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ABSTRACT

We report highly efficient generation of propagating plasmons by electron beams in planar films, planar dielectric cavities, metallic wires, and
nanoparticle waveguides. Electron-induced plasmon excitation is investigated in (1) gold thin films, both free-standing or supported on a
silica substrate, (2) gold-silica-gold planar cavities, (3) gold nanowires, and (4) gold nanoparticle arrays. We obtain excitation yields as high
as 10- 2 plasmons per incoming electron over the visible and near-infrared range. Symmetric and antisymmetric plasmon modes are found to
be more easily excited in thick and thin films, respectively, and in particular leaky plasmons in supported films are shown to be excited with
very large probability exceeding one plasmon per electron. Generation of guided plasmons in metallic particle arrays is also proved to be
attainable by aiming the electron at one end of the waveguide. The temporal evolution and spectral distribution of excited plasmons are
discussed as well. Our results provide full support for the application of electron bombardment to excite propagating plasmons with high
efficiency, thus solving the standing problem of plasmon generation at designated locations.

Propagating plasmons are becoming an essential ingredient
in the design of optical devices at nanometer scales, in which
the long propagation distances characterizing these excita-
tions are combined with large confinement in the direction
perpendicular to the metal surface.1,2 Plasmon waveguiding
has been experimentally demonstrated in a variety of systems,
including planar metal films,3-5 grooves patterned in metal
surfaces,6 surface-plasmon polariton (SPP) crystals,7 and
coupled nanoparticle arrays.8,9 SPPs are actually a subject
of increasing activity, with exciting results such as new
designs capable of improving the compromise between
propagation distances and lateral confinement, particularly
in metallic wedges,10 closely spaced wires,11 and metallo-
dielectric hybrid structures.12

The generation of SPPs at designated positions in a
customizable fashion remains a standing problem in plas-
monics. Recent studies have suggested that fast electrons
provide a good solution to this problem by aiming an electron
beam at the desired position on a metal surface, thus

generating SPPs.13-15 The generation of these plasmons has
been monitored through the cathodoluminescence (CL)
emission that they produce when SPPs are decoupled from
the metal by a grating. Pioneering research on the use of
CL to retrieve surface plasmon dispersion relations can be
traced back to Ritchie et al.16 and Heitmann,17 followed by
successful SPP dispersion mapping obtained from energy-
loss and deflection-angle distributions of fast electrons
traversing thin films.18,19 More recently, the interference
between directly generated light (transition radiation)20,21 and
SPPs outcoupled by a grating has been used to measure the
SPP excitation yield in a planar surface.22 Incidentally, CL
has been employed to obtain snapshots of plasmons confined
in metallic nanoparticles,23-27 as well as standing waves of
propagating plasmons in finite SPP resonant cavities,28,29

while electron energy-loss spectroscopy (EELS) performed
in thin samples can also reveal plasmon mode patterns with
nanometer spatial resolution.30,31

In this paper, we discuss the generation of propagating
plasmons in various systems, including free-standing and
supported metallic thin films, metal-insulator-metal waveguides,
metallic wires, and particle arrays. The plasmon excitation
probability is calculated analytically for planar interfaces and
using numerical methods for more complicated systems (nanow-
ires and particle arrays). We quantitatively assess the plasmon
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‡ The Key Laboratory of Weak-Light Nonlinear Photonics, Ministry of

Education and TEDA Applied Physics School, Nankai University.
§ Laboratoire d’Ondes et Milieux Complexes FRE CNRS 3102, Uni-
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excitation yield in these systems and conclude that electron
bombardment is a practical way of generating plasmons with
high efficiency at positions controlled with nanometer precision
through focused electron-beam bombardment.

We discuss first metal films and metal-insulator-metal
(MIM) waveguides. Electron-beam excitation of plasmons

in these systems can be studied by considering the electric
field set up by an electron crossing two parallel interfaces
with constant velocity V under normal incidence. We have
worked out a quasi-analytical expression for the excitation
probability that we use to obtain the results presented in
Figures 1-3. The actual expression and its derivation are

Figure 1. Plasmon generation in metallic thin films by an electron beam. (a) We consider a 100 keV electron traversing a free-standing gold thin
film of thickness a. (b) Gold-film plasmon dispersion curves for thicknesses a ) 10, 50, and 100 nm: parallel wavevector k| versus vacuum
wavelength λ. Symmetric and antisymmetric plasmon modes are represented by dashed and solid curves, respectively. (c, d) Probability that an
electron creates a surface plasmon as a function of film thickness and vacuum wavelength. The probability is normalized per unit of plasmon
energy range and it is separately given for symmetric (c) and antisymmetric (d) plasmon modes. The schematic insets in (c) and (d) show the
induced charges (+ and - signs) and the normal electric field profile of these modes. Note the different color scales in (c) and (d).

