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ABSTRACT

Collective optical excitations, such as localized surface plasmons in metallic nanoparticles and Mie resonances in high-index
dielectrics, play a central role in nanoscale light-matter interactions. When interacting with electronic transitions in matter,
they can couple strongly, like coupled harmonic oscillators, forming hybrid light-matter states. Here, this coupling is probed
with fast electrons in cathodoluminescence (CL) and electron energy-loss (EEL) spectroscopy. Owing to their highly localized
fields, fast electrons can excite modes inaccessible to light-based spectroscopies, including higher-order nonradiative modes,
which offer greater field confinement and potentially stronger coupling. We develop an analytical framework to calculate
EEL and CL probabilities for core-shell nanospheres under aloof and penetrating electron trajectories, and apply it to two rep-
resentative systems: an excitonic core with metallic shell, and a silicon core with excitonic shell. We examine how the electron
beam position and velocity affect the ability to probe this coupling. Depending on electron beam parameters, we find that the
spectral signature of strong coupling remains robust in plasmonic nanospheres, but can be significantly suppressed or even
completely obscured in dielectric nanospheres. Our formalism enables a deeper understanding of the coupling mechanisms
in electron-light-matter interactions, thereby accelerating progress in single-nanoparticle-based polaritonic studies.

of plasmonics [14, 15] by providing the most efficient way to
overcome momentum mismatch and excite surface plasmons
in thin metallic films. At the same time, it has enabled the study
of dark (to visible light) modes in plasmonic nanostructures

1 | Introduction

Electron microscopy is rapidly claiming an ever more important
role in the investigation of light-matter interactions at the nano-

scale [1, 2], on par with traditional [3] or more advanced techni-
ques in optical microscopy [4-7]. The unprecedented spatial and
energy resolution that can nowadays be achieved in electron-beam
spectroscopies [8-11], combined with the flexibility in selec-
tively exciting and probing optical modes that a localized source
such as a swift electron can provide [12, 13], opens exciting oppor-
tunities for designing and understanding novel nanoscale light-
matter coupling templates. Electron energy-loss spectroscopy
(EELS) played a pivotal role in the birth and growth of the field

[16, 17], and of quantum effects that become relevant in
extremely small structures and tight gaps [18, 19]. The comple-
mentary technique of cathodoluminescence (CL) spectroscopy
further enabled the direct visualization of the local density of
states (LDOS) in photonic architectures [20, 21] and the distinc-
tion between its radiative and nonradiative parts [22], thus facil-
itating the control of the properties of quantum emitters at the
nanoscale and accelerating the advancement of quantum nano-
photonics [23].
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Inspired by more established activities in quantum optics, quan-
tum nanophotonics seeks to exploit the tremendous field enhance-
ment and confinement that nanostructured optical cavities can
provide to accelerate light-matter interactions and enter the
strong-coupling regime, where quantum emitters reversibly and
coherently exchange energy with the cavity for several cycles
before radiation and Ohmic losses lead to decoherence [24, 25].
Nanophotonic environments can typically be seen as open cavities
that compensate for the radiative losses from which they suffer
through increased coupling strength and minimized mode volume
[26-28]. They are thus being explored in polaritonic studies, both
in fundamental research [29-32] and for applications in quantum
technologies, e.g., for polariton lasing [33, 34], transistors [35],
catalysis [36], or cavity-modified chemistry [37]. While most of
these studies rely on plane-wave (laser) excitation, increasing
attention is being focused on electron-beam excitation as an effi-
cient probe of polaritonic states [38-41]. Electron-beam spectros-
copies have already been successfully explored in experiments as
probes for plasmon-phonon coupling [42, 43].

In the quest for a clearer interpretation of the complex interac-
tion that involves electrons, quantum emitters (e.g., in the form
of excitonic transitions in semiconductors), and optical modes,
(semi)analytic solutions that provide insight into the relative con-
tribution of individual mechanisms in a computationally efficient
manner are highly desirable [1, 44]. Similarly to what has been
done with scattering and/or transfer matrices for plane waves
incident on layered structures, and Mie theory for spherical scat-
terers [45], introducing such a formalism for electron beams can
be a somewhat cumbersome, albeit fruitful endeavor [46].
Solutions for electron beams interacting with planar or spherical
structures have existed already since the 1950s—initially in the
quasistatic approximation, where only scalar potentials are
required [14, 15]. In contrast, a fully electrodynamic picture
for planar interfaces [47] or spherical nanoparticles (NPs) with
aloof electrons followed much later [48, 49]. Electron trajectories
penetrating the sphere are analytically and numerically more
challenging, and only recently were such approaches finally
developed for the case of homogeneous spheres [50, 51].

Here, to further facilitate the study of light-matter coupling, which
in most nanophotonic designs involves more than one material
component—one playing the role of the quantum emitter and
the other that of the cavity [52-55], we extend the aforementioned
solutions to the case of spherical core-shell NPs. One of the con-
stituents can be a layer of organic J-aggregated molecules [56] or
a transition-metal dichalcogenide (TMD) [57], thereby sustaining
collective excitonic modes and enabling the realization of strong-
coupling systems within a single NP, probed by a swift electron
beam. We analyze the three different cases that one can encounter,
i.e., aloof trajectory, electron traversing the shell only, or electron
traveling through the full NP body, and derive the main expres-
sions that need to be considered in each case. The analytic solu-
tions derived herein can be applied to any kind of coupling,
including plasmon-plasmon and phonon-plasmon coupling [58],
as long as the optical properties of the components are known.
Here, as examples of strong-coupling scenarios, we explore
plasmonic-excitonic NPs [52]. In this case, the ability to probe
strong coupling of the so-called plexcitons is found to only slightly
depend on the primary parameters of the electron beam, i.e., elec-
tron velocity and impact parameter. We also study high-index

dielectric-excitonic systems [59], where, in contrast, the strong
coupling features of the Mie excitons can be selectively probed
or masked by a corresponding choice of the position and energy
of the incident electron. We thus provide a missing piece in the
electron-beam spectroscopy toolbox, which we show has large
potential for tailoring electron—optical-excitonic interactions.

