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The surface plasmon polariton 共SPP兲 field intensity in the vicinity of gratings patterned in an otherwise
planar gold surface is spatially resolved using cathodoluminescence 共CL兲. A detailed theoretical analysis is
presented that successfully explains the measured CL signal based upon interference of transition radiation
directly generated by electron impact and SPPs launched by the electron and outcoupled by the grating. The
measured spectral dependence of the SPP yield per incoming electron is in excellent agreement with rigorous
electromagnetic calculations. The CL emission is shown to be similar to that of a dipole oriented perpendicular
to the surface and situated at the point of electron impact, which allows us to establish a solid connection
between the CL signal and the photonic local density of states associated to the SPPs.
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Surface plasmon polaritons 共SPPs兲 are electromagnetic
waves bound to the interface between a metal and a
dielectric.1 The strong coupling between optical radiation
and the collective plasmon oscillations of the conduction
electrons near the metal surface leads to complex SPP behavior that can give rise to large field enhancements,2 negative
refraction,3 and many other interesting phenomena resulting
from sub-100 nm optics intrinsic to SPPs at visible and nearinfrared frequencies.
A major bottleneck in nearly all studies on the fundamental properties of SPPs is the limited spatial resolution by
which plasmonic phenomena can be measured. Optical microscopy suffers from the diffraction limit, whereas nearfield microscopy has a resolution limited by the tip aperture
to typically 100 nm. In contrast, SPPs can also be excited
using high-energy electron irradiation, with the electron
beam focused to a nanometer size spot, thus enabling the
excitation of SPPs with nanoscale resolution. Only a few
studies of electron-beam irradiation of plasmonic structures
have been reported, mainly focusing on measurements of the
mode distribution of plasmons in nanoparticles4–6 or plasmon losses in planar surfaces.7,8 However, no detailed analysis of the different emission components and their interaction
has been presented and no connection of the emission to the
plasmonic density of states has been established.
In this Brief Report, we use electron-beam irradiation to
study fundamental properties of SPPs propagating on a twodimensional substrate. In particular, we use the electron
beam of a scanning electron microscope 共SEM兲 impinging
on a single-crystalline Au substrate as a nanoscale source of
SPPs with a broad spectral range. Our key findings are as
follows. 共1兲 We have developed a model of cathodoluminescence 共CL兲 emission which includes the excitation of SPPs,
eventually outcoupled from the Au surface, and transition
radiation 共TR兲,9,10 as well as the interference of the two components; 共2兲 extensive CL measurements performed over the
visible spectrum and at distances up to a few microns from
the grating are well reproduced by this model; 共3兲 we measure the SPP generation yield per electron and find it to be in
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excellent agreement with rigorous electromagnetic calculations of this quantity; 共4兲 the CL emission is found to be
similar to that of a dipole positioned at the position of electron impact; and 共5兲 this similarity allows us to establish a
solid connection between the CL signal and the photonic
local density of states 共LDOS兲 associated to SPPs.
In our experiments, we use spatially resolved cathodoluminescence spectroscopy, a technique that combines scanning electron microscopy with the detection of optical radiation which is emitted from the sample. In view of the
complexity of the CL process, we first review its basic features. In a qualitative picture, an impinging electron produces a localized perturbation of the density of conduction
electrons in the region where it impinges onto the metal. This
perturbation together with the incoming electron charge behaves effectively as a dipole oriented normal to the surface
共see below兲 that serves as a source of SPPs.11 The SPPs
propagate until they interact with a grating structured into the
surface, where they are decoupled from the surface as light
that can be detected in the far field 关see schematic Fig. 1共a兲兴.
The impinging electron also produces TR 共Refs. 9 and 10兲,
the angular dependence of which is shown in Fig. 1共a兲. The
angular emission pattern for TR resembles very much that of
a classical dipole placed infinitesimally close above a planar
metal surface also shown in Fig. 1共a兲. The SPP and TR components of the emission are mutually coherent, so they produce interference in the far field where the CL detection
takes place. To illustrate the interference, the colored background of Fig. 1共a兲 shows the two-dimensional near-field
intensity distribution calculated using a two-dimensional
boundary element method12 for an electron incident on a Au
surface. The induced electric field is calculated for a geometry that is translationally invariant along the direction perpendicular to the paper and for wave vector components only
in the plane of the paper. The separate emission components
from TR and outcoupled SPPs as well as their interference
are easily identified.
In our experiments, the sample consists of a single-crystal
Au pellet of 1 mm thickness of which the surface was chemi-
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FIG. 1. 共Color online兲 共a兲 Schematic of an electron impinging
on a gold surface generating SPPs and TR 共all calculations are done
for a wavelength of 700 nm and the electron incident 1000 nm away
from the grating兲. The colored background shows the twodimensional interference pattern of SPPs outcoupled by a grating
with 400 nm period and TR calculated using the boundary element
method. The calculated angular dependence of the emitted TR intensity is shown as a polar plot curve in red; the angular dependence
of the emission of a dipole placed close to the metal is shown in
dashed green. 共b兲 Azimuthal projection of calculated TR, 共c兲 radiation from scattered SPPs, and 共d兲 interference of TR and SPPs in the
far field. All plots are normalized to their maximum value. The
white contours reflect the collection range of the mirror. The grating
is orientated vertically and its edge is located at the origin of the
plots.

