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Andrea Konečná,1 Kartik Venkatraman,2 Katia March,3 Peter A.

Crozier,2 Rainer Hillenbrand,4 Peter Rez,5 and Javier Aizpurua1, 6

1Materials Physics Center, CSIC-UPV/EHU, 20018 Donostia-San Sebastián, Spain
2School for Engineering of Matter, Transport and Energy,

Arizona State University, Tempe, Arizona, USA
3LeRoy Eyring Center for Solid State Science, Arizona State University, Tempe, Arizona, USA

4IKERBASQUE, Basque Foundation for Science, 48013 Bilbao, Spain
CIC NanoGUNE and UPV/EHU, 20018 Donostia-San Sebastin, Spain

5Department of Physics, Arizona State University, Tempe, Arizona, USA
6Donostia International Physics Center DIPC, 20018 Donostia-San Sebastián, Spain∗

(Dated: October 24, 2018)

Specially designed instrumentation for electron energy loss spectroscopy (EELS) in a scanning
transmission electron microscope (STEM) makes it possible to probe very low-loss excitations in
matter with a focused electron beam. Here we study the nanoscale interaction of fast electrons with
optical phonon modes in silica. In particular we analyze the spatial dependence of EEL spectra in
two geometrical arrangements: a free-standing truncated slab of silica and a slab with a junction
between silica and silicon. In both cases, we identify different loss channels, involving polaritonic and
non-polaritonic contributions to the total electron energy loss, and obtain the corresponding energy-
filtered maps. Furthermore, we present a comparison of the theoretical simulations for a silica-silicon
junction with experimental results, and discuss the spatial resolution attainable from the energy-
filtered map considering optical phonon excitations in a conventional experimental arrangement.

PACS numbers:

I. INTRODUCTION

Recent instrumentation advances in electron energy
loss spectroscopy (EELS) in the scanning transmission
electron microscope (STEM)1 have made it possible to
record energy losses in the infrared (IR) energy range.2

These developments have stimulated both experimen-
tal and theoretical investigations of the vibrational re-
sponse of various organic3–5 and inorganic6–10 com-
pounds probed locally by a tightly focused electron beam.

Despite the high spatial resolution that is routinely
achieved in STEM imaging11 as well as in core-loss
EELS,12 the information in low-loss EEL spectra is usu-
ally collected from an area significantly beyond the beam
focus, i.e. the beam interacts via the electromagnetic
(EM) field with sample areas that are far away from the
actual beam position.13,14 Unless direct impact scatter-
ing (when the beam can interact with both optical and
acoustic lattice vibrations7,15,16) takes place, most of the
EEL vibrational signal arises purely from the excitation
of optical phonons. The energy-filtered EEL signal cor-
responding to optical phonon losses enables us to achieve
(sub)nanometric spatial resolution only if electrons scat-
tered through significant angles are collected.6,17–20 Oth-
erwise, the spatial resolution in EEL related to the excita-
tion of dipole-carrying optical phonon modes is typically
tens of nanometers,2,8,21 given by the spatial decay of the
EM field accompanying the fast electron and the EM field
induced in the sample. On the other hand, the spatial
extent of the near-field beam-sample interaction is useful
for recording EEL spectra in ”aloof” geometry, with the
electron probe outside the sample. In such an arrange-
ment, one can avoid radiation damage caused by direct

electron beam penetration, which is especially crucial for
organic and other radiation sensitive samples.3,10,22,23

The long-range interaction contributing to the EEL
signal can be even more pronounced, when the beam
interacts with samples supporting collective polari-
tonic excitations, such as plasmons or optical phonons
strongly coupled with electromagnetic waves (volume
and surface plasmon polaritons and phonon polari-
tons, respectively24,25). Analogously to EELS studies
of plasmon polariton excitations in the visible spectral
range,26–30 spatially-resolved EELS characterization of
propagating8 or localized7 phonon polaritons has been re-
cently performed in the IR spectral range, showing a slow
spatial intensity decay of polaritonic losses as a function
of the electron beam distance to the sample. Moreover,
similarly to plasmon polaritons, the energy and the elec-
tromagnetic near-field associated with phonon polariton
excitations strongly depend on the geometry of the sam-
ple and on the electron beam position. First experimen-
tal and theoretical studies on phonon polaritons showed
that it is usually necessary to perform numerical calcu-
lations or develop analytical models in order to fully un-
derstand EEL spectral features, as well as the spatial
dependence of the signal.7,8,31,32

In this paper, we calculate the spatial dependence of
EEL spectra for an electron beam scanned across a trun-
cated slab and a slab with a junction between two mate-
rials. We focus on a truncated thin slab of silica (SiO2),
and in particular on emergence of both polaritonic and
non-polaritonic optical phonon excitations in the region
between 90 and 160 meV. Then we analyze the EEL
spectra at a silica-silicon interface. Such geometrical ar-
rangements are very common in experimental situations
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and represent benchmarks to test the spatial resolution
of energy-filtered EELS. Furthermore, thin oxide layers
grown on silicon substrates33 are of high interest in the
semiconductor industry and in particular, amorphous sil-
ica is often exploited as an insulating material in elec-
tronic nanodevices due to its high dielectric strength.34,35

Spatial characterization of the vibrational response to-
gether with high-resolution imaging using STEM-EELS
could help better understand heat dissipation in such
nanostructures.

