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Waveguide electromagnetic modes excited by swift electrons traversing Si slabs at normal and oblique
incidence are analyzed using monochromated electron energy-loss spectroscopy and interpreted using a local
dielectric theory that includes relativistic effects. At normal incidence, sharp spectral features in the visible/
near-infrared optical domain are directly assigned to p-polarized modes. When the specimen is tilted,
s-polarized modes, which are completely absent at normal incidence, become visible in the loss spectra. In the
tilted configuration, the dispersion of p-polarized modes is also modified. For tilt angles higher than �50°,
Cherenkov radiation, the phenomenon responsible for the excitation of waveguide modes, is expected to
partially escape the silicon slab and the influence of this effect on experimental measurements is discussed.
Finally, we find evidence for an interference effect at parallel Si /SiO2 interfaces, as well as a delocalized
excitation of guided Cherenkov modes.
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I. INTRODUCTION

An electron traveling in a medium at a speed larger than
the phase velocity of light in that medium will generate ra-
diation. This phenomenon is known as the Cherenkov
effect.1 Basically, a field wavefront following the incident
electron is formed along a cone �similar to shock and bow
waves�, and radiation is emitted at a characteristic angle �c
given by cos��c�=1 / ��n�, where � is the speed of incident
electrons v divided by the speed of light in vacuum c, and n
is the refractive index of the medium. For a typical acceler-
ating voltage of 200 keV in a transmission electron micro-
scope �TEM�, Cherenkov losses are expected in several tech-
nologically important semiconductors and insulators, such as
Si and SiO2. Because the photon energy is taken from the
incident electrons, radiative losses will appear in electron
energy-loss spectra �EELS�, along with more well-known
losses associated with interband transitions as well as bulk
and interface plasmons.2

Usually, Cherenkov losses occur in semiconductors and
insulators at energies lower than the optical gap onset, which
often prevents the direct measurement of band gap energies
by EELS �Refs. 3–7� and poses a particular problem in strati-
fied structures such as gate stacks with thin oxide layers.8

Cherenkov radiation is a coherent, far-field response of the
medium to the passing electron. Dimensions of the probed
structure must therefore exceed the so-called formation
length for the radiation to be emitted. It is only in small,
isolated or ultrathin structures such as suspended nanotubes
that direct band-gap measurements can be made reliably.9

However, when many nanoparticles are located in proximity
to each other, Cherenkov emission can again occur if the
dielectric function of the effective medium meets the Cher-
enkov condition.10

The geometry of the target structure can strongly affect
the expected shape of valence energy-loss spectra.11–18 A par-
ticular example is the formation of waveguide modes in thin
slabs of a high-refractive index materials surrounded by low-
index media.19,20 For the particular case of silicon slabs

standing in vacuum, strong peaks appear in loss spectra be-
low 3.4 eV and can be directly associated with p-polarized
guided modes.10 The origin of these spectral features can be
explained in the momentum space, where the continuous dis-
persion of the Cherenkov mode in a bulk medium21 is ex-
pected to separate into a finite number of guided modes for
the case of a slab. Such momentum dispersion for guided
modes has previously been observed experimentally for thin
graphite films,22 and these measurements were later com-
pared with simulations based on a dielectric model.19 By
forming a nanometer scale electron probe, it becomes pos-
sible to probe radiative losses locally, such as whispering
gallery modes of individual nanoparticles23 and optical
modes of photonic crystals.24 Hence, even if radiative losses
partially mask the electronic density of states component of
the EELS signal, it also reveals information on the photonic
density of states.25

While previous work has focused largely on the momen-
tum space distribution of loss functions in slabs, real space
probes provide opportunities to examine the consequences of
spatially broken symmetries and finite boundary conditions.
This paper presents a monochromated EELS investigation of
the influence of the position and the incidence angle of the
electron trajectory on the emission of Cherenkov radiation in
silicon slabs. We compare experimental results with a local
dielectric model that includes retardation effects26 to identify
the various radiative contributions to the loss spectra. For
electrons impinging at normal incidence on a Si slabs,
p-polarized modes �magnetic field parallel to the slab sur-
faces� are excited and we describe the influence of the slab
thickness on the emission probability. As the sample is tilted
away from normal incidence, changes in p-polarized modes
are explained. Also, peaks associated with s-polarized modes
�electric field parallel to the slab surfaces�, which are com-
pletely absent at normal incidence, are found to contribute
substantially to the experimental spectra. When the tilt angle
exceeds a threshold defined by the Cherenkov emission
angle and the condition for total internal reflection, some
radiation escapes the silicon slab resulting in a modification
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of the loss signal. Finally, we consider the emission of
guided modes by electrons with a trajectory running parallel
to a Si /SiO2 interface. For an electron trajectory located in
SiO2, clear evidence of delocalized excitation of guided
modes in Si is presented, and for an electron trajectory lo-
cated in Si, an interference pattern is observed for the loss
probability as a function of the distance from the interface.