cally polished down to nanometer roughness. Linear grating
structures were milled into the surface with a 30 keV Ga+
focused ion beam. Gratings consisting of ten grooves were
carved with periods a = 300, 400, and 500 nm, respectively,
and groove width ⬇a / 2, depth ⬇50 nm, and length 50 m.
Spatially resolved CL spectroscopy was performed in a SEM
using a 30 keV electron beam from a field-emission source
focused onto the sample to a ⬃5 nm diameter spot. The
actual resolution of this technique is slightly larger than the
beam spot, with an upper limit dictated by the extension of
the evanescent electric field of the electron ⬃v / 共2兲, where
v is the electron velocity and  is the light frequency 关e.g.,
⬃v / 共2兲 = 16 nm for 30 keV electrons at a wavelength of
600 nm兴. A parabolic mirror positioned above the sample
collects light emitted above it. Light is then spectrally resolved using a charge coupled device 共CCD兲 array detector
共bandwidth ⬇10 nm兲 after passing a monochromator. The
mirror acceptance solid angle is 1.4. Spectra were corrected
for system response, which was determined by normalizing
measured raw data from a planar Au sample 共no grating兲 to
the calculated TR spectrum for Au.10 This normalization allows us to compare the measured data to calculations on
absolute scales and to compensate for the spectral response
of our measurement system.
Figures 2共a兲 and 2共c兲 show the measured CL intensity
plotted as a function of wavelength and distance to the grating for grating periods of a = 300 nm and a = 400 nm, respectively. Several characteristic features are clearly resolved
in these plots:
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FIG. 2. 共Color online兲 Cathodoluminescence intensity for 30
keV electrons incident on single-crystalline Au plotted as a function
of detection wavelength and distance to the grating of Fig. 1. The
grating period is 300 nm in 共a兲 and 共b兲 and 400 nm in 共c兲 and 共d兲.
共a兲 and 共c兲 are measurements for gratings carved in a single-crystal
gold sample. 共b兲 and 共d兲 are calculations. The experimental data
were corrected for system response.