2 | Theory

In this section, we present the analytical framework for describing
the interaction of fast electron beams with spherical core-shell
NPs. The theoretical approach is based on Mie theory and builds
on a framework recently reported for homogeneous spheres [51].
Our derivation utilizes the nonrecoil approximation, meaning that
the electron trajectory can always be modeled as a straight line.
Analytic descriptions of core-shell NPs excited by electron beams
have been developed already in the 1990s [60, 61], mainly with a
focus on semiconductors and fullerenes, albeit within the quasi-
static regime, or in the discrete dipole approximation. Our
fully-electrodynamic approach agrees well with them in a certain
NP size range, but is more versatile when either retardation
becomes important for large NP sizes, similarly to the case of slabs
[62], or when quantum effects need to be considered in an efficient
manner [32, 41]. We note that this semi-analytic method is appli-
cable for free-standing spherical scatterers, and it can be readily
extended to include an arbitrary number of concentric layers.
Beyond (semi)-analytical treatments, several numerical schemes
have been devised for CL and EELS simulations, based on the
boundary element method (BEM) [63, 64], the finite element
method (FEM) [65-67], the finite-difference time-domain (FDTD)
method [68, 69], and the green dyadic method (GDM) [70]. While
these approaches are undoubtedly more flexible in the geometries
of the structures under study, they are oftentimes computationally
expensive, as they all require solving the Maxwell equations in
discretized space. An additional advantage of the semi-analytic
method exploited here is that mode analysis is straightforward,
because the method provides easy access to the multipolar content
of the induced electromagnetic (EM) fields, and it can be easily
extended for multiple-scattering computations [46].

2.1 | Aloof Electron Trajectory

We first consider a spherical core-shell NP centered at the origin
of the coordinate system. The particle consists of a core with radius
R, coated by a concentric shell of radius Ry, and is surrounded by a
host medium. The core, shell, and embedding medium are labeled
as regions I, IT, and II1, respectively, and are characterized by rela-
tive permittivities ¢; and relative permeabilities y;, with i=1,2,3,
respectively. Throughout all calculations presented here and in the
following, the embedding medium is assumed to be air, with
&3 =p3=1. Furthermore, all considered materials are nonmag-
netic, hence y; =1 for all of them. As a consequence of the layered
geometry, two material interfaces arise, namely an inner interface
between the core and the shell, referred to as boundary A, and an
outer interface between the shell and the surrounding medium,
referred to as boundary B.

The NP is excited by a fast electron beam, modeled as a single
point charge —e (where e is the elementary charge), propagating
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with constant velocity v=vZ along the z axis. Its trajectory is
given by r.=ry+vt, with ry=(b,¢,,20— — o) in cylindrical
coordinates, where the parameter b denotes the impact parame-
ter, defined as the distance between the electron trajectory and
the axes origin, coinciding with the NP center.

We begin by considering electron beams passing by the nano-
sphere without intersecting it, i.e., on an aloof trajectory, as illus-
trated in Figure la. The resulting EM fields in the frequency
domain in each of the three regions can be expanded in the basis

of spherical waves as [44]
E(r) = (b () Xim (8) + 1,V X (ki) Xi ()
b ’ &

. o . R
+ blgm]l(kir)xlm(r) + Ealcmv X ji (ki) Xim (1'))
1

1 o .
Hr)= IZ (ah b (ki X (£) - o DV X (i) (8)
,m
¢ . i, . N
i i X () = 65,V Xl Xin ()
1
)

where i =1, 2, and 3 denotes the three regions I, II, and III, and
k;=./gmw/c are the corresponding wavenumbers, where
c=1/,/eoHo is the speed of light in vacuum, and &, p, the vac-
uum permittivity and permeability, respectively. Here, { = I and
al, =b], =0inregion I, y=1II, A and { =II, B in region II, while
n=IIand ¢ =0, 11l in region III. Furthermore, j,(k;r) denotes the
spherical Bessel function, h;* (k;r) the spherical Hankel function
of the first kind, X,,(£) are the vector spherical harmonics of
degree | and order m depending on the angular direction
t=0,¢, and Z;=+/uuo/(g:€9) the wave impedance in medium
i. We note that the notation } ; ,, denotes double summation over
indices ! and m, with [ <[, and —l<m <L

The expansion coefficients a"' and b);!"" correspond to the inci-
dent field of the electron in region III and are given by Equations
(A1) and (A2) in Appendix 1. To obtain the coefficients a},, and
b}, for the field inside the core, altA pIA GIB and bEE for the

m 2 Olm > Qi > Im >
field inside the shell associated with scattering at interfaces

(a) ]_. (b)

E=py=1 v

€ =py=1

A and B, respectively, as well as aJll and bJII for the scattered field
outside the NP, the EM interface conditions at interfaces A and B
must be applied. Under the assumption that neither the core nor
the shell sustains a surface current density, the tangential com-
ponents of the electric and magnetic fields are continuous across

both interfaces. We therefore find

@/bjy =T/ b}}ﬁB = T3 pn Toemn@/bhy ()
a/bg"‘A =Tina/ bﬁr’? =TeonTeema/ b?}:r‘ILII “4)
o =T o
/bl =T 0 ©

where ngMl with i,j =1, 2, 3 denote the Mie coefficients, which
establish explicit relations between the multipole expansion coef-
ficients of the incident, internal, and scattered fields. The exact
expressions of the Mie coefficients are given in Appendix 2.