II. EXPERIMENTS AND THEORY

Experiments were carried out with a monochromated FEI
Tecnai F20-ST FEG-TEM equipped with a Gatan Tridiem
865ER imaging spectrometer. The full width at half maxi-
mum of the energy spread of the whole system �power sup-
ply, source spread, spectrometer, charge-coupled device
�CCD�� was measured to be �120 meV at 0.5 s acquisition
time, and �150 meV at 5 s acquisition time due to small
instabilities in the high tension power supply. The use of a
monochromator is essential not only in improving the energy
resolution but also in giving access to the low-energy range
�visible/near-infrared domain� by reducing the contributions
from the tail of the zero-loss peak �ZLP�. The spatial reso-
lution corresponding to the width of the electron probe is
evaluated to be between 2 and 4 nm. In order to increase the
dynamic range and to prevent blooming of the CCD, an
energy-selecting slit was used to block part of the intense
ZLP. To increase the signal-to-noise ratio, several spectra
were acquired under the same conditions and then aligned
and summed �typically five to ten spectra with an acquisition
time of 2–5 s�. EELS experiments were performed in a scan-
ning transmission electron miscroscope �STEM� with a con-
vergence and acceptance semiangle of 7.5 and 6 mrad, re-
spectively. TEM specimens were prepared by mechanical
polishing along the �110� direction for the Si substrate, with
2° wedge angle. For the final polish, between 10 and 20 min
of ion milling was performed. For the study at normal inci-
dence, a slight tilt angle away from the �110� zone axis was
introduced to ensure no diffraction effects were present in the
EELS spectra.

To interpret the experimental spectra, a dielectric model
was implemented to simulate the loss spectra. The theory is
based on the Kroger’s formalism26 for the energy loss of
electrons going through dielectric slabs at various incidence
angles. In this model, Maxwell’s equations are solved in the
presence of a swift electron passing through non-magnetic
media. This approach therefore includes relativistic effects
such as the emission of Cherenkov and transition radiation.
The loss spectra presented in this paper were obtained by
integrating the loss intensity in momentum space on a plane
perpendicular to the electron trajectory in a region defined by
the EELS collection aperture. For normal incidence, the for-
malism reduces to the one presented by Kroger in an earlier
paper.20 Experimental results3,4,10 have previously been com-
pared to the model of Ref. 20. To account for possible oxi-
dation of the TEM samples, Si slabs with thin SiO2 layers on
both surfaces are simulated using the formalism developed
by Bolton and Chen27 for multilayered structures. Finally, for
the study of Cherenkov radiation emitted near a parallel in-
terface, the analysis is based on the theory derived by Garcia

Molina et al.28 for two semi-infinite media, and the results
are presented following the approach of García de Abajo et
al.19 Dielectric constants for Si and SiO2 were taken from
optical data tabulated in Ref. 29, and a small �10−4� imagi-
nary component was added in the band-gap region to ensure
convergence of the numerical integration.

III. RESULTS AND DISCUSSIONS

The emission of guided Cherenkov modes is analyzed for
three different geometries. First, for the case of an electron
beam traversing a silicon slab at normal incidence, spectral
features are assigned to symmetric and antisymmetric
p-polarized modes. Then, as the sample is tilted up to 65°,
changes in EELS spectra are discussed in terms of both
s-polarized and p-polarized modes, and by accounting for
Cherenkov radiation escaping the Si slab. Finally, an inter-
ference effect arising from a Si /SiO2 interface running par-
allel to the trajectory of the incident electrons is presented,
along with the possibility of delocalized excitation of guided
modes.