共i兲 For wavelengths below 600 nm, the CL intensity decays with distance from the grating. This is attributed to the
strong damping of SPPs due to ohmic losses in this wavelength range close to the SPP resonance at 540 nm. The
observed CL decay with distance corresponds well to the
decay length calculated using the dielectric constant for Au.
At longer wavelengths, the SPP propagation distance is calculated to be larger than the scan range in Fig. 2 and only a
weak decay is observed.7,8 These data confirm that a large
portion of the CL intensity in Fig. 2 is due to outscattered
SPPs.
共ii兲 Superimposed on the decay, we observe a periodic
modulation of the CL intensity with distance with a period of
about half the detection wavelength. This is clear evidence of
the noted interference between TR and SPPs contributions to
the emission, which can be either constructive or destructive
depending on the phase difference  关see Eq. 共1兲兴, increasing
linearly with d.
共iii兲 For the longer wavelengths the amplitude of the oscillations decreases with distance roughly as 1 / 冑d, which is
consistent with the distance dependence exhibited by any
planar surface excitation originating in a point source and, in
particular, the SPP waves launched at the position of the
electron beam.13
To model our experiment, we have calculated the emission probability into SPPs and TR for an electron incident on
a gold surface. Figures 1共b兲–1共d兲 show the calculated angleresolved maps of the light intensity distribution due to TR
共b兲, outcoupled SPPs 共c兲, and their interference 共d兲, respectively, all calculated for 30 keV electrons on Au at a wavelength of 600 nm. The TR is clearly isotropic in the azimuthal plane, while the scattered SPP distribution is highly
anisotropic due to the presence of the grating. The solid
angle of the parabolic mirror used to collect the CL is indicated by the white contours in Figs. 1共b兲–1共d兲.
The experimentally collected CL intensity corresponds to
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where ASPP is the SPP-excitation amplitude, S is the normalized in-plane far-field amplitude of a SPP scattered by the
grating, fTR is the far-field amplitude of TR, and  is the
phase difference between the SPP and TR emission components. This expression is exact at large distances d between
the beam spot and the grating and, in particular, the TR field
decays as 1 / d at the position of the grating, whereas the SPP
field becomes dominant near the grating, since it dies off
only as 1 / 冑d, so that TR scattering by the grating is negligible for d above a few hundred nanometers. In our calculations, we have used rigorous analytical solutions of Maxwell’s equations for ASPP 共Ref. 14兲 and fTR.15 In particular,
ASPP is obtained from the plasmon-pole contribution to the
field produced by the electron crossing a semi-infinite metalvacuum boundary. The dependence of ICL on the separation d
between electron beam and grating comes exclusively
through the relative phase of SPP and TR contributions 
⬀ d. The grating scattering factor is approximated as S共⍀兲
= S0 / 共kx − 2 / a − i⌫ / 2兲, where kx is the projection of the
emitted photon momentum along the surface direction perpendicular to the grating, a is the grating period, and ⌫
= 1 / 共Na兲 accounts for inelastic and radiative damping in the
grating. We assume a mean-free path of N = 5 periods and a
typical scattering efficiency S0 = 40%.16 These two constants
are the only adjustable parameters in our model.
The calculated CL emission for two gratings of periods of
300 and 400 nm is shown in Figs. 2共b兲 and 2共d兲. We observe
overall good agreement between measurements and calculated CL signal. Both the overall intensity as well as the
periodic oscillations are very well resolved. Additionally, the
period of the oscillations is a nonlinear function of wavelength and depends on the pitch of the grating. This becomes
clear by comparing the data with the white lines in Fig. 2,
which are intended to guide the eyes through a range of
interference maxima. These curves both show a kink near a
wavelength of 700 nm and quite different slopes above 700
nm, both in experiment and theory. Indeed, for the 400 nm
grating the first-order grating coupling mode for SPPs with a
wavelength longer than 700 nm lies outside the acceptance
range of the mirror. This provides further evidence for coherent interaction between SPPs scattered from the grating and
TR. From the good agreement of experiment and theory, we
conclude that far-field-emission measurements are well described by the model of Eq. 共1兲.
In a next step, we have extracted from the spatially resolved CL data in Fig. 2 the spectral distribution of SPPs
generated by the electron beam. At each wavelength, the CL
intensity was integrated over the distance range of Fig. 2
correcting for the 共measured兲 decay 共thereby averaging out
the oscillations兲. The obtained spectrum was then corrected
for TR acquired at a position far away from the grating.
Figure 3共a兲 shows the result of this analysis for three different values of the grating pitch 共symbols兲. A quite similar