With all field expansion coefficients fully determined, the EM
response of the nanosphere to the passing electron is now
completely described. The EELS and CL measurements can be
simulated with the respective EEL and CL probabilities. The
EEL probability expresses the probability of the electron losing
energy hw due to the interaction with the NP. It is related to
the force acting on the electron by the induced field along its tra-
jectory. In an aloof trajectory, the induced field corresponds pre-
cisely to the scattered field outside the NP. Using the scattered
electric field in region III of Equation (1), the total EEL proba-
bility for an aloof electron trajectory is obtained as [1, 44]

wby|?
e 1 ‘Km(m)
Igpr(@)=——— > ———
ney chw ; I(1+1) )
+ 12 33 Nl 33
X |[mM; [PRe[T33] + s Re[T3]

Here, K,,(x) is the modified Bessel function of the second kind,
T?/M[ are Mie coefficients provided in Appendix 2, while the

MJ,,, N}, coefficients can be found in Appendix 1.

FIGURE 1 | Schematic illustration of an NP that consists of a core (region I) with radius R., surrounded by a shell (region II) of outer radius Ry,
embedded in a host medium (region III). The three regions are characterized by their optical parameters ¢; and y; =1 with i =1, 2, 3. In all calculations,

we consider air as the host medium with ¢; =1. An electron beam propagates parallel to the z-axis with impact parameter b. (a) Aloof trajectory: the

electron remains entirely outside the NP (b > Ry). (b) Shell-penetrating trajectory: the electron enters the shell at z= —z; and exits at z =2, (Ry>b>R,).
(c) Core-penetrating trajectory: the electron additionally traverses the core, entering at z= —z. and exiting at z=z. (R; >R, >b).
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The CL measurement is simulated using the CL probability,
expressing the probability of detecting a photon of energy #w
in the far field. It can be computed by integrating the Poynting
flux of the induced EM field in the far field (at r — o), in the direc-
tion normal to the surface. Inserting the scattered EM fields in
region III of Equations (1) and (2) with the corresponding coeffi-
cients then yields

Irze)

®

2 1 Ko (2] N
T = L £ S T332 4 im
cL(®) 7eq Ch l§m 1+1) (\m | il + ‘

2.2 | Penetrating Electron Trajectory

We extend the analysis to penetrating trajectories, in which the
electron beam traverses the NP and acts as a source both inside
and outside the NP. We begin with the core-shell penetrating
configuration shown in Figure 1c, as it represents the most gen-
eral case, from which the shell-penetrating geometry in Figure 1b
can be obtained as a special case. In the core-shell penetrating
configuration, the electron is assumed to enter the shell at posi-

tion (b, ¢y, — 2, = — \/R2 — b?) and the core at the position (b, ¢,
—zc=—+/RE—D?), and to exit at (b,b,z;) and (b, ¢y, z,), as

shown in Figure 1c.

As a consequence of the modified electron trajectory, the form of
the EM fields in the different regions must be adjusted. At inter-
face A, the fields are given by Equations (1) and (2), with coef-
ficients a/b!, =a/bY' and a/b; =a/bl,
a/bi-® and a/bj, =a/b) +a/bitP in region I At interface B,
the expansion coefficients in region II take the form a/b], =
a/bi-A +a/b2" and a/bS =a/bi-E, and a/b] =a/bll and

im >

in region 1, a/b], =

a/b;, =a/b%™ in region III. The different representation of
the coefficients in region II emerges because the expansion of
the electron field takes the form of regular spherical waves at
boundary A and singular spherical waves at boundary B inside
the shell.

0,ILA 0,II,B
,a/b

Im Im and

To find the expansion coefficients a/ blm, a/b
a/b™ one has to account for the finite path length of the elec-
tron beam trajectory in the different regions as well as for the
relation between r and the position of the electron r,. The explicit

expressions for the respective coefficients can be found in

Appendix 3. The remaining coefficients al/ HAB/M and bI/ (AB)/m

of the induced fields are obtained by applying the interface con-
ditions again at both interfaces r =R, and r =Ry of the NP. The
resulting expressions are given in Appendix 4. The total EEL prob-
ability can then be written as

1—‘EEL (w) = Fbulk(w) + Fbegr(w) + Fsurf(w) (9)

Here, the integral over the work done by the induced field is split
into different contributions, whose explicit expressions can be
found in Appendix 5. The bulk (Tyyu=IT,, +Ih,) and

Begrenzung (Ipeg = F{,egr + Fge‘; + F]Ijlegr) terms contain the con-
tributions from the part of the electron beam trajectory that lies

inside the NP. The bulk terms contain the contribution to the

total EEL probability that stems from the propagation of the elec-
tron within the unbound media I and II, while the Begrenzung
terms account for the presence of the interfaces A and B. The
surface term I'y,; contains the contributions that arise from
the excitation of the NP by the external part of the electron tra-
jectory. It is important to emphasize that these individual contri-
butions can, in certain cases, provide insight into underlying
physical mechanisms, but taken separately, they do not have a
physical meaning as they cannot be measured. The only physi-
cally meaningful quantity is the total EEL probability. Moreover,
we note that, in the absence of the NP, the expansion coefficients
alll bl remain nonzero and therefore Iy, ¢(w) still contains con-
tributions from the electron’s direct field. As a result, I'gg (@) is
nonzero even when no structure is present. To correct for this,
the expansion coefficients are adjusted to [44]

0,I1,B

11T 11T
A = Ay — alm ‘81—1 Uy |52:1 (10)
0,1 0,I1,B
Bl = pfll — biple=1 = by " le,=1 (11)

Finally, the CL probability can be obtained as

Fei(@) = Zﬂhwkzz(|am|2+|bm|) (12)

using the corrected expansion coefficients.

We now consider the case of an electron trajectory that pene-
trates the NP shell but does not enter the core, cf. Figure 1b.
Compared to the fully penetrating core-shell geometry discussed
in the previous subsection, this configuration represents a
reduced case in which the electron acts as a source in the sur-
rounding medium and within the shell only. The expansion coef-
ficients of each field component in each region can be found by
the same expressions as for the core-shell penetrating case, by
setting z. = 0. The total EEL probability of the general form given
in Equation (9) takes a reduced form compared to that of the
core-shell penetrating electron beam, as

IﬂEEL(w) = IﬂIqulk( ) + F{)Iegr( ) + rlljlegr( ) + Iﬁsurf(w) (13)

The CL probability can still be obtained from Equation (12) using
the corrected expansion coefficients ajll and b}L.