A. Normal Incidence

The sketch presented in Fig. 1�a� illustrates a simplified
ray diagram of Cherenkov radiation emitted in a silicon slab
at a characteristic angle �c. As can be seen on the diagram,
the Cherenkov angle corresponds to the incidence angle at
the slab surface, and if it exceeds the threshold �r for total
internal reflection, then the emitted light is expected to be
confined in the slab. For a silicon slab in vacuum, and 200
keV electrons, the Cherenkov angle is �c�67° �for 1.5 eV
radiation�, which is above the threshold for total internal re-
flection ��r�16°�, so coupling to waveguide modes is ex-
pected.

Two experimental spectra acquired in slabs of crystalline
Si are displayed in Fig. 1�b�. These spectra were acquired on
the same wedged sample, but at two different thicknesses.
Since the wedge angle was only 2°, its effect can be ne-
glected and the results are treated as two separate Si slabs.
Below the direct electronic transition at 3.4 eV, strong fea-
tures associated with radiative losses appear in the spectra.
In this energy range the Cherenkov condition is satisfied
�v�c /n, where for 200 keV electrons v=0.69c�. At very low
energies, contributions from the ZLP tails are observed in
both experimental spectra. For the thicker slab, some fea-
tures are visible even below the indirect Si gap onset at 1.1
eV. For the thinner slab low-energy modes, which have
higher wavelengths, are not supported, and the first main
peak is observed at higher energy.

Simulation results based on Kroger’s formalism26 are pre-
sented in Fig. 1�b� and are found to accurately reproduce the
observed spectra below 6 eV. To account for possible oxida-
tion at sample surfaces, which affect the spectra at higher
energies, a model with two SiO2 layers �2 nm� at each sur-
face was considered. For this layered structure, the model
derived by Bolton and Chen27 was implemented and the re-
sults are displayed as dotted lines in Fig. 1�b�. Three main
conclusions can be reached with this approach: the guided
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modes are not affected by the presence of surface oxide lay-
ers; a change in the interface plasmon energy and intensity
produces a strong feature at 8.5 eV and a weak contribution
from the excitons in SiO2 appears in the spectra at 10.5 eV
just above the expected SiO2 band-gap energy. All three pre-
dictions are confirmed experimentally.

To understand the origin of the observed radiative fea-
tures, Figs. 1�c� and 1�d� present calculated loss images for
the two slab thicknesses of 315 and 110 nm. These maps
display the loss probability as a function of the energy �ver-
tical axis� and the scattering vector k� parallel to the slab’s
surface �horizontal axis�, which relates directly to the scat-
tering angle of the incident electrons. The contrast on the
maps is reversed and positive contributions to the loss spec-
tra correspond to black areas. Only scattering angles much
lower than the collection angle defined by the EELS aperture

are presented, and no oxide layers were introduced. Two dis-
tinct areas in the images are delimited by the light cone,
corresponding to the dispersion of photons in vacuum �� /k
=c�, where �� is the energy loss and k is the scattering
vector. Contributions along the cone’s edge originate from
surface plasmons that display a strong dispersion in that
range of scattering angles. Excitations contained inside the
light cone �k�� /c� are associated in part with transition
radiation, which propagates outside the sample. This emis-
sion is found not to produce strong features in loss spectra.
Individual waveguide modes appear clearly outside the light
cone. If a medium had a refractive index that did not vary
with energy, the waveguide modes would converge towards
the medium’s light cone �� /k=c /n�. However, in silicon,
these modes are found to attenuate and disperse strongly near
the direct interband transition at 3.4 eV �horizontal dotted
line� and they start broadening above the Si indirect gap at
1.1 eV due to absorption.

At normal incidence, only p-polarized modes are excited.
The lowest energy mode, in both Figs. 1�c� and 1�d�, corre-
sponds to an antisymmetric mode �i.e., the �yz� component of
the electric field is antisymmetric about a plane cutting
through the middle of the slab, see definition in Ref. 27�. The
first antisymmetric modes do not have a frequency threshold.
All other modes have a threshold located on the edge of the
light cone. The first peaks observed in the experimental spec-
tra �labeled 1 and 2 in Fig. 1�b�� are located at energy
slightly higher than the thresholds for the first symmetric
modes. The broad shoulder preceding these peaks originates
from the first antisymmetric modes. For a thicker slab,
thresholds shift to lower energies, resulting in higher number
of modes observed in the spectra, and a shift of the first peak
to lower energy loss.