In our calculations, we adopt a theoretical framework
based on the linear dielectric response, successfully ap-
plied in the analysis of valence EELS.36,37 We note that
this theoretical approach works in the regime of low-
momentum scattering and disregards the possibility of
acoustic mode excitation. We first present analytical
models to descibe an infinite interface and an extended
thin slab which help to understand the results from nu-
merical simulations. We identify different types of losses
arising for both sample geometries and discuss the spatial
dependence of the energy-filtered linescans. Moreover,
for the silica-silicon junction, we demonstrate excellent
agreement between the simulated spectra and experimen-
tal data.21

II. CLASSICAL DIELECTRIC RESPONSE
THEORY

EELS of low-loss valence and vibrational excitations
can be modeled using classical electrodynamics where
the sample geometry and the local dielectric properties
ε(r, ω) determine the response of the system. The elec-
tron energy loss ∆E can be calculated as the work W
of the induced electromagnetic field Eind coming from
the beam-sample interaction against the fast moving
electron:13,26

∆E = −W = e

∫
dre ·Eind(re, t), (1)

where the work is integrated along the electron trajectory
re(t), e is the elementary charge and t stands for time.
If we neglect the electron beam recoil, which is well jus-
tified for fast electrons,38 we have re(t) = (b, 0, vt) for
an electron moving at speed v in the z direction. The
electron energy loss probability Γ(ω) of losing energy
~ω, which represents the EEL spectrum, is defined as
∆E =

∫∞
0

dω ~ω Γ(ω), yielding:13

Γ(ω, b) =
e

π~ω

∫ ∞
−∞

dzRe

{
Eind
z (re(t), ω) exp

(
− iωz

v

)}
.

(2)
Hence, to calculate the EEL probability, one needs

to know the z component of the induced electric field
along the electron trajectory. Maxwell’s equations can
be solved analytically for several simple geometrical ar-
rangements, including an electron moving in an infinite

medium,13 along infinite interfaces30,39 or penetrating
through infinite slabs.26,40–42 Although in more complex
geometries the solution has to be obtained numerically,
it is often possible to understand EEL spectral features
by considering limiting geometrical cases that are solved
analytically. For our geometry of interest, sketched in
Fig. 1(a), we will thus start from the solutions of the re-
sponse of an infinite interface [Fig. 1(b)] and an infinite
silica slab [Fig. 1(c)].
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FIG. 1. (a) Schematics of the considered geometry. The sam-
ple is a slab of thickness d infinite in the xy plane with a sharp
interface in the plane x = 0. We consider either a slab with a
silica-silicon interface or a semi-infinite silica slab surrounded
by vacuum. A 60-keV electron (v = 0.446c) is moving in the
positive z direction at the distance b from the silica-silicon or
silica-vacuum interface at x = 0. Negative values of b stand
for the beam inside silica. Considered limiting cases of (b) an
infinite interface geometry and (c) of an infinite silica slab.

A. Infinite interface geometry

If we for now disregard the presence of the slab top
and bottom surfaces, the situation would correspond to
the electron moving parallel to an infinite interface be-
tween two media as sketched in Fig. 1(b). For a beam
in a medium characterized by a local dielectric function
ε1(ω) passing at an impact parameter b from a neighbor-
ing medium characterized by a dielectric function ε2(ω),
the EEL probability Γinterface including retardation ef-
fects can be expressed as30
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Γinterface=
2de2

4π2ε0~v2

∫ qcy

0

dqy Im

−
1− ε1β2

ε1α1︸ ︷︷ ︸
bulk

+e−2α1|b|

×

1− ε1β2

ε1α1︸ ︷︷ ︸
Begr.

− 2

ε1α2 + ε2α1
+

2β2

α1 + α2︸ ︷︷ ︸
interface


 , (3)

where ε0 is the vacuum permittivity, β = v/c,
c is the speed of light in vacuum, α1/2 =√

(ω/v)2 + q2y − ε1/2ω2/c2 and ~qy is the y component

of the momentum. The integration above is performed
up to the cutoff qcy to prevent divergence of the integral

for qy →∞.43

The non-retarded version of Eq. (3), ΓNR
interface is ob-

tained by letting c→∞:

ΓNR
interface=

2de2

4π2ε0~v2
Im

−
ln(2qy,cv/ω)

ε1︸ ︷︷ ︸
bulk

+K0

(
2ωb

v

) 1

ε1︸︷︷︸
Begr.