3 | Results and Discussion

We now apply the method presented in Section 2 to probe strong
coupling in CL and EEL spectra, and explore the impact of the
electron beam parameters on the visibility of the strong coupling
features. We focus on two types of systems: plasmon-exciton cou-
pling in an exciton core-silver shell NP, and Mie-exciton coupling
in a silicon core-exciton shell NP. We discuss them in two separate
subsections. Throughout the paper, we use electron velocities such
that the nonrecoil approximation remains valid to a great extent.

3.1 | Plexcitons

In this subsection, we investigate the plasmon-exciton coupling
in spherical NPs consisting of an excitonic core surrounded by
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a silver shell, and excited by fast electron beams with varying
impact parameter b and velocity v=0.5c, as illustrated in the
top schematic of Figure 2. The silver shell is modeled with a
Drude dielectric function e() = eqag = @p o/ (@* + 10y og), With
background permittivity e, o, = 5, plasma energy fiw,, o, =8.99 €V,
and damping 7y 5, = 0.025 V. The excitonic core is described with
a Lorentz permittivity e(w)=¢yy —fo?/(®? — 02 +iwyy), with
background permittivity e,,x=1, oscillator strength f=0.02,
transition energy hw,=2.7eV, and damping #y,=0.052¢€V.
To achieve strong coupling, the decay rates of the individual res-
onances must be generally comparable; otherwise, other phenom-
ena, such as induced transparency or Fano-like interference, may
dominate the response.

Figure 2a,d show the EEL and CL probability of the isolated sil-
ver shell, for b= 56 nm, decomposed according to Equations (12)
and (13). In the EEL spectrum, we observe a pronounced peak at
energy fwp aq/ /e ag =4.02 €V, corresponding to the excitation
of a bulk plasmon. This resonance can only be excited with pen-
etrating electron beams [51]. Furthermore, we observe the emer-
gence of several peaks between 2.11 and 3.53 eV, corresponding
to the excitation of localized surface plasmons (LSPs) of increas-
ing orders. These modes are of electric type and accumulate at
the equivalent surface plasmon polariton (SPP) frequency
hwy ag/\/T+€g,ng=3.67€V for a planar silver-air interface.

In the present calculation, the accumulation point appears at
slightly lower energy due to the truncation of the multipole
expansion at l;;,, =10. At the same time, the silver shell sustains
LSPs in both the inner (cavity-like LSPs) and outer metal-air
interface (particle-like LSPs), leading to hybridization between
the two and a small energy shift of the particle-like plasmon
to lower energies and the cavity-like to higher energies [71].
This energy splitting becomes more pronounced as the shell
thickness decreases. The cavity-like plasmons emerge close to
the bulk plasmon energy and are therefore obscured by the bulk
plasmon peak in EEL spectra. Nevertheless, a very weak feature
associated with the cavity-like plasmon can still be discerned in
the CL spectrum in Figure 2d at 3.96eV. Contribution from
modes with [, > 10 is not negligible, but not relevant in the
scope of this analysis. Only the three lowest orders of these modes
are radiative, as revealed by the CL spectrum in Figure 2d.

The total EELS and CL spectra for both isolated constituents,
namely the silver shell and the excitonic shell, for different elec-
tron beam trajectories are presented in Figure 2b,c.e.f. Here, the
complementary region is considered to be air. The geometry of
the silver shell is chosen such that its electric quadrupolar (EQ)
mode is tuned at the exciton transition energy. For the excitonic
core, and for decreasing impact parameter, the peak intensity
increases in both observables in Figure 2e,f, reflecting the stron-
ger interaction between the electron beam and the core. Overall,

m— h=70 NM
b=56 nm
b=40 nm
Total EEL === Bulk
a Surf. =+« Begr. b c
( l 20 ( l 20 (A) 7.5 0
T . : T §
> ] £
3 . K H ? 50 - K |
‘?‘O s : ‘9 10 7 E (‘\‘O
= < | "-‘.l \: h I 1 t s
ﬂ 0 A ot ﬁ RN :'. :t d
= = ST A V0 =
T T T o T 1 T
2 3 4 5 1.5 2.0 25 3.0 3.5
d e f
(d) 75 (l 1.4 - - ()
e Total CL v : ‘ v
> - >
% 50 - — ED K : %
" & 2 071 L s X
25 = I < -
3 B : o 0N
[ i 2\, [ B AN
0.0 I .I I 0.0 T I ik T 0.0 T I A T
2 3 4 5 15 2.0 25 3.0 35 15 2.0 25 3.0 35
(9 (h) 4, Total EEL _=—— EQ M Total CL__—— EQ
— 3.5 Ea) . —_ .
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@ 0.50 D ‘o 51 . e 24 .
0.25 3 o 3
[ iy [
0.0 0 T 7 T 0 T f T
2 3 15 2.0 25 3.0 35 15 2.0 25 3.0 35

hw (eV)

hw (eV)

hw (eV)

FIGURE 2 | (Top) Schematic of an exciton core-silver shell NP with R, = 51.2 and R, = 60 nm. All plots have been calculated with v=0.5c. (a) EEL
probability of a silver shell decomposed to surface (solid yellow line), bulk (solid magenta line), and Begrenzung (dotted cyan line) contributions for
b=56nm. (b) EEL and (c) CL probability of the isolated silver shell for the different electron trajectories displayed in the schematic. (d) CL probability of
a silver shell decomposed to its multipolar content—electric dipole (ED), blue line; electric quadrupole (EQ), red line; electric octupole (EO), green line;
for b=56 nm. (e) EEL and (f) CL probability of the exciton core for different electron trajectories. (g) CL probability versus reduced velocity f=v/c
considering the core-shell NP for b =40 nm. The white dotted lines indicate the hybrid plexciton modes. (h) EEL and (i) CL probability along with the

EQ contribution for the core-shell NP for b=40 nm.
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we do not observe other quantitative differences between different
impact parameters in the spectra of the individual constituents.