Figure 2. Plasmon generation in supported metal films. (a) Dispersion relation of plasmons in the structures I, II, and III, shown in the
insets, for a gold thickness a ) 50 nm. Symmetric and antisymmetric plasmon modes are represented by dashed and solid curves, respectively.
(b, c) Probability of coupling to symmetric (b) and antisymmetric (c) plasmon modes in these structures. Note the different vertical scale
in (c). The probability of curve I in (b) has been multiplied by a factor of 104. (d) Probability of exciting symmetric plasmon modes
corresponding to a free-space wavelength of 800 nm in the structure II as a function of metal film thickness.
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given in the Supporting Information. It is based upon a closed
expansion of the electromagnetic field in the space of the
parallel wavevector k| (⊥ ẑ) and frequency ω, so that the
electric field is written as

E(r, t))∫ d2k| dω

(2π)3
eik|·(x,y)-iωtE(k|, z, ω)

The final expression for the probability (eq 2 in Supporting
Information) is written for each plasmon mode n, defined
by its dispersion relation k| ) k|,n.

Figure 1 illustrates the excitation of SPPs in a free-standing
gold film by 100 keV electrons (we take the dielectric
function of gold from tabulated optical data).32 Thin films
have two types of SPP modes characterized by symmetric
and antisymmetric distributions of both the normal electric
field and the magnetic field across the film.4,5,33 The former
are less localized to the surface, as indicated by their parallel
momentum, which is closer to the light cone k| ) k. In the
thin-film limit, the probability of exciting symmetric modes
is very low because there is charge cancelation in the
interaction of the electron with opposite induced charges
associated to these modes on each side of the film33 (see
inset in Figure 1c). In contrast, charges contribute construc-
tively in both sides for antisymmetric modes, to which the
electron therefore couples strongly in thin films. For thick
films, both symmetric and antisymmetric modes are excited
with similar probability, which eventually converges to the
probability for creating plasmons in a semi-infinite metal.
The excitation yield exhibits a slow decrease with wavelength
in all cases, so that the electron is acting as a relatively
smooth supercontinuum plasmon source.

A gold film in an asymmetric environment presents an
interesting scenario in which the symmetric plasmon branch
becomes leaky, since it lies inside the light cone of the
substrate.5 Leaky modes are in fact infinitely delocalized,
and one expects this to result in stronger coupling to the
electron over an extended path length along its trajectory.
This is actually the case, as shown in Figure 2 for gold films
supported on silica (the dielectric function of silica is taken
from ref 34 in this work). The excitation yield of leaky modes
is several orders of magnitude larger compared to antisym-
metric modes (cf. parts b and c of Figure 2). This strong
coupling grows with decreasing metal film thickness, in
accordance with the increasing degree of delocalization in
that limit (Figure 2d), and because, unlike the symmetric
environment situation, charge cancelation in the upper and
lower interfaces is prevented by the breaking of symmetry
produced by the substrate. The antisymmetric mode shows
a similar trend of increasing excitation probability with
decreasing metal film thickness similar to the free-standing
film of Figure 1d.

Buried structures such as MIM cavities have attracted
much interest in recent years due to their ability to produce
extreme confinement35 and effective negative index of
refraction36 of guided surface plasmons. Any excitation
created in a MIM structure must be either absorbed by the
metal or propagated as a cavity plasmon until it reaches its
ends or is absorbed as well. The excitation yield takes values
similar to that for the modes of the complementary metal
film (cf. Figures 1c,d and 3c).