− 2

ε1 + ε2︸ ︷︷ ︸
interface


 , (4)

where K0(x) stands for the zero-order modified Bessel
function of the second kind. The bulk losses were inte-
grated up to the momentum cutoff, assuming qcy � ω/v,
whereas the integrals of the remaining loss terms were
carried out up to qcy → ∞. We also implicitly consider
qcx →∞. We note that the classical description using the
local dielectric function is valid only for small scatter-
ing angles, where the qx,y wavenumbers are smaller than
the inverse of the atomic distances of the materials,40

which is in principle not fully fulfilled for both ΓNR
interface

and Γinterface. Nevertheless, we analyse here the EELS of
optical phonons whose dominant contribution is at low
momenta,8 thus justifying the expressions above. Only
if we aim at properly describing momentum-filtered ex-
periments or interaction with acoustic phonons, it would
be crucial to consider the dispersion of the sample’s re-
sponse and full description of the phononic density of
states.6,15,16,20,44

We discuss now the different loss contributions in
Eqs. (3) and (4). We denote the bulk loss as if the elec-
tron were travelling across an infinite medium charac-
terized by ε1(ω). Notice that the (non-retarded) bulk
loss function Im[−1/ε1] has a pole, if ε1(ωb) = 0. This
condition is satisfied for silica in the IR, as observed in
Fig. 2(a) where Re[εSiO2

] (blue line; also see the corre-
sponding label) is plotted with dielectric data obtained
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FIG. 2. (a) Real and imaginary part of the dielectric func-
tion of silica εSiO2 together with real part of the dielectric
function of silicon (imaginary part is four order of mag-
nitudes smaller and thus negligible). (b) Bulk loss func-
tion of silica Im[−1/εSiO2 ] (dashed black curve) with peak
energy at 154 meV, the silica-vacuum interface loss func-
tion Im[−1/(εSiO2 + 1)] peaking at 142 meV (solid blue
curve) and much weaker silica-silicon interface loss function
Im[−1/(εSiO2 + εSi)] with maximum at 134 meV (dashed-
dotted red curve).

from Ref.45. For energies above 132 meV, silica exhibits
a Si-O-Si asymmetric stretching mode with a large effec-
tive charge (dipole strength),46,47 which yields a negative
real part of the dielectric response in the shaded region,
where it enables excitation of surface phonon polaritons,
as in polar crystals.7,8,24 Re[εSiO2

] is negative almost up
to the bulk, longitudinal optical (LO), phonon mode en-
ergy ~ωSiO2,b = 154 meV, where we observe an intense
peak in the non-retarded bulk loss function Im[−1/εSiO2

],
shown by the dashed black curve in Fig. 2(b). Another
spectral feature appears due to the Si-O-Si symmetric
stretch at about 100 meV.46,47 However, the correspond-
ing effective charge is relatively small and there is no pole
of εSiO2

around this region (Re[εSiO2
] > 0). The symmet-

ric stretching mode thus contributes only weakly to the
bulk loss and does not promote polaritonic excitations.

The interface loss function Γinterface also contains the
so-called ”Begrenzungs-effekt” contribution, which is re-
sponsible for a reduction of the bulk losses. It has the
same functional dependence as the bulk loss except for
the negative sign and the prefactor that increases for
small impact parameters b. Therefore, for a close ap-
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proach of the electron to the interface, this contribu-
tion almost perfectly compensates for the bulk loss. The
”pure” interface losses will become dominant in such sit-
uation. In the non-retarded case, the pole of the in-
terface loss function Im[−1/(ε1 + ε2)] would be at an
energy, where ε1(ωs) + ε2(ωs) = 0. As Re[εSiO2 ] < 0
and |Re[εSiO2 ]| > Re[εVac] = 1, this condition is approxi-
mately fulfilled for the silica-vacuum interface (solid blue
curve in Fig. 2(b) peaking at ~ωSiO2/Vac,s = 142 meV).
The silica-vacuum interface thus supports the excitation
of surface phonon polaritons. This is not possible at the
silica-silicon interface because of the large and almost
constant real value of the dielectric function of silicon
in the spectral region of interest (plotted by the black
line in Fig. 2(a), data taken from Ref.48). As we have
|Re[εSiO2

]| < Re[εSi] ∼ 11.7, the silica-silicon interface
loss function Im[−1/(εSi + εSiO2

)] exhibits only a weak
non-resonant peak at 134 meV (dashed-dotted red curve
in Fig. 2(b) multiplied by factor of 10).

B. Infinite slab geometry

If we place the beam far from the interface at x = 0 in
Fig. 1(a), i.e. b→ ±∞, the geometrical arrangement will
be well described as if the beam were passing through a
slab infinite in the xy plane. Due to the possibility of
exciting surface phonon polaritons at the silica-vacuum
interface, we are particularly interested in such a calcula-
tion for the infinite silica slab as sketched in Fig. 1(c). In
the non-retarded approximation, the slab loss probabil-
ity can be expressed in a compact form (for the retarded
expressions, see Refs.40,42) as:

ΓNR
slab=

de2

4π2ε0~v2
Im

{
− 1

εSiO2

}
ln

(
Q2

cv
2 + ω2

ω2

)
︸ ︷︷ ︸

bulk

+
e2v2

ε0π2~

∫ Qc

0

dQ Im

{
Q2(εSiO2

− 1)2

(Q2v2 + ω2)2εSiO2

×

 sin2
(
ωd
v

)
εSiO2 + tanh(dQ)︸ ︷︷ ︸

sym.