As our next step, we combine the two constituents in a core-shell
NP. Theoretical studies of strong coupling in similar structures
have been reported before, considering, however, only aloof tra-
jectories [41]. In Figure 2h,i we show the total EEL and CL spec-
tra for a core-shell penetrating trajectory with b=40 nm along
with the contribution of the EQ mode, both revealing the split-
ting of the EQ mode into two peaks located at approximately 2.62
and 2.78 eV. Fitting the contribution of the EQ mode with a cou-
pled harmonic oscillator model corroborates a coupling strength
of 7g=0.16eV, and therefore the strong coupling criterion

hg> \/ [(hyag)? + (hyx)?]/2 is satisfied [24]. Importantly, the

strong coupling signature is evident in both EEL and CL spectra,
as well as their difference, the equivalents to extinction, scatter-
ing, and absorption respectively [72], which should simulta-
neously demonstrate splittings for strong coupling to hold
[73]. Beyond this analysis, more sophisticated approaches exist,
such as the resonant-state expansion method, in which the EM
response is expanded in the eigenmodes of the uncoupled bare
modes, thus connecting the hybridized resonances and their
oscillator strengths to those of the bare system [74]. The response
for penetrating trajectories is consistent with observations for
aloof trajectories, revealing that the impact parameter is not
an important factor in our ability to probe strong coupling.

So far, we have analyzed the influence of different impact param-
eters and, thus, electron trajectories on the EEL and CL spectra.
We now examine the effect of the electron beam velocity while
maintaining the impact parameter fixed at b =40 nm. Figure 2g
shows the total CL probability for the coupled core-shell NPs as a
function of energy and reduced velocity f=v/c, with the white
dotted lines marking the hybrid plexciton modes. We observe
that the CL intensity increases with velocity, reaching a maxi-
mum for around v=0.33c on average before decreasing at higher
velocities. This trend is not specific to the coupled modes but
applies equally to uncoupled resonances, while the characteristic
features of the coupling remain unchanged with electron velocity.

Overall, the electron beam parameters do not play an important
role in resolving the strong-coupling signature, neither in EEL nor
in CL spectra, in the exciton core-silver shell configuration. We
also note that, for the shell thickness used in our study, nonlocal
damping has been shown to only play a minor role in the coupling
[30, 41]. These results may, at first glance, appear unsurprising: the
coupling occurs between two characteristic eigenmodes of the sys-
tem, which are, by definition, independent of the excitation. That
is, unless the chosen source does not efficiently excite one of the
modes, in which case the spectral signatures of the coupling may
be strongly reduced or even absent. This scenario will be relevant
in the next section, where we explore Mie excitons.

3.2 | Mie Excitons

We now turn to the coupling between Mie resonances supported
by a silicon core of radius R. = 85 nm and excitons hosted in a con-
centric shell of R;=105nm, as illustrated in the schematic of
Figure 3. The silicon core is modeled with a frequency-dependent

permittivity eg(w) given by experimental values [75]. The exci-
tonic shell is described by a Lorentz model with e,y=3,
f=0.2, hw,=1.77, and hy,=0.05eV. For this calculation, the
electron velocity is fixed to v=0.7c, and all calculations are per-
formed using and [, =5.

Figure 3a,d show the respective EEL and CL spectra decomposed
into the different contributions when probing the silicon core for
b =50 nm, revealing that Mie resonances of electric and magnetic
type are sustained in the volume of the NP. The total EEL and CL
probabilities considering a hollow excitonic shell for different
electron trajectories are shown in Figure 3c,f, exhibiting a reso-
nance at the energy of the magnetic dipole (MD) mode of the
silicon core. Whereas for the excitonic shell the impact parameter
does not seem to affect the excitation of the resonance signifi-
cantly, this is not the case for the silicon core in Figure 3b,e,
where significant differences appear in both observables when
comparing the spectra of the penetrating trajectory to the aloof
cases (b=110 and b=98 nm). Such different spectral signatures
arise because near-axis electron beams excite magnetic-type
modes inefficiently. Further differences in the CL spectra between
aloof and penetrating trajectories stem from the emergence of
additional radiation channels when the electron travels through
the NP, such as transition and Cherenkov radiation, with the latter
being the dominant contribution within this energy and velocity
range [44, 76].

Having analyzed the isolated cores and shells, we now combine
them into core-shell NPs to investigate the resolution of the
strong coupling features, in Figure 3g,h,i,j,k,1, showing the total
EEL and CL probability along with the MD contribution for dif-
ferent electron trajectories. We note that the MD contribution
includes only the surface and Begrenzung terms; the absence
of the bulk contribution may result in negative values. For both
the aloof (b=110nm) and the shell-penetrating trajectory
(b=98nm), in Figure 3gh,j,k, a clear double-peak structure is
visible in both the EEL and CL spectra in the MD contribution.
The two hybridized peaks of the coupled system are located at
around 1.71 and 1.84 eV. Fitting the MD contribution with a coupled
harmonic oscillator model yields coupling strengths of 7g=0.13 €V,
which satisfies the strong coupling criterion. Although the coupled
mode does not dominate the overall spectra, the double-peak struc-
ture is still weakly reflected in the total probabilities for both trajec-
tories. In contrast, when the electron beam penetrates the NP on a
near-central trajectory in Figure 3i,l, the double peak indicating the
coupling is largely suppressed in both the EEL and CL spectra. Such
a suppression is a direct consequence of the inefficient excitation of
magnetic-type modes for near-axis electron trajectories.