An interesting aspect of electron-induced plasmon excita-
tion in MIM cavities is that the electron crosses a

Figure 3. Plasmon generation in planar dielectric cavities. Only the symmetric plasmon mode is well-defined for the a ) 50-100 nm
cavities under consideration (b) (the antisymmetric mode is strongly attenuated). The plasmon generation probability per incoming electron
and unit of plasmon energy range is given in (c) as a function of free-space wavelength for 100 keV electrons (V ) 0.55c) and in (d) as
a function of electron velocity for emission of plasmons corresponding to a free-space light wavelength of 800 nm. The arrows in (d)
represent the predicted dip positions according to eq 1.
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metal-insulator interface twice (on entrance to and exit from
the cavity) with a delay determined by the ratio of the cavity
width to the electron velocity, a/V. These two points of
crossing act as localized sources of transition radiation20,21

that can interfere with each other, thus producing oscillations
of the symmetric-plasmon excitation yield with varying
electron velocity (and also with varying angle of the
trajectory for oblique incidence, which affects the noted delay
as well). This prediction is fully confirmed by the calculations
presented in Figure 3d, in which the dips are signaled by
out-of-phase interference corresponding to the geometrical
condition

(a ⁄ V)
(λ ⁄ c)

) n (1)

where n is an integer. The dips predicted by this formula
(arrows in Figure 3d) are remarkably close to the actual dips
of the full calculation. Notice that n rather than n + 1/2 enters
this equation, leading to dips corresponding to in-phase
contributions from both interface crossings. This apparent
contradiction stems from the fact that the polarization
produced by the electron in the metal is opposite in direction
for exit and entrance crossings, which explains the half-period
term missing in the above formula (cf. the electron charge
distribution for the symmetric mode in the inset of Figure
1c). Further support for this interpretation comes from the
fact that a cavity of width a ) 50 nm shows only half as
many dips as a cavity with a ) 100 nm (Figure 3d).

Fast electrons can also launch plasmons in laterally
confined waveguides, for instance in a metallic wire.25,26 We
consider in Figure 4 the plasmon generation probability for
an electron passing near an infinite gold wire of circular cross
section and 160 nm in diameter. Plasmon excitation produces
a relevant contribution to the electron energy loss. It is useful
to consider the full EELS probability

Γ(ω))∫0

∞
dk| Γ(k|, ω)

which we decompose here into contributions arising from
different energy losses pω and wavevector components k|
along the metal wire. This probability is obtained from the
retarding force produced by the induced electric field acting
back on the electron as37

Γ(k|, ω)) e

π2pω
∫ dt Re{e-iωtv ·Eind(k|, b, Vt, ω)} (2)

where

Eind(k|, b, Vt, ω))∫ dx e-ik|xEind(x, b, Vt, ω)

is the Fourier transform of the induced field along the
direction x parallel to the wire, the electron trajectory is
described by z ) Vt, and b is the impact parameter of the
electron beam relative to the wire axis. Γ(k|, ω) is directly
related to the photonic local density of states in the vicinity
of the wire.38 Figure 4 shows that the electron is efficiently
exciting plasmons with m ) 0 symmetry (i.e., with exp(imφ)
dependence on the azimuthal angle φ). Also, m ) (1 modes
are excited with smaller probability at higher energies as
compared to the m ) 0 modes. The plasmon-generation yield
is shown in Figure 4b as obtained from the integral of
Γ(k|, ω) over k| in the region near the m ) 0 (dashed curve)
and m ) (1 (dotted curve) modes, and compared to the
total loss probability (solid curve). Incidentally, these results
are not very sensitive to the actual value of b, although
grazing trajectories (b close to the radius) can provide the
necessary large k| components to efficiently excite plasmons
near the dispersion cutoff.

Coupling between plasmons in neighboring metallic
particles has been the source of intense research for its
application to waveguiding.8,9,39 We discuss next the excita-
tion of plasmon signals in particle arrays. Figure 5 represents
the electric field produced by an electron passing near one
end of 51 gold particles with a diameter of 160 nm spaced
by a center-to-center distance of 165 nm. We obtain the
induced electric field Eind(x, ω) from a multiple elastic
scattering of multipolar expansions (MESME) formalism,40

with converged results achieved after inclusion of multiples
of orders l e 12. The field is strongly peaked near pω ) 2
eV (see Figure 5b), and it extends along the entire string
(the total array length AB is 8.25 µm). It is instructive to
examine the time evolution of the field (Figure 5c), which
we obtain from the Fourier transform Eind(x, t) ) (2π)-1 ∫
dω exp(-iωt)Eind(x, ω). The electron interacts strongly with
the string end as it passes nearby, but the induced field
evolves along the string creating a pulse with central speed
∼0.75c (see dashed line in Figure 5c, drawn along the
centroid of the pulse) in excellent agreement with the group
velocity at the maximum intensity of the light dispersion
curve (dashed curve in Figure 5d); although a wide spectral
range of plasmons is excited, there is a preferred energy
around 1.9 eV.