+
cos2

(
ωd
v

)
εSiO2 + coth(dQ)︸ ︷︷ ︸

antisym.


︸ ︷︷ ︸

Begr.+coupled surf.

,(5)

where Q =
√
q2x + q2y is the wavenumber in the perpen-

dicular direction with respect to the electron trajectory
and ~Qc stands for the perpendicular momentum cutoff.
Unfortunately, for the complex dielectric function εSiO2

and an arbitrary slab thickness, it is not possible to solve
the integral in Eq. (5) in closed form and the integration
has to be performed numerically.

The loss probability (5) also contains several loss chan-
nels: the bulk loss probability, which would correspond
to the losses of the beam in an infinite medium (but now
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FIG. 3. (a,b) Integrands of Eq. (5) evaluated for a 60-keV elec-
tron beam passing through an infinite silica slab of thicknesses
10 nm and 100 nm, respectively. For better visualization,
magnitude of (a) was multiplied by 10. (c) The non-retarded
[full lines, according to Eq. (5)] and retarded (dashed lines)
loss probability divided by the slab thickness, evaluated for
d = 10/100/1000 nm as denoted in the plot. The momentum

cutoff used in the calculation is Qc = 0.27 Å
−1

.

integrated over the perpendicular momentum taking ac-
count of the cylindrical symmetry), and the remaining
loss term arising due to the presence of the top and bot-
tom slab surfaces. The latter will have strong effects on
the resulting spectra especially in the case of polaritonic
materials. For thin slabs, the bulk loss will be reduced by
the negative Begrenzungs contribution, and importantly,
the upper and bottom surfaces become electromagneti-
cally coupled, giving rise to symmetric and antisymmet-
ric coupled surface modes.49

We note that the integrand of Eq. (5) can be under-
stood as a dispersion of these modes, taking into ac-
count the coupling with the field of the fast electron.8

In particular, the fast electron excites efficiently the
charge-symmetric coupled surface modes [see the term
marked as ”sym.” in the last factor of Eq. (5)],31,50–52

whose electron-excitation weighted dispersion we observe
in Fig. 3(a,b). To see the dependence on the slab thick-
ness, we evaluate the integrand for a silica slab with
thickness d = 10 nm and d = 100 nm, respectively. No-
tice that the optimum of the coupling between the fast
electron and the slab modes shifts to higher energies for
thicker slabs, which can be seen from analysis of the last
line of Eq. (5). The surface coupling can be neglected
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for thick slabs (d & 300 nm for 60-keV electrons and sil-
ica), where the electron would excite independent surface
phonon polaritons (yielding the loss peak approximately
at energy given by the condition εSiO2

+1 = 0) at the top
and bottom slab surfaces. However, the surface loss for
very thick slabs will be overwhelmed by the bulk loss.

The calculated loss probability spectra for a silica slab
with different thicknesses are depicted in Fig. 3(c). We
compare the non-retarded calculation using Eq. (5) (full
lines) with the fully retarded solution (dashed lines) for
60-keV electron beam excitation. The retardation effects
in this case introduce only a small red-shift as expected
and a slight broadening of the peaks. In the calculated
spectra, we observe three peaks: a weak peak close to
100 meV coming from excitation of the symmetric stretch
of silica, the peaks in the light-green area can be assigned
to the coupled-surface, polaritonic type of loss and finally,
the bulk loss contribution close to ~ωSiO2,b = 154 meV
(light grey area).

The slab thickness determines the relative intensity
of the bulk and coupled-surface losses, as well as the
spectral position of the loss peak due to the symmetric
coupled-surface mode,8 which we could anticipate from
Fig. 3(a,b). The peak energy ~ωM can be found analyt-
ically from Eq. (5) for thin slabs of materials with small
damping (Im[ε] ≈ 0). The maximum is then given by

the condition
√

3ωMd = v ln[(ε(ωM)− 1)/(ε(ωM) + 1)],40

which, however, holds only approximately for thin silica
slabs as Im [εSiO2 ] is not negligible. The thicker the slab
is, the closer the peak appears to the silica-vacuum sur-
face phonon energy at 142 meV (for d = 1000 nm hidden
in the ”shoulder” of the bulk loss).53 On the other hand,
the weak non-polaritonic loss at 99 meV, which does not
experience any substantial influence of the slab surface
coupling, stays at the same spectral position for all slab
thicknesses.