On the other hand, electric-type Mie resonances can be efficiently
excited for all impact parameters. In Figure 4, we explore whether
the strong coupling features between electric-type modes and elec-
tronic transitions can be resolved for all electron beam trajectories.
To this end, we consider a modified system with core radius
R. =87 and shell R;=105nm and excitonic material with Zw, =
2.65 eV, while all other parameters remain unchanged. Figure 4a,b
show the total EEL probability of the core-shell NP for an aloof
(b=110nm) and a core-shell penetrating trajectory (b=20nm),
along with the contribution of the EQ coupled mode. The
double-peak feature is clearly visible not only in the isolated
EQ contribution but also in the total EEL spectra, for both
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FIGURE 3 | (Top) Schematic of a silicon core-exciton shell NP with R, =85 and Ry =105 nm. All plots have been calculated with v=0.7c. (a) EEL
probability of a silicon NP decomposed to surface, bulk, and Begrenzung contributions for b =50 nm. (b,c) EEL probability of (b) the isolated silicon core
and (c) the exciton shell for the different electron trajectories displayed in the schematic. (d) CL probability of the silicon core decomposed into its
multipolar content—magnetic dipole (MD), dashed green line; ED, solid blue line; magnetic quadrupole (MQ), dashed purple line; EQ, solid red line; for
b=50nm. (e,f) CL probability of (e) the isolated silicon core and (f) the exciton shell for the different electron trajectories. (g-i) EEL and (j-1) CL
probability along with the MD contribution for the core-shell NP for the different electron trajectories indicated in the inset.
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trajectories. In contrast, the CL spectrum for the penetrating tra-
jectory in Figure 4d does not provide an unambiguous signature of
strong coupling. A substantial contribution from Cherenkov radi-
ation slightly blueshifts the position of the peak corresponding to
the EQ mode, obscuring the characteristic double peak.

By comparing the EQ contribution in the EEL spectra in
Figure 4a,b, we observe that the splitting between the peaks asso-
ciated with the hybrid modes is larger for the penetrating electron
trajectory compared to the aloof case. Such an increased splitting
does not indicate a larger coupling strength, but instead exposes
the coupling of a different exciton-polariton branch with the EQ
mode. This behavior can be better understood by analyzing the
anticrossing branches of the EQ mode and exciton coupling in
Figure 4e.f, for varying core radius and fixed shell radius. In both
panels, three distinct branches emerge while varying the core
radius, indicating that at least two exciton polaritons participate
in the coupling. It can be seen that coupling with the middle
branch is favored with the aloof electron trajectory, while the
upper branch is more efficiently excited with a penetrating beam.

To conclude, we find that in the case of Mie-exciton coupling, the
electron beam parameters play a crucial role in resolving the
strong-coupling signature. This sensitivity arises from the selec-
tive excitation of optical modes by the electron beam, as well as
from the emergence of additional loss mechanisms when the
beam intersects the structure.

4 | Conclusions

We examined the interaction of fast electrons with strongly cou-
pled core—shell NPs, focusing on how the electron beam param-
eters, namely the impact parameter and velocity, affect our
ability to probe the coupling. To this end, we devised an analyti-
cal framework for calculating EEL and CL probabilities in spher-
ical core-shell NPs excited by fast electrons, based on Mie theory.
The framework was applied to systems consisting of a plasmonic
or dielectric nanocavity and an excitonic component. In plas-
monic configurations, strong coupling between the optical mode
and excitonic transitions leads to clear spectral mode splitting
that remains robust against variations in beam parameters. In
contrast, dielectric configurations exhibit a pronounced depen-
dence on excitation conditions. On the one hand, magnetic
Mie modes are weakly excited for near-axis electron trajectories,
suppressing the spectral features associated with strong coupling.
On the other hand, electric modes remain accessible for all
impact parameters, but can be spectrally distorted in CL due
to additional radiation channels. EEL spectra consistently show
the signature features of strong coupling, albeit the electron
beam position determines which exciton-polariton branch is
preferentially excited. Our work provides a missing analytical
formalism that can further clarify the origins and mechanisms
of coupling in complex NPs, thereby accelerating the quest for
miniaturized photonic architectures for quantum technologies.
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Appendix 1

Electron-Field Expansion Coefficients in an Infinite
Homogeneous Medium

The coefficients that enter into the expansion of the field generated by an
electron propagating in an infinite homogeneous medium of relative per-
mittivity e and permeability p with initial position ro = (b, ¢y, 2o — o) are
given by [1, 44]

O — ke 1 N K,, (@)eqmq&o (A1)

T eegw Jeppy \/I1+1) T\ vy
and
B = e i, ()i (2
eeow \JI(1+1) " \vr

where k=/gaw/c, y=1/1/1—eup* with f=v/c. In Equation (A2), we

have set
+ _aam [PLALI(=-m)! 2m-1)! m+%< 1 >
= O\ ) Y

which holds for m > 0, while M}, =(-1)"M, , and GZ':',:[/ %(x) is the

im?
Gegenbauer polynomial. In Equation (A1) we have set

1
Nip=aP Mt —a "M with a==/(I-m)(I+m+1)

2
(A4)

Appendix 2
Mie Coefficients

For a core-shell NP, the Mie coefficients TZI and T}'{'ﬂ, with i,j=1,2,3,
which relate the incident, internal, and scattered multipole coefficients
in the three regions, are given by [77]

po_ G _ @ ROVIR,) — e ¥R (KR (o
ELZ Gl ™ gyt (kR )W) (ki R, ) — €1€)(kaRe)ji(kaRe)

Im

b _ JilkaiRe)Pj(kaRe) = (ki Re )jy (K Re)

