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Cherenkov Effect as a Probe of Photonic Nanostructures
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Electron energy-loss spectroscopy (EELS) is shown to be an excellent source of information both on
photonic crystal bands and on radiation modes of complex nanostructures. Good agreement is reported
between measurements and parameter-free calculations of EELS in porous alumina films, where
Cherenkov radiation is scattered by the pores to yield a strong 8.3-eV (7-eV) feature for 120-keV
(200-keV) electrons. The latter is related to the bands of two-dimensional photonic crystals formed by
air cylinders in an alumina matrix with similar near-range ordering. Finally, the band structure is
proved to be directly mapped by angle-resolved EELS.
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Electron energy-loss spectroscopy (EELS) has been
routinely used to determine optical properties of bulk
materials and small particles [1,2]. This is usually per-
formed in electron microscopes, where fast electrons
(20-300 keV) are energy analyzed after they traverse
the sample. Energy losses are generally associated to
creation of excitations in the target, although coupling
to radiation modes can also lead to substantial effects.
In particular, Cherenkov radiation (CR) losses arise
when the electron velocity exceeds the speed of light
in a transparent medium [3]. Furthermore, induced
charges and currents near inhomogeneous systems are
necessarily subject to acceleration, so that they give rise
to radiative losses as well, as in the Smith-Purcell effect
[4]. In periodically structured materials, CR can be emit-
ted by subluminal electrons assisted by momentum trans-
fer from the lattice and phonon creation [5], and in the
related context of photonic crystals, the possibility of
complicated Cherenkov light patterns has been recently
reported [6].

In this Letter, the ability of EELS to probe radiation
modes in complex nanostructures is demonstrated using
120-keV (200-keV) electrons on porous alumina. A
prominent loss peak in the poorly absorbing region at
=~ 8.3 eV (= 7 eV) is successfully explained in terms of
coupling to confined CR modes. This feature is then
connected to the band structure of two-dimensional
(2D) photonic crystals formed by infinitely long cylin-
drical holes drilled in alumina, for which the loss spectra
are shown to follow the main features of the photonic
density of states (DOS). Further details of the bands are
proved to be retrievable by resolving momentum transfers
perpendicular to the electron trajectory.

Porous alumina films were prepared by Al anodization
[7]. A typical sample is shown in Fig. 1(a). Using a scan-
ning transmission electron microscope (STEM) with a
field-emission source at 200-keV nominal energy, a 2-nm
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electron beam was transmitted through one of the pores
with three different impact parameters [Fig. 1(b)] for
which loss spectra were collected separately, as shown
in Fig. 1(c) (symbols). Further details on sample prepa-
ration and data acquisition will be given elsewhere [8]. All
three spectra exhibit a feature near 7 eV that is partially
shadowed by higher-energy, surface plasmon losses as
the beam approaches the pore walls. This peak lies in a
region where alumina is almost nonabsorbing (e =
3.76 + 0.03i) for the sample dimensions under consider-
ation, and, therefore, it must originate in the coupling of
sample radiation modes to these nondestructive aloof
trajectories that do not touch the material.

A theoretical discussion of this feature is offered in
Fig. 2(a) for axial trajectories of 200-keV electrons in a
pore surrounded by different structures. Loss spectra
have been calculated from the retarding force exerted
on the electron by its induced electric field, which is in
turn obtained from Maxwell’s equations by means of the
boundary element method for arbitrarily shaped objects
[9]. The frequency-dependent dielectric function of alu-
mina has been taken from optical data [1]. The isolated
pore (dashed curve) produces a featureless spectrum due
to CR that leaks away from the pore. In a naive picture,
the effect of neighboring pores is contained to some
extent in a cylindrical shell with outer radius equal to
the average interpore separation =~ 90 nm (dash-dotted
curve). This leads to a peak near 7 eV as observed experi-
mentally, corresponding to guided modes of CR that
bounces back and forth between the inner and outer walls
of the shell. A more realistic description consisting of
seven pores with an arrangement that mimics the one of
the sample shown in Fig. 1(a) gives rise to similar results,
confirming the mechanism of guided Cherenkov modes
[solid curve in Fig. 2(a)]. A quantitative comparison with
experiment has been carried out by convoluting the re-
sults from this latter model with the measured zero-loss
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FIG. 1 (color). (a) STEM image of a 1.4-um thick porous
alumina film showing the size and distribution of its pores,
which run perpendicular to the film surfaces. (b) Schematic
view of three different electron trajectories that cross the film
through one of the pores. (c) Measured electron energy-loss
spectra (EELS) for 200-keV electrons following the trajectories
A-B-C considered in (b) (symbols), as compared with the
present theory (curves). Results for 120-keV electrons under
axial trajectory are also shown (curve and symbols labeled A').
The calculated probability has been normalized such that the
area under each curve is 1 a.u. and the heights of the experi-
mental zero-loss peaks have been made equal to the theoretical
ones. The theory has been convoluted with a measured 0.86-eV
FWHM elastic peak. The probability for spectra A and A’ has
been multiplied by factors 3 and 8, respectively, to improve
readability.

peak and by integrating along the electron trajectory to
allow for multiple losses [solid curves in Fig. 1(c)]. The
agreement obtained without further adjustable parame-
ters is excellent, especially if one realizes that absolute
units are used in the vertical scale.

When more holes are considered, the loss spectra ex-
hibit finer structures that converge eventually to the case
of an infinite 2D crystal of triangular lattice, as shown in
Fig. 2(b). However, these details cannot be resolved with
the = 1-eV energy resolution of our experiment, and,
furthermore, the lack of long-range order in our sample
is not expected to be well represented by an ordered
crystal. However, confined CR appears to emerge as
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FIG. 2 (color). (a) Calculated EELS probability per unit
length for 200-keV electrons moving along the axis of a pore
drilled in alumina when the pore is isolated (dashed curve),
surrounded by six other pores (solid curve), or inside an
alumina shell (dash-dotted curve). (b) Same as (a) for a pore
surrounded by 6 pores (dashed curve), 12 pores (dash-dotted
curve), 18 pores (thin solid curve), or and an infinite number of
pores (thick solid curve), as shown in the insets. The pores are
58 nm in diameter and they are arranged in a triangular lattice
with nearest-neighbor distance equal to 90 nm in all cases. The
outer radius of the shell in (a) is 90 nm.

pronounced structures near the 7-eV region in all cases.
Incidentally, the loss probability converges to the same
value in the low-energy-loss limit for all finite geometries
under discussion, which is an indication that CR cannot
resolve finite pore structures in the long-wavelength limit.
The infinite crystal, however, leads to a strong attenuation
of Cherenkov losses in this region, which is consistent
with the fact that lower energy losses require a larger
number of cylinders to converge (i.e., they respond to a
longer range of interaction).

Calculations for localized beams in infinite crystals
have been carried out within a 2D version of the
Korringa-Kohn-Rostoker multiple-scattering method
[10]. However, band structure information has been de-
rived from plane-wave expansion methods [11], which
have also proved to be more convenient to simulate loss
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FIG. 3 (color). (a) Photonic DOS of a 2D crystal of cylindri-
cal air holes drilled in alumina as a function of photon
frequency w and momentum component parallel to the cylin-
ders, g. The crystal parameters are shown in the inset.
(b) Calculated EELS probability for 200-keV electrons (v =
0.7¢) moving along the axis of one of the pores in this crystal
(red curve), as compared to the DOS along the w = gv line
[blue curve, taken from (a)].

probabilities in broad beams (see below), for which the
average over all possible electron impact parameters has
to be performed [12].
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It should be noted that fast electrons moving with
velocity v along the cylinders (z direction) can be de-
scribed by pointlike sources with space-time dependence
8(z — vt) = Y expliqz — iqut), which permits estab-
lishing a relation between the frequency w and the z
component of the momentum of the excited radiation
allowed by the probe, ¢, namely, v = gv.

Further insight into the infinite crystal can be gained
from the DOS, which is plotted in Fig. 3 as a function of
photon energy @ and parallel momentum ¢g. The kine-
matical constraint @ = qv [red line in Fig. 3(a) for 200-
keV electrons, that is, v = 0.7c¢] allows sampling regions
of the (g, w) plane below the light cone in vacuum (green
line) that are not easily accessible using external light.
The features of the DOS along w = gv [shaded area in
Fig. 3(b)] are reflected in the loss spectrum (red curve),
although the similarity is not complete. When lower
electron energies are considered, the intersection between
the w = quv line [e.g., the dashed line of Fig. 3(a) for 120-
keV electrons, that is, v = 0.59¢] and the maxima of the
DOS occurs at higher photon energies, and this explains
the behavior observed in the measured loss spectrum for
the axial trajectory using 120-keV electrons [symbols
labeled A’ in Fig. 1(c)], which shows a prominent 8.3-eV
feature that is well reproduced by our theory [curve
labeled A’ in Fig. 1(c)].

A more detailed examination of the relation between
EELS and photonic band structures is illustrated in Figs. 4
and 5 for a triangular 2D crystal of air holes drilled in Si
(e =11.9) with a diameter to lattice constant ratio
D/a = 0.8. Photonic bands are shown in Fig. 4(a) over
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(a) Photonic band structure of a triangular 2D crystal of cylindrical air holes drilled in Si (¢ = 11.9) for a diameter

to lattice constant ratio D/a = 0.8. Only the four lowest bands are shown for the sake of clarity. (b) Intersection of these bands with
the w = qv plane for v = 0.7¢ (blue curves). The underlying density plot (in log scale) shows the calculated EELS probability
averaged over electron impact parameters, P(Q, ), and resolved in both photon frequency w and momentum transfer perpen-
dicular to the cylinders axes, Q. (c) DOS along @ = qv (shaded area) as compared with calculated loss spectra for an axial electron
trajectory (broken curve) and for the average over impact parameters (red solid curve).
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FIG. 5 (color). Photonic band structure (blue curves) com-
pared with the EELS probability P(Q, ) (density plot) under
the same conditions as in Fig. 4. Each hexagon represents the
first Brillouin zone for a given value of w, as shown by labels.

a wide range of g’s. The intersection with the w = qv
plane (in yellow) is represented in Fig. 4(b) (blue curves)
as compared with the EELS probability for a broad elec-
tron beam, P(Q, w), resolved in lost energy @ and mo-
mentum transfer perpendicular to the trajectory, Q
(density plot). P(Q, w) stands for the probability that
the electron loses energy w while it acquires a momentum
Q perpendicular to its velocity, which manifests itself as
a deflection of the electron trajectory after scattering.
P(Q, ) can be measured from the angular distribution
of electrons passing through the crystal for selected en-
ergy losses, as it has been done in the past for electrons
transmitted through thin films [13]. A different sampling
of the band structure is offered in Fig. 5, where each
hexagon represents the first Brillouin zone for fixed values
of w. Most of the bands (blue curves) are reproduced by
the maxima of P(Q, w) in these figures (red regions),
except for the second lowest band, which goes largely
unnoticed by the electrons, since it has a dominant H-
polarization character [11] that is orthogonal to the elec-
tric field of the probe [12].

The projection of the DOS on w = qv is compared
with the loss probability in Fig. 4(c). Some of the features
of the DOS (shaded area) are reproduced by loss spectra
both for localized trajectories (dashed curve) and for
broad beams (red solid curve), including gaps in the
projected DOS, which show up as dips in the EELS
probability, indicating that no radiation modes are avail-
able to be excited. Moreover, peak A originates in con-

143902-4

tributions from the third band near M points [see
Fig. 4(b)], and it lies on top of a maximum in the DOS,
unlike peak B for the axial trajectory, which occurs near a
sudden change in the DOS. Actually, peak B comes from
coupling to regions around K points where the fourth
band is nearly flat, according to Fig. 4(b). This is also
seen in Fig. 5 for wa/27c¢ = 0.41. Indeed, peaks A and B
originate in saddle points of the 2D bands, which give rise
to logarithmic Van Hove singularities in the DOS [14]
(transmitted to the loss spectra, since the electrons can
couple to a larger number of photonic modes around these
frequencies), whereas the discontinuities in the DOS,
which show up as sudden changes in the loss probability,
arise from maxima and minima in these bands.

In conclusion, we have shown that fast electrons can be
used for directly probing photonic crystal band struc-
tures. Our hope is that the excellent agreement obtained
between theory and experiment for porous alumina and
the reported mapping of photonic bands by momentum-
resolved Cherenkov losses can stimulate further experi-
mental work on EELS as a tool for investigating photonic
crystals.
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