B. Oblique Incidence

As the slab is tilted with respect to the electron trajectory,
the angle between the emitted radiation and the slab surface
will vary �Fig. 2�a��. In such a configuration, the guided
modes will be different for propagation along the positive
and negative ky directions, as well as in the kz directions. A
reanalysis of the experimental loss spectra is needed to ac-
count for this break in symmetry.

Figures 2�b� and 2�c� presents two sets of experimental
�top� and modeled �bottom� spectra for three tilt angles. The
slab thicknesses are �b� 115 and �c� 200 nm. The observed
increase in intensity for higher incidence angle can be ex-
plained by the longer path traveled by the electrons in sili-
con. This trend along with the general change in the shape of
the spectra is well reproduced by the theory. However, sev-
eral strong peaks predicted by the model appear damped in
the experimental spectra, especially when the sample is tilted
at 65°. To explain these results, a separate look at the modes
propagating along ky and kz will be presented. For the fol-
lowing analysis based on the dielectric model, the loss maps
are displayed along the �yz� plane parallel to the slab sur-
faces, whereas the spectra were obtained by integrating the
loss signal in the detector plane �y� ,z�� whose normal is the
incident electron’s trajectory.

FIG. 1. �a� Simplified schematic representation of Cherenkov
emission in a silicon slab. �b� Experimental and modeled spectra for
silicon slabs with thicknesses of 315 and 100 nm. Simulated maps
displaying the loss probability as a function of the energy �vertical
axis� and the scattering vector �horizontal axis� are shown for thick-
nesses of �c� 315 and �d� 110 nm. On the maps, positive contribu-
tions appear dark.
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All modes propagating along ky are found to be p polar-
ized. Loss maps for a slab thickness of 200 nm, shown in
Fig. 3 for �a� 0°, �b� 40°, and �c� 65°, reveal that the disper-
sion of the ky modes remains the same, but the intensity
along each line varies. As expected, the maps also display an
asymmetry along the positive and negative direction, where a
higher loss signal is obtained for the positive direction, in
particular, for the interface plasmon �intensity close to the
light cone�. From the ray diagram of Fig. 2�a�, it is expected
that the condition for total internal reflection will no longer
be satisfied in the negative direction for tilt angles higher
than �50°. At 65°, the loss image of Fig. 3�c� clearly shows
a strong Cherenkov contribution inside the light cone, indi-
cating that some radiation is no longer confined and escape
the slab.

Along the tilting axis �kz�, loss images are symmetrical
along the positive and negative directions. When the sample
is tilted, and the electrons arrive at oblique incidence,
s-polarized modes will be emitted along kz. Figure 4�a� pre-
sents a loss image along kz for a 200-nm-thick silicon slab
tilted at 65°. In contrast to Fig. 3�c�, a higher number of
modes is observed since both s- and p-polarized modes are
present. In the Kroger’s dielectric model, the local approxi-
mation allows for the separation of the loss signal into two
terms: the first being the bulk term, and the second the so-
called surface term that takes into account the boundary con-
ditions. By displaying the surface term for both s- and
p-polarized modes separately, as in Figs. 4�b� and 4�c�, each
mode can be directly assigned to a polarization. Moreover,
from the surface dispersion relations obtained from Kroger’s
model, the lowest energy s-polarized mode is identified as
symmetric, whereas the lowest energy p-polarized mode is
identified as anti-symmetric. The white lines appearing in

Figs. 4�b� and 4�c� are negative contributions to cancel the
Cherenkov contribution in the bulk component of the equa-
tion �see Ref. 26�. Also, interface plasmon-polariton modes
are p polarized, and this explains why the contour of the light
cone is not as well defined in the s-polarized loss image. For
65°, as demonstrated in Fig. 4, s-polarized modes dominate
along the kz direction and are also found to contribute at
lower energies.

By applying the concepts discussed above, various contri-
butions to the experimental loss spectra can be decoupled.
Figure 5 displays a comparison between the �A� experimen-
tal and �B� the modeled spectra for slab thicknesses of �a�
115 and �b� 200 nm, and for an incidence angle of 65°.
Integrating the s- and p-polarized surface terms separately
�C� indicates that the total s-polarized contribution is non-
negligible for high tilt angles and affects the shape of the loss
spectra. Furthermore, the s-polarized signal is especially high
at energies below �0.5 eV, a region difficult to study ex-
perimentally due to the presence of the ZLP tail. An evalua-
tion of the contribution of light escaping the Si slab can be
obtained by integrating the loss signal inside the light cone
�D�. With this approach, several prominent peaks are identi-
fied. These features are damped in the experimental spectra,
especially the peaks at 2.5 eV in �a� and 1.7 eV in �b�. Some
factors neglected in the dielectric model, such as the wedge
angle of the specimen or the electron beam convergence
angle could possibly explain such discrepancies. Overall, the
agreement between the theory and the experiment is suffi-
cient to allow for the various contributions to be identified.