Tih= 15 = T (A6
e b}rIr}B hl+ (kZRc)lP;(kch) - 5l(k2Rc)]l(k1Rc) )
pa1 = Gy _ &k B (6R)Vi(kaRe) — RIGR) o)
BTGl Tk ek (kR)Y(kiRe) - e1&(koRo)jy (ki Re)
Tﬁ/}l = Zm hlJr (kZRc)\PE(kZRC) - §E(k2Rc)]l(k2Rc) (AS)
!
1
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33 _ ﬁ _ [€2h1+ (xz)‘I’;(x3) - ff(xz)jt(xs) Tézz +€21'1(x2)l{’§(x3) - ‘P;(xz)jl(x3) (A9)
# am™ [ ()& (x2) — 28] (x3 )y (%2) | T2 + it (363) W) (x2) — €261 (3 )iy (x2)
33 _ ﬁ _ Ulfr (262) ¥ (x3) = &(2)ji (x3) Ti% +ji (062) W) (3) — W) (2 )jy (3) (A10)
MET B [y (x3)&(xa) = & ()" (%) | TR + Byt (x3) W) (x2) — &3 )i (x2)
o_ Gy _ 1 ~ive (A11)
Bl g [yt (x3)E(x2) — €281 (ea )y (062) | T + By (363) W (x2) — €283 )i (x2)
Lo y o

M W N ;3 [hl+ (33)&1(x2) = & (x3) " (xz)] TIZE% + " (3) W (x2) = & 03 )i (x2)

with x, 3 =k, 3R, where ¥ (x) = xj;(x) and & (x) =xh;" (x) denote the Riccati-Bessel functions, and the prime indicates the derivative with respect to their
argument.

Appendix 3
Electron-Field Expansion Coefficients for a Core-Shell Penetrating Electron Beam

We consider a core-shell penetrating configuration, where the electron is assumed to enter the shell at position (b, ¢y, —z, = — \/R2 — b?) and the core at
the position (b, ¢y, —z. = — /R2 —b?), and to exit symmetrically at (b, $o,z.) and (b, ¢, z;). The explicit expansion coefficients read

= ik%e 76_1"1(/)0 l/Zc dz e/ [j+ (k Z) +J, (k Z)] (A13)
= ereow \/II+1)b )z im(K1 im(K1
ikZe me~imb (A
=~ e T / dz e/}, (k,r)Y (6,0 Al4
" £16w \/1(1+1) . Ji(kar)Y7"(6,0) (A14)
QOTLA ikde e~imh i /Zs dz el [ (ky2) + M, (ky2)] - /zc dz o2V [H;E (kyz) + Hiy (ky2)] (A15)
" £600 \/I1+1)b |/ Im im e Im Im
ik3e me~imb L % .
pOILA _ _ k3 ik {/ dz %" h* (k,2)Y™(0,0 _/ dz e "h* (ko2) Y™ (6,0 } AlS
" £600 /I(1+1) g 2 I (k22)Y7"(6,0) _ZC [ (ka2)Y7"(6,0) (A16)
onp_ ikje e”™h i { / e - O -
= [ dz eiwz/v Tit (ky2) + T (k)] — dz ei@2/v T (ky2) + T (kaz AL7
: e2600 /I(1+1) b —z [Tin(ka2) + T (kr2)] e (i (k22) + T jy (k2)] (A17)
ik3e me~imdbo A e
pOILB _ _ 1K3 me ik {/ dz e/}, (k,2)Y™(0,0) — / dz €%/} (k,2) Y™ (6,0 } ALS
m 600 \/I1+1) e Ji(ka2) YT (6,0) ] Ji(ka2) Y7 (6,0) (A18)
ikje e~imbo (N} wb i [z .
aO,III: ii{JK ) - 7/ dzela)z/v H+ k z +H- (k z } AL9
T g 1T+ 1) | ra m(vy3) b/, (i (k32) + Hpy (k32)] (A19)
ik3e me M b z .
pour — ii{MJrK <7> —ik dz e+ (ksr) Y™ (6,0 } A20
o eow /I0+1) U ™ " \vrs - i (ksr)Y7'(6,0) (A20)

where r=+v/b*+2?, 0= arccos (z/r), and Y}"(6,0) are the scalar spherical harmonics. Here, we have set

)
f,fn(kiz)=¢aliM{(1im) (kir) Y £1(6,0) + kib filkir)YP=1(6,0) + Zr—l;f,(kir) [ ™Y E2(0,0) — o mYT(6, 0)}} (A21)

r

where F(x) =H(x), J(x) accounts for equations with f;(x) =h; (x),j;(x) accordingly, and the index i=1,2,3 denotes the respective material.
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Appendix 4
Expansion Coefficients of Induced Fields for Core-Shell NPs

The explicit expressions of the expansion coefficients of the induced fields for a core-shell NP, obtained from the boundary conditions at the interfaces A
and B, read

i = (Za(hy* (ksRg) ks (apy Py (= Ryt (kaRe) Wi (kaRe) +Ji(kaRe )& (KaRe))E (Ko R) + apkai (ki Re) (= hit (kyRe) (ko Ry) + (k2R )€ (k2RS))) Zy
+apkyky (" (kaRe) Wy (kyRe) — i (kaRe) & (RaRe)) (i (s Rg) W) (ksRs) = jy(ksRo) & (k3Ry)) Zy + iyt (ki Re) Ryt (k3R )ik (W)(kaRg)E) (k2R
— Wi (koRo)E](kaRy)) Z2) + o (ks Rs) (e (= By (kaRjy(kaRe) +y (KaRo)jy(kaRs) Yoy (yRe)Zy +apy Pyt (yRyky (hyf (kaRe) Wi(KaRe)
—ji(laRe) & (kaRe)) Zy + apyhyt (ky Re)ley (ByF (kyRo)Wi(kaRe) = jy(kaRs) & (kaRe)) Z2) Zs + apy ey (hy* (KaRe) Wi (aRe )
—ji(kaR)E (k2R ) Z1 (B (k3R )ks W (kaRs) Z, = ji(kaRs)ka &) (k3R) Z3)) / (Bt (k3R )ks Zo (bt (koRe )k, W) (ki Re) W (ko Rs) Z,
—ji(kaRe )k, Wi (k1 R )& (kaR) Zy +ji (ki Re )y (= Wi (KaRs )& (koR:) + W (ko Ro)& (Ko Rs)) Zo) + ko &y (ks Ry ) (hy* (Ko Ry)ji (ko R k2 ¥ (ki Re) Z,y