A similar analysis can be performed for nanowires of finite
length (Figure 6). In particular, Figure 6b shows the
propagation of the plasmon launched by the passing electron
and successively reflected at the ends of a 160 nm diameter,
3 µm long gold wire (Figure 6c). Similar to the particle chain,

Figure 4. Coupling of an electron beam to metallic-wire plasmons.
(a) Energy-loss probability of electrons passing at a distance of 10
nm from the surface of an infinitely long free-standing gold wire
of 160 nm in diameter. The probability is decomposed into
contributions arising from different values of the wavevector transfer
along the wire axis k|, according to eq 2. The probability exhibits
maxima corresponding to excitation of plasmon modes with m )
0, (1 azimuthal symmetry. The dispersion relation of m ) 0 and
m ) (1 guided plasmons is superimposed for comparison (dashed
curves). (b) EELS probability integrated over parallel momentum
(solid curve), and partial contributions of m ) 0 and m ) (1
plasmon modes (dashed and dotted curves, respectively).
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the plasmon wavepacket evolves with a distinct group
velocity (V ∼ 0.8c), but the propagation distance is much
larger in this case, leading to standing waves that are best
resolved in Figure 6b: see the intensity maxima that are
aligned along horizontal lines in the plot, corresponding to
the quantization condition ∆k| ) π/L ) 1.0 µm-1, where L
) 3160 nm is the wire length. The same maxima show up
in the dispersion relation of the m ) 0 plasmon line in Figure

6d at equally spaced intervals in k|. The number of maxima
along the rod increases with energy according to the same
quantization condition. Modes with 4, 5,..., 11 antinodes are
clearly discernible in Figure 6b. Furthermore, replicas of the
plasmon mode dispersion can be observed in Figure 6d,
separated by ∆k| ∼ π/L.

In conclusion, we have shown that fast electrons passing
near nanostructured metals or crossing their boundaries can

Figure 5. Electron-beam-induced plasmon generation in nanoparticle chains. (a) Scheme of the structure and geometry under consideration.
(b) Induced electric field Eind(x, ω) (in frequency space ω) produced by the electron along the points of the AB segment (see red double
arrow in (a)). (c) Same as (b), in the time domain: Eind(x, t). (d) Fourier transform of Eind(x, ω) with respect to x, showing the dispersion
relation of plasmons excited by the electron and propagating along the chain. The velocity of the launched pulse is found to be ∼0.75c
(dashed line in (c)), in good agreement with the group velocity at the maximum of excitation probability along the guided-mode dispersion
curve (dashed line in (d)).

Figure 6. Temporal evolution of plasmons in finite nanowires. (a) Sketch of the geometry considered for excitation of nanowire plasmons
by a 100 keV electron beam passing near one of the ends of a gold wire. (b) Induced electric field Eind(x, ω) (in frequency space ω)
produced by the electron along the points of the AB segment (see red double arrow in (a)). (c) Same as (b), in the time domain: Eind(x, t).
(d) Fourier transform of Eind(x, ω) with respect to x, showing the dispersion relation of plasmons excited by the electron and propagating
along the nanowire.
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generate propagating surface plasmons with high efficiency.
Electrons can be actually regarded as a source of evanescent
optical fields that are ideally suited to couple to trapped
modes such as plasmons, because those modes are also
evanescent in the direction of confinement. These ideas are
clearly illustrated in the generation of metallic-thin-film
plasmons. In particular, the excitation of leaky plasmons in
a metal film supported on an insulator leads to very intense
leaky-plasmon emission, which eventually decays into light
in the insulator, thus providing an efficient mechanism for
supercontinuum light emission at subluminal velocities (i.e.,
at electron energies below the Cherenkov threshold in the
insulator) assisted by the metal film. The efficient coupling
between electron beams and SPPs is a universal phenomenon
that can be exploited to generate plasmons in systems such
as nanowires, particle arrays, and any other plasmon-
supporting metal structures. We have followed the temporal
evolution of the electron-generated plasmon pulses in particle
arrays and nanorods of finite length, which move with
principal velocity components that are well described by the
plasmon group velocity, as calculated for infinitely long
particle arrays and nanowires, respectively. In brief, our study
reveals high yields of plasmon excitation by fast electrons,
thus showing that electron bombardment constitutes a
practical solution to the standing problem of plasmon
generation at designated positions with high efficiency.
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(30) Nelayah, J.; Kociak, M.; Stéphan, O.; Garcı́a de Abajo, F. J.; Tencé,
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