C. Parallel Incidence near a Si ÕSiO2 interface

For an electron traversing a Si slab near a parallel inter-
face with a SiO2 medium, as sketched in Fig. 6�a�, the guided

FIG. 2. �a� Simplified schematic representation of Cherenkov emission in a silicon slab tilted with respect to the electron trajectory.
Experimental �top� and modeled �bottom� spectra for silicon slabs with thicknesses of �b� 115 and �c� 200 nm and for tilt angles of 0°, 40°,
and 65°.
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modes emitted will be affected by an extra boundary condi-
tion. Figure 6�b� displays a series of spectra acquired in Si
with a sub-4 nm probe at various distance from the interface
with a thick �500 nm� SiO2 film. The thickness of the Si slab
in this case is 280 nm. As the impact parameter y0 decreases,
the intensity maximum in the spectra shifts to higher energy
loss, indicating that the modes with longer wavelengths are
partially suppressed. For an impact parameter comparable to
or greater than the slab thickness, loss spectra are close to
what is expected in the absence of a Si /SiO2 interface.

To better display the expected interference effects, experi-
mental loss functions are displayed in Fig. 7�a� in the same
way as the calculations shown in Fig. 1 of Ref. 19. The
horizontal axis Q�y0 is a dimensionless product of the im-
pact parameter y0 and the momentum Q� for the light per-
pendicular to the trajectory. Q� is given by �� /c���−c2 /v2,
where �� corresponds to the energy loss and � is the energy
dependant dielectric constant taken from optical data.29 For
Fig. 7�a�, the imaginary part of the dielectric constant was
neglected, and only the section between 0.65 and 3.3 eV of
the experimental loss spectra was considered. With a Q�y0
scaling, multiple spectra can be displayed on the same graph.
In this case, spectra acquired at impact parameters between

40 and 125 nm �shown in Fig. 6� are all included in Fig. 7�a�.
The loss probability �the vertical axis� was normalized with a
spectrum acquired at y0=253 nm, which is essentially a
spectrum acquired in the absence of a Si /SiO2 interface.

From a relativistic model developed by Garcia Molina et
al.28 for two semi-infinite media, a clear oscillating pattern
with diminishing amplitude is expected �Fig. 7�b��, as previ-
ously discussed by García de Abajo et al.19 This behavior is
partially reproduced in the experimental results. At low
Q�y0, disagreements between experimental and theoretical
results arise from contribution of the ZLP tail, which was not
included in the model. On the experimental curves, three
maxima fall near the predicted Q�y0 values; however, the
amplitudes of the oscillations differ from the ones predicted
by the model. A model that includes the finite slab thickness
would be required for a more thorough analysis. Qualita-
tively, the oscillating behavior can also be observed directly
on the series of spectra in Fig. 6. For instance, the peak at
�2.4 eV is found to increase and then decrease in intensity
as the electron probe moves away from the Si /SiO2 inter-
face.

Finally, we consider a beam traveling in SiO2 close to Si.
Figure 8 compares two spectra taken in SiO2 at 5 and 16 nm
from the interface with a spectrum acquired in Si at 50 nm
from the interface. In this case, the slab was thinner �145 nm�
in order to get a better signal to noise ratio. When the elec-
tron probe is in SiO2, the exciton transition above the band-
gap onset �9.9 eV� is clearly visible. Below this onset, a low
emission probability of Cherenkov radiation in SiO2 is pre-
dicted, but it does not lead to strong peaks in the spectra.
Also, the Si /SiO2 interface plasmon produces a broad feature
around 8.5 eV that displays a redshift when the probe ap-
proaches the interface, as previously observed for a similar

FIG. 3. Simulated maps displaying the loss probability as a
function of the energy �vertical axis� and the scattering vector along
the y direction �horizontal axis� for an incidence angle of �a� 0°, �b�
40°, and �c� 65°. The breaking of cylindrical symmetry as a result
of tilting results in an inequivalence between +ky and −ky. The slab
thickness is 200 nm.