—hy" (kaRe)ji (ko Rk Wi (K Re) Zy — byt (KR )ji (ki Re ki Wi (ko Re) Zo +ji (ki Re)ji (KaRs )k i (kaRe ) Z5) Z3) (A22)

@y = (Zy(a)) Ky (it (ks R) W) (ks Ry) = ji(ksRo) 1 (ksRy)) G (kaRe Vo W) Ky Re) Zy =y (ky Re )by Wi (k2R ) Z,)
+hit (ksRy)ks(ayak, ¥ (kaRs) (= hit (ki Re) (ki Re) +Ji(kiR)E] (ki Re)) Z + gy P& (kR ) (=i (ko Re ) ko ¥ (k1 Re) 24
+jikaR)ly W)(kaRe) Z5))) + ko (ks Ry) (@i (kR o (y (K Re) W (K Re) — i (ki Re )& (K Re)) 2 + @iy it (KaRs) (i (K Re )y Wy (ki Re) Zy
—ji(kyRe )y Wi(kaRe) Z2)) Z3 + iy (1 (kaRe o Wi (ks Re) Zy = i (K Re ey Wi (kaRe) Z2) (y* (k3R ks W (kaR) Zo
— iRy )kx& (ks R Z3)) / (it (k3R Zo( = byt (kyRe)ky Wi (ky Re) ) (kaRy) Zy -+ (KyRe )y W (ky Re)E (K Rg) Zy -+ (ko Re Dy (wy (ko Ry (K2R
- ‘P;(szC)fg(szs))Zz) + kzc_f;(k3Rs)( - hl’r (szs)jl(szc)kZ‘I‘;(kch)Zl + h,’r (szc)jl(szs)kz‘I’;(klRC)Zl + hf’ (szS)j,(klRC)kl‘P;(szc)Z2

—JikiRo)ji (kR )kr & (k2 Re) Z2) Z5) (A23)

Q= (= apley (h* (ksR) W (k3Ry) = ji(ksRy) & (ksRg)) Zo (hyF (kaRe koW (ki Re) Zy — i (ky Rk & (kaRe) Z5) + (Pt (KoRe)
— apy Ny (laRe) )y Wi (K Re) Zy + ey (it (ley Re) W) (ks Re) = jy (K Re)E (ki Re) ) Zo + i (ky Re ey (W (KR, )
— ap P (kaR))Zy) (B (ksRo) ksl (kaRg) Zy = hit (kyRo )k & (ksRs) Z3)) / (it (KsRo)ks Zo( = hit (KkyRe )y Wy (K Re) W) (kaRs) Zy (A24)
+ii(kaRe )k W) (ki R )& (ko Rs) Z1 +ji (ki Re )k (W (KaRg)&] (KoR:) — W) (kaRe) &) (K2R )) Z2) + K&y (ksRo) (= by (KaRs)ji(kaRe ko ¥ (kiR ) Z4
+ 1 (kaRo)ji(kaRo)ky ¥y (ki Re) Zy + by (KoRy )i (ki Re Yy Wi (kaRe) Z, — i (knRe )ji (Ko R )i £1(Ko R ) Z5) Z5)

ap = (@ i (ksR)ks Zo (= byt (kaRo)ka W (kyRe) W (KaRo) Zy +i (ko Re kW (ky Re)& (Ko Rs) Zy + iy (K Re ey (wi (Ko R )€ (kaR. ) = W (KaRe)& (KaRs ) Z2)
+apn ly Wi (ks Ro) (= hit (kaRo)jiy (kaRe ko Wi (ki Re) Zy + by (RaRe)ji(kaRo)ka Wi (kaRe) Zy + byt (K R)jy (y Re ey W (ko R ) Z
ik RV (kaR ks € (kaRe) Z2) 23 + ke (i (kaR) ¥y (kaRy) =i (aRs )& (ko)) (i (KaRe) = i (kaRe) ko (ki Re) Zy
+ayea (hi* (ks Re) Wi (ks Re) — iy (ks Re) € (ks Re)) Z +jy (ks Re) ey (W) (o Re )
— P8 (kaRe))22)Z3) (bt (s Ry)ks Zo (I (KR kWi (ky Re) Wi (kaRo) 21—y (kaRo)ka Wi (ki Re )& (kaRo) 2y +i (i Rk (= Wi (KR )& (K R)
+¥(kyRe)& (k2Rs))Z5) + ko (ks Rs) (hy (koR)ji (ko Re ko ¥i(ki Re)Zy — byt (kaRe )i (ko Rs)ka ¥y (ki Re)Zy — by (koRg)ji (ki Re)ky Wi (k2Rc ) Z,

+ji(kiRe)ji (kR k1 & (k2R ) Z5) Z5) (A25)

b, = (it (ksRs)ksZs (b 21Ky (= by (KaRe) W) (KaRe) 4 (KaRe) € (KaRe) 1 (KaRy) + Bpnka Zo8) (ki Re) (= Byt (kpRe )P (K Rs) + i (kaRe) € (k2Ry )
+ b k1 Z1 Zoky (W (KaRe) W) (KaRe) =i (KaRe)E(KaRe)) (ByF (K3Ro)W (ks Rs) — iy (ksRg) € (ksRy)) + Byt (i Ryt (ksRy)Zyky Zsks (i (Ko Ry (KR,
— W) (k2Ro)E(KaRy))) + ko Zo&l (ksRs) (Bpiy (= hi (KaRji(KaRe) + it (KaRe)jy(kaRy) ko Z8) (ki Re) + by P it (kaRg) Zkey