III. VIBRATIONAL EELS AT A TRUNCATED
SILICA SLAB AND AT A SILICA-SILICON SLAB

JUNCTION

We address now a situation highly interesting in exper-
iments: a truncated silica slab and a slab with a silica-
silicon junction. We have implemented numerical EELS
calculations in the commercial software Comsol Multi-
physics which employs a finite element method to nu-
merically solve Maxwell’s equations (see Appendix A for
details). We focus on the spectral region of the asym-
metric Si-O-Si stretch, where we can expect polaritonic
behavior of silica. We define the momentum-dependent
loss probability P (qy, ω), which is related to the total loss
probability as:

Γ(ω) =

∫ qcy

0

dqy P (qy, ω), (6)

and is obtained by considering the 2D geometry sketched

in Fig. 4. In the simulation, we vary the out-of-plane
wavevector qy

8 so that we enable propagation of a wave

E(x, y, z) = Ẽ(x, z)exp(iqyy) and obtain the momentum-
resolved spectra with a discrete step ∆qy.

The calculated momentum-resolved spectra for the
slab thickness d = 100 nm are shown in the color plots
of Fig. 4, and can be again understood as dispersion re-
lationships obtained by taking into account the coupling
with the field of the fast electron, similarly to the ex-
pressions in the integrals of Eq. (3) and Eq. (5) [the
latter evaluated in Fig. 3(a,b)]. The green dashed line
in Fig. 4 shows the maxima extracted from Fig. 3(b),
tracing the dispersion of the charge-symmetric coupled-
surface mode. The solid blue and dashed-dotted light
red lines trace the maxima of the momentum-dependent
retarded loss in the integrand of Eq. (3) at an infinite
silica-vacuum and a silica-silicon interface (b = 0 nm),
respectively.

From the plots for the impact parameter b =
−1000 nm, it is clearly noticeable that the situation is
close to the infinite silica slab limit as the numerical result
nicely matches the symmetric coupled-surface mode dis-
persion (green dashed curve). A smaller contribution of
the bulk loss appears at higher energies around 155 meV,
which becomes the dominant loss channel for higher mo-

menta (qy & 0.01 Å
−1

; not shown in the plots).

For smaller impact parameters (b . −100 nm), the
results differ from the infinite silica slab limit. For
the silica truncated slab, we observe an intense exci-
tation of a mode with a different dispersion. We as-
sign this mode to the coupled edge mode, with limit-
ing energy ~ωSiO2,edge = 140 meV for qy → ∞, which is
slightly lower than the silica-vacuum interface loss limit
~ωSiO2/Vac,s. We note that the coupled edge dispersion

cannot be reproduced analytically.36

On the other hand, the momentum-resolved proba-
bility when the electron beam is at the silica-silicon
junction (b = 0 nm, bottom plot) resembles the dis-
persion of the silica-silicon infinite interface (marked by
the dashed-dotted light red curve). Compared to the
vacuum-surrounded silica truncated slab, the coupled
edge modes cannot be excited in the SiO2/Si junction
due to the presence of the high refractive index silicon at
one of the interfaces. If the beam is slightly moved from
the interface into the silica (b = −50 nm, bottom plot),
we observe both the interface loss and also an additional
loss contribution around 140 meV. In this case, the beam
excites the coupled surface modes across the silica slab
that are influenced by the presence of silicon and can get
reflected at the interface. In particular, when the beam is
very close to the junction, the constructive interference of
the reflected waves and those propagating towards the in-
terface (with short-wavelength polaritons are dominantly
involved) determines the position of the spectral maxi-
mum. Therefore, the coupled-surface loss appears close
to the silica surface phonon energy at 142 meV, which
is a large-wavevector limit of surface phonon polariton



6

b = - 1000 nm b = - 50 nm b = 0 nm

b = - 1000 nm b = - 50 nm b = 0 nm

120

130

140

150

160
120

130

140

150

160

E
 (

m
e

V
)

E
 (

m
e

V
)

q
y0 0.7 1.4 0 0.7 1.4 0 0.7 1.4 (105 cm-1) 

y

P
 (

q
y,ω

) (
ar

b
.u

.)
 

0

>1

P x 2P x 2
q

y0 0.7 1.4 0 0.7 1.4 0 0.7 1.4 (105 cm-1) 

y

FIG. 4. Numerically calculated momentum-resolved EEL probability P (qy, ω) for a truncated silica slab (upper row) and a
silica-silicon junction (lower row) for three impact parameters of the beam passing through silica (b = −1000 nm and −50 nm,
respectively) and at the slab truncation or junction (b = 0 nm). The slab thickness is d = 100 nm. The intensity of the last
two plots for silica-silicon junction is multiplied by a factor of 2. The overlaying curves are analytically calculated maxima of
momentum-dependent loss probabilities for the infinite silica slab (dashed green), infinite silica-vacuum interface (solid blue)
and infinite silica-silicon interface (dashed-dotted red). Solid straight red lines denote the threshold for radiation losses.

dispersion denoted by the solid blue line.
Now we focus on conventional energy-dependent

EELS. We perform numerical calculations in a 3D geom-
etry, but as we mentioned, the results can be reproduced
also from 2D calculations according to Eq. (6). We note
that the finite size of the mesh elements in the numeri-
cal simulation acts as an effective momentum cutoff and
thus naturally eliminates the divergence of the losses for
high momenta. The average cutoff in the performed 3D

simulations is ∼ 0.2 Å
−1

.
The spectra calculated for a varying impact parameter

both from the silica-vacuum and from the silica-silicon
junction are plotted in Fig. 5(a) and (b), respectively.
The spectral sets exhibit two common features: the bulk
loss peak around 154 meV (grey region) and the coupled-
surface loss (green region around 140 meV) appear when
the beam is inside silica, as derived from Eq. (5). As
the beam is getting closer to the interface, we observe a
weakening of the coupled-surface loss peak and a slight
continuous shift of its energy towards the silica surface
phonon energy at ~ωSiO2/Vac,s = 142 meV (denoted by
the blue dashed line), which is related to the momentum
dependence discussed above.