FIG. 4. �a� A simulated map displaying the loss probability as a
function of the energy �vertical axis� and the scattering vector along
the z direction �horizontal axis� for an incidence angle of 65° and
for a slab thickness of 200 nm. The surface terms for �b� s-polarized
and �c� p-polarized modes are shown separately.
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system.30 Interband transitions associated with the silicon
slab, in particular, the direct transition above 3.4 eV, also
appears even when the probe is in the SiO2 region. Such
delocalized valence excitations can dominate loss spectra
when probing nanometer scale layers.31 Below 3.4 eV, wave-
guide features are observed at the same energies found when
the probe is located in Si. This demonstrates that Cherenkov
radiation in a waveguide can also be excited by the passage
of an electron in proximity, but outside of the medium. For
delocalized excitations of guided modes, the loss signal de-
creases exponentially with the energy, reflecting the fact that
higher-energy excitations are more localized.32

IV. SUMMARY

Boundary effects on Cherenkov radiation were studied
with relativistic electrons incident on Si slabs at perpendicu-
lar and oblique incidence. The interpretation of monochro-
mated electron energy-loss spectra acquired in a scanning
transmission electron microscope with a sub-4 nm probe was

based on a comparison with a local relativistic dielectric
model. When the beam trajectory is perpendicular to the slab
surface, p-polarized waveguide modes confined in Si are ex-
cited, producing well-defined features in loss spectra. The
first peak appears at an energy slightly higher than the
threshold for the first symmetric mode, and it follows a broad
spectral feature at lower energy attributed to the first anti-
symmetric mode. As the slab thickness decreases, modes
with higher wavelengths are suppressed, resulting in a lower
number of modes being excited and a blueshift of the first
peak.

Electrons traversing Si slabs at oblique incidence also
couple to s-polarized modes, which are completely absent for
the case of normal incidence. These modes propagate prima-
rily along the direction of the tilt axis. In this configuration,
new p-polarized modes are also excited. When the tilt angle
exceeds a threshold set by the condition for total internal
reflection, some Cherenkov radiation is no longer confined in
the slab. Contributions from Cherenkov radiation escaping
the Si slab were found to be significantly less intense than
predicted, possibly due to the nonideal experimental geom-

FIG. 5. �A� Experimental and �B� modeled loss spectra for an
incident angle of 65° and for slab thicknesses of �a� 115 and �b� 200
nm. The integrated s and p polarized surface terms are shown sepa-
rately �C�, together with the integrated loss probabilities inside the
light cone �D�. For clarity, the D curves have been shifted down-
ward vertically, and their zero intensity corresponds to the position
of the energy-loss axes.

FIG. 6. �a� Simplified schematic representation of Cherenkov
emission in a silicon slab in the presence of a nearby Si /SiO2 in-
terface. �b� A series of experimental spectra acquired at normal
incidence in a 280 nm thick silicon slab at various distances y0 from
a parallel Si /SiO2 interface. The SiO2 layer thickness is around 500
nm.
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etry. Based on a comparison with a local dielectric model,
the polarization and the symmetry of the modes associated
with the observed spectral features were identified.

Finally, we considered the influence of a single Si /SiO2
interface running parallel to the electron trajectory on the
emission probability of guided modes in Si. When the elec-
trons go through the Si slab, a partial suppression of the
modes with longer wavelengths is observed as the electron
probe approaches the Si /SiO2 interface. An interference ef-
fect on the Cherenkov emission was identified as the source
of the observed variations. For the case of an electron beam
travelling in SiO2, close to but outside the Si slab, experi-

mental results show that a delocalized excitation of guided
radiation still occurs.

In summary, the position and the incidence angle of the
electron trajectory strongly affect the emission probability of
guided Cherenkov radiation. As demonstrated here, mono-
chromated electron microscopes allow for the investigation
of radiative losses in a domain extending beyond the ultra-
violet, covering the whole visible range and part of the near
infrared. As previously derived from a dielectric theory,25

electron energy-loss spectroscopy is related to the local pho-
tonic density of states. Thus, a combination of high spatial
and energy resolution in electron energy-loss spectroscopy
points to the possibility of probing optical modes over a
broad spectral domain on the nanometer scale.
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