(a)
0.4
SPP (electron)
0.2
SPP (dipole)

0.0

(b)

0.1
0.0

Transition radiation
600

700

800

900

Wavelength (nm)

FIG. 3. 共Color online兲 共a兲 Spectrum of surface plasmon polaritons on single-crystal gold excited by 30 keV electrons and integrated over the measurement range of Fig. 2 next to gratings with
three different grating pitches 关a = 300 nm—black triangles, 400
nm—violet dots, and 500 nm—red squares兴. The solid lines show
calculated spectra for SPPs generated by a 30 keV electron impinging on the surface 共blue: dashed兲 and by a dipole positioned at the
surface 共black: solid兲. 共b兲 Calculated transition radiation spectrum
for 30 keV electrons on Au.

spectral shape is observed for all gratings consistent with the
fact that the generated SPP spectrum is independent of grating pitch. Figure 3共a兲 also shows the calculated SPP spectrum under 30 keV electron excitation as well as the spectrum of SPPs that would be excited by a point dipole
positioned at the metal surface. The dipole strength is taken
as frequency independent in our calculations. These two calculations are rigorous analytical solutions of Maxwell’s
equations.14 The SPP emission rate of the dipole is plotted by
normalizing the spectral integral of TR and the far-field dipole radiation. The small difference between these two calculated SPP spectra is due to the fact that the electron excites
SPPs as it travels along its path, while the modeled point
dipole is stationary. For comparison, Fig. 3共b兲 shows the calculated transition radiation spectrum which amounts to 30%
of the SPP signal. The calculated spectra in Fig. 3共a兲 agree
well with the experimentally determined spectra for longer
wavelengths. The variations in the measured spectra for
shorter wavelengths are ascribed to differences in coupling
characteristics of the gratings and uncertainties in the correction for the SPP decay close to the SPP resonance.
The oscillations with distance in Fig. 2 are reminiscent of
experiments performed by Drexhage, who studied the spontaneous emission of a rare-earth complex in front of a metal
mirror.17 It is well known that the spontaneous emission rate
of optical emitters is proportional to the LDOS, as first experimentally demonstrated by Drexhage. Now, this allows us
to construct an intuitive picture of the radiation generated by
an impinging electron, which was shown to have an angular
TR emission distribution 共Fig. 1兲 and spectral coupling to
SPPs similar to that of a point dipole 关Fig. 3共a兲兴. The decay
of this effective dipole into SPPs and TR is governed by the
LDOS. The total decay rate is related to the LDOS  through
the dipole decay rate ⌫ = 共42D2 / ប兲,18 where  is the
emission frequency and D is the dipole strength. The LDOS
can be obtained from the projected field induced by the diind
as19
pole on itself E⬜
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FIG. 4. 共Color online兲 The main figure shows the real part of the
wave vector as a function of free space wavelength for surface
plasmon polaritons excited on single-crystal gold. The red symbols
are results of fitting a LDOS model to the measurements. The solid
gray line is the calculated dispersion expected from optical constants. The inset shows the measured CL intensity 共red symbols兲 as
a function of distance for a wavelength of 750 nm. The solid blue
line is calculated from the LDOS model of Eq. 共2兲 with R adjusted
to fit the experimental data.
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where kSPP is the momentum of the SPP and R is the reflection coefficient of the grating. Equation 共3兲 predicts oscillations with distance d of period equal to half the SPP wavelength, in good agreement with our measurements.
We have calculated the local density of states from Eq. 共2兲
under the approximation of Eq. 共3兲 and adjusted R to fit the
data in Fig. 2. The inset of Fig. 4 shows the experimental CL
intensity as a function of position from Fig. 2共a兲 for a wave-
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