The lowest-energy spectral features appearing in the
red region correspond to a strong silica polaritonic cou-
pled edge mode in Fig. 5(a) and to a weaker non-resonant
silica-silicon junction excitation in Fig. 5(b), respectively
(as revealed also in the momentum-resolved spectra of
Fig. 4). The spectral shape and peak position of the
latter contribution can be described by the silicon-silica
interface loss function Im {−1/(εSiO2

+ εSi)}. We have

also found that when the beam goes through silicon, a
relatively strong positive background is produced in the
spectra. As silicon has a large refractive index, it in-
troduces a contribution of radiation losses to the total
energy loss. Radiation losses appear above the light lines
in Fig. 4 and become the dominant loss channel when the
beam goes through silicon (b > 0).

IV. SPATIAL VARIATION OF EEL INTENSITY

We complete our analysis by addressing the spatial
variation of EEL intensity at the energies of the different
excitations identified. We also compare the theoretical
results with experimental observations.21

The impact parameter dependence of the EEL sig-
nal filtered at the energies of the loss peaks of the
coupled-edge, coupled-surface and bulk losses are plotted
in Fig. 6(a) for the silica truncated slab and in Fig. 6(b)
for the silica-silicon slab junction. We further add the
intensity of the non-polaritonic contribution at 100 meV
in (a). Due to the large damping present in the material
response, it is not straightforward to separate the con-
tributions from the different loss channels, as they spec-
trally overlap and are rather blurred (see, e.g. Fig. 4).
However, the plots in Fig. 6(a,b) provide a valuable in-
sight.

Outside the truncated silica slab (b > 0 nm), we ob-
serve that the coupled edge excitation is dominant [or-
ange points in Fig. 6(a)]. A smaller portion of the signal
at the coupled-surface loss (green squares) and at the
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FIG. 5. Numerically calculated EEL spectra for an electron
beam probing (a) a truncated silica slab and (b) a silica-silicon
junction at varying impact parameter b as displayed in the in-
sets. b is negative, when the beam is inside silica and positive
when it is placed either in vacuum or in silicon. The slab
thickness is in both cases d = 100 nm. Spectra are vertically
shifted by a constant value for clarity.

bulk loss (black circles) arises mostly due to the spec-
tral overlap. As the beam is scanned across the trunca-
tion (b 6 0 nm), we observe an immediate increase in
the signal at the bulk loss energy, which eventually be-
comes constant. The bulk signal is connected with higher
momentum transfer and we note that in the case of no
spectral overlap (lower losses in the material’s response),
the bulk signal would exhibit a step-like profile close to
an interface. The coupled-surface loss probability also
increases when the beam is scanned into the material
(negative x direction) and, at larger distances from the
truncation, similarly to the bulk loss becomes constant
(not shown in the plot). We note that the large damp-
ing of silica hides clear spectral signatures of interference
of the coupled-surface waves propagating towards and
backwards from the interface at x = 0,8 and the energy-
filtered intensity is thus increasing smoothly. The edge
mode excitation probability shows a maximum for the
beam positioned exactly at the edge (b = 0, orange dia-
monds) and smoothly decreases with the beam distance
from the truncation on both sides with different decay.
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FIG. 6. Spatial dependence of EEL intensity at fixed energies
calculated for a truncated silica slab (a) and at a silica-silicon
junction (b). The energies correspond to the silica bulk loss
peak (black circles), the coupled-surface loss for an infinite
100-nm thick silica slab (green squares), the silica edge exci-
tation [orange diamonds in (a)], non-polaritonic Si-O-Si sym-
metric stretch signal (blue triangles in (a), multiplied by 3).
The spatial dependence of the silicon-silica junction excitation
intensity is plotted in (b) (red diamonds). The peak intensi-
ties were obtained from spectra in Fig. 5. Dashed curves are
fits of the decay for b > 0 by K0(2ωb/v) at 100 meV (light
blue line, which traces well the calculated points - triangles),
at coupled-edge loss energy (orange line, which deviates from
the diamonds) and junction excitation energy (red line, which
deviates from the diamonds). Graph (c) depicts the total
intensity integrated over an energy window of 120-160 meV
for the silica edge (dark blue circles) and silica-silicon slab
junction (dark red squares). Symbols represent the calcu-
lated data, lines are guides to the eye. The pink dashed line
shows the experimental result for the silica-silicon junction
integrated over a 120-180 meV energy window.
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We also plot the signal filtered-out at 100 meV in
Fig. 6(a) (blue triangles). The spectral overlap with other
loss channels in this region is not that pronounced and
we can thus study the spatial dependence of this non-
polaritonic contribution. When the beam is scanned into
the silica, the intensity of the 100-meV loss slightly in-
creases and quickly saturates, similar to the bulk loss. As
the influence of coupling of the silica edges and surfaces
can be neglected at this energy (the excitation has non-
polaritonic character), the signal drop for the beam out-
side the slab approximately follows the infinite-interface
decay. Indeed, a fit by the K0(2ωb/v) dependence [see
Eq. (4)] reasonably traces the result of the numerical sim-
ulation (blue dashed curve), except of the singular be-
havior close to b = 0. We emphasize that the functional
dependence of the signal decay strongly depends on the
particular type of the excitation and the corresponding
induced EM field distribution. In summary, the signal
decay from polaritonic materials can be approximated
by the K0 dependence either for an infinite interface
(d→∞) or very small impact parameters (b� d) in the
cases when retardation effects can be neglected. As we
demonstrate here, K0 fits the decay from thin truncated
slabs only if the excitation is not polaritonic and is not
appropriate for modeling the decay when the coupled-
edge modes are involved [see the orange diamonds vs.
dashed orange curve in Fig. 6(a)]. In such a case, the
signal decay has to be retrieved numerically.

