs. 1(a) and 1(c)) arises due to

the differences in energy-loss probabilities between the

lower- and higher-order modes. When the beam is posi-

tioned near the nanowire surface, the more localized,

higher-order modes contribute more significantly. As the

beam moves away from the surface, the energy-loss is

FIG. 5. Simulated spectra from the (a) longitudinal and (b) transversal directions after convolution with a Gaussian function (FWHM¼ 0.3 eV).
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dominated by the more delocalized dipole mode resulting

in a shift of the observed resonance peak to lower energy-

loss. As discussed by Pitarke et al.25 and shown schemati-

cally in Fig. 6(a-1), multipolar resonances are readily

excited when the beam is near the edge of the sphere since

it effectively interacts with a nearly planar surface. In con-

trast, the dipole resonance will be dominant when the beam

is far from the surface of the nanosphere and the impact pa-

rameter is large (Fig. 6(b-2)).

To model the EELS response when the beam was posi-

tioned along the side of the nanowire, we have performed

similar calculations using an infinitely long cylinder geome-

try.25 Figure 7(a) shows a schematic of this case where the

solid red line represents the electron beam trajectory and the

dashed red line indicates its distance, b, from the center of

the cylinder. Fig. 7(b) shows the FDTD calculated normal-

ized power flow distribution as a function of radial distance.

In contrast to the case of the spherical model, in this case,

the power flow shows a single peak at �3.6 eV that does not

shift as the beam moves away from the cylinder. The inset in

Fig. 7(b) depicts the power flow distribution from the region

near the edge of the cylinder, and the dashed black line

shows a consistent resonance peak that does not shift with

excitation position. The observed insensitivity of the peak

energy-loss with beam position differs markedly from the

calculations for the spherical model but agrees quite well

with the experimental EELS data.

Once again, to investigate the origin of these observa-

tions, the analytical energy loss probabilities for the various

modes (‘¼ 1–8) were calculated, and the results are pre-

sented in Figure 7(c). For all four modes, peaks are observed

at �3.65 eV and �3.3 eV, which are confined near the inter-

face region. For the dipole mode (‘¼ 1) ,these two peaks ex-

hibit very similar amplitudes. However, as ‘ increases, the

higher energy-loss peak becomes progressively more intense

relative to the lower energy-loss peak. These results fit quite

well with the peak shapes and intensities observed in the ex-

perimental EELS spectra collected along the side of the

nanowire (Figs. 1(d) and 2(c)), suggesting that the multipolar

resonances dominate the SPR response in this case. Finally,

despite the differences in amplitude, the peak positions for

all four modes do not change as a function of distance from

the nanowire surface. This is markedly different from the

calculations already discussed for the spherical model but

matches the behavior observed in the experimental EELS

spectra acquired in the transverse orientation. Therefore, the

characteristics of the SPR peak in the two experimental cases

we have investigated can be explained by the spatial depend-

ence of the energy-loss probabilities of the various modes

excited by the electron beam.

FIG. 6. Results of analytical energy loss and optical simulations for an ideal silver nanosphere. (a) Schematics of the surface charge densities induced by an

electron beam (denoted by the red line) placed (a-1) close to the surface of the sphere and (a-2) far away from the surface of the sphere. (b) FDTD simulated

power flow intensity distributions as a function of distance from the surface of an ideal silver nanosphere under optical excitation. The position of the surface

is indicated by the white dashed line at 0 nm. (c) Analytically computed electron energy loss probabilities from the silver nanosphere for various resonance

modes (mode index ‘¼ 1, 2, 4, and 8). Due to the strong variation in maximum energy-loss intensity and for better visibility, the color scale has been scaled in-

dependently for all of the images.
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V. CONCLUSIONS

We have explored the detailed spatial dependence of the

electron energy loss at optical frequencies when the electron

beam is directed near the surface of silver nanowires. Due to

the pseudospherical shape of nanowire tip, the detailed loss

spectrum near this region depends strongly on the position of

the electron beam. Far from the tip, the spectral response is

dominated by the dipolar excitation, as predicted theoreti-

cally for a spherical geometry. As the beam approaches the

tip, the surface of the wire becomes effectively planar, result-

ing in the excitation of higher-order modes and a shift of the

resonance peak towards higher energies. The spectral

response was simulated in three ways: (1) using previously

published analytical models of energy loss for ideal spheres

and infinite wires, (2) by calculating the optical response

with dipole optical field excitation, and (3) by simulating the

EELS maps using a boundary element method. With the aid

of these calculations, it was shown that the spatial variations

of the loss peak in the experimental spectra were due to exci-

tation of the more localized higher-order modes when the

beam is very close to the nanowire surface. For detailed cal-

culation of the loss spectra and the spatial response profiles,

both numerical optical excitation and energy loss simulations

showed good agreement with the experimental results. These

experiments and calculations demonstrate that the energy

loss and optical spectra provide complementary insight into

the plasmonic modes of metallic nanostructures.
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