The spatial dependence of the energy-filtered signal
changes substantially when the beam is scanned across
the silica-silicon junction, as shown in Fig. 6(b). Due to
the non-resonant character of the excitation at the silica-
silicon interface at 132.8 meV, we observe only a tiny
peak at the junction (b = 0). The ”interface” signal for
b > 0 comes mostly from the radiation, Čerenkov type of
losses in silicon, and therefore slowly decreases with the
distance of the beam to the interface (red diamonds). In
this case, retardation effects (i.e. the constant radiation
contribution) make the fitting of the signal decay by the
K0 dependence (red dashed curve) not suitable. On the
contrary, we get an immediate decrease in the bulk and
the coupled-surface loss signal when the beam crosses the
interface towards silicon (black circles and green squares,
respectively). Importantly, the smaller spectral overlap
of the loss channels and the suppression of the coupled
edge excitation because of the presence of silicon makes
it possible to obtain nanometer spatial resolution by fil-
tering the signal at the bulk loss or coupled-surface loss
energies.

In the case of materials supporting low-loss phonon-
polariton excitations (e.g., SiC or MgO), filtering the
EEL signal at the LO phonon energy, which involves
higher momentum transfer, should enable to resolve
material interfaces with very high resolution. Other-
wise, losses in the acoustic phonon excitations or spe-
cial scattering geometries can be exploited to retrieve
(sub)nanometric localization of the vibrational signal.

To compare the calculated data with experiments, we

need to take into account the finite instrumental reso-
lution. For this reason, we plot the EEL intensity in-
tegrated over a wider energy window (120-160 meV) in
Fig. 6(c). The integrated spectral signal corresponding to
the truncated silica slab peaks at b = 0 and then slowly
decays for b > 0 (dark blue circles). The integrated sig-
nal for the silica-silicon junction (dark red squares) ex-
hibits a nearly step-like profile very close to the interface
(|b| < 5 nm) with a smooth increase when the beam is
placed into the silica (b 6 −5 nm) and a positive radia-
tion background for b > 0.

In the analyzed cases, the calculations predict that it
would be possible to use either the energy-filtered sig-
nal or the integrated signal (the energy-filtered signal in
larger energy range) to distinguish the edge boundary
with nanometric precision. However, we expect that the
peak at the boundary of the truncated silica slab (b = 0)
will be smeared out in experiments, since it arises from
a perfectly abrupt interface considered in the theoreti-
cal simulations, and also neglects the finite convergence
angle of the beam. Hence, in such an arrangement, the
nature of the electron-sample interaction will make it ex-
perimentally difficult to distinguish the material bound-
ary directly from the energy-filtered maps and thus, a
correlation with high-resolution imaging capabilities will
be needed.2

On the other hand, the interface between silica and
silicon can be well distinguished by filtering the loss at
energies of either bulk or coupled-surface losses, as they
are strongly suppressed close to the junction. As these
losses are prevailing in the overall spectral response, the
sudden drop of intensity is also observed in the inte-
grated signal. This is indeed confirmed by comparing the
theoretical prediction with the experimentally measured
data for the same geometrical arrangement,21 where the
spectral intensity was integrated over 120-180 meV en-
ergy window (for details on experimental setup, see Ap-
pendix B). The experimental result [pink dashed curve
in Fig. 6(c)] reasonably well matches the theoretical pre-
diction (dark red squares). The step-like profile is still
present for |b| < 5 nm and thus we can conclude that
the dielectric screening by silicon helps to distinguish the
interface directly from the EELS linescan.

Finally, in Fig. 7 we show a direct comparison of the
experimental spectra (dashed curves) and the numeri-
cally calculated spectra from Fig. 5(b) convolved with
a point spread function (PSF) to simulate the experi-
mental resolution (solid curves).8 We approximate the
PSF by a Gaussian function with full width at half max-
imum (FWHM) of 20 meV. Unfortunately, such reso-
lution smears out the finer spectral structure shown in
Fig. 5 and only two main peaks can be observed. We
obtain very good agreement between the theory and ex-
periment in the spectral positions and relative intensities
of the peaks above 130 meV. When the beam is passing
through silicon, the experimental spectra are noisier and
we observe that the calculated spectra are narrower than
the experimental ones. We observe that all theoretical
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FIG. 7. Numerically calculated EEL spectra from Fig. 5 after
convolution with a point spread function (PSF) represented
by a Gaussian function of FWHM 20 meV mimicking the fi-
nite experimental resolution (full lines) and experimentally
measured spectra (dashed lines, taken from Ref.21). The im-
pact parameters as denoted next to the plot. The spectra are
vertically shifted for clarity.

spectra underestimate the strength of the 100-meV Si-O-
Si symmetric stretch. These discrepancies can be caused
by a contribution from impact scattering, the experimen-
tal noise, differences in the sample geometry, including
possible mixing of materials, and the finite size of the
probe. We note that a recent experimental EEL study
reaching a spectral resolution of ∼ 8 meV54 demonstrates
very clearly the finer spectral details predicted in Fig. 5.
One might expect further advances in vibrational EELS
analysis along these lines in near future with constantly
improving experimental capabilities.55

V. SUMMARY

We have thoroughly analyzed the spatial dependence of
EEL spectra for two relevant geometrical arrangements:
the truncated slab of silica and the slab with an inter-
face of silica and silicon, representing typical geometry
for TEM specimens. We have observed a large contribu-
tion to EEL spectra from the optical phonon polariton
modes supported by silica, whose excitation probability
is strongly influenced by the electron beam position. We
have demonstrated the different spatial decay of the po-
laritonic signal compared to the non-polaritonic contri-
bution, which was not clarified in previous studies on
vibrational EELS, and discussed the possibility to dis-
tinguish the material interface at high spatial resolution

from the energy-filtered linescans. Although we studied
specific material systems, our findings can be generalized
and serve as an example for correct interpretation and
analysis of experimental data from spatially-resolved vi-
brational EELS in common experimental geometries.
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Appendix A: EELS calculations in Comsol
Multiphysics

To perform EELS calculations, we utilize the Radio
Frequency (RF) toolbox in the frequency domain. We
employ either 2D simulations, where the Maxwell’s equa-
tions are solved in the (x, qy, z) space, or fully 3D sim-
ulation domain in the real (x, y, z) space. The fast elec-
tron beam is implemented as an oscillating ”edge cur-
rent” in a 3D simulation domain and a ”surface current”
in a 2D simulation domain. The current is expressed
as I = I0exp(iωz/v) and applied along a straight line
representing the beam trajectory. The EEL probability
is evaluated from 3D calculations according to Eq. (2)
directly with this software using an ”edge probe” along
the trajectory. All simulations are performed twice: with
ε(r, ω) corresponding to the probed structure and then
with ε(r, ω) = 1 everywhere, so that only the field of
the electron is present. Afterwards, the loss probabil-
ity obtained from these two calculations is subtracted to
correct for the finite length of the electron trajectory and
non-zero values of the fast electron field at the boundaries
of the simulation domain.8,56,57

Appendix B: Experimental details

A clean-room silicon wafer was thermally oxidized at
900◦C to obtain a ∼ 3µm surface-film of silica. Speci-
men preparation for STEM-EELS analysis involved per-
forming a lift-out procedure on the oxidized wafer us-
ing the Nova 200 NanoLab (FEI) focused ion beam com-
bined with a scanning electron microscope (SEM). The
thickness of the lift-out specimen measured using SEM
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approached ∼ 100 nm near the edges and ∼ 80 nm
near the silica-silicon interface. STEM-EELS analy-
sis on the specimen was performed using a NION Ul-
traSTEM 100 aberration-corrected microscope equipped
with a monochromator, operated at 60 kV. The probe
convergence semi-angle was 28 mrad, and a 1 mm spec-
trometer entrance aperture was used corresponding to a
collection semi-angle of 12 mrad. During the monochro-
mated experiment, the probe size was ∼ 1.6 nm, the

beam current was ∼ 10 pA, and energy resolution was
16 meV. A dispersion of 1 or 2 meV per channel was
used to record EEL spectra which were subsequently cal-
ibrated and processed using the Gatan Microscopy Suite.
The uncertainty in energy position of a vibrational sig-
nal was the channel width, i.e. ±1 or ±2 meV. For
background subtraction, a power law model of the form
AE−r, where E is the energy-loss with A and r as con-
stant parameters, was fitted to two 20 meV windows just
before and after the vibrational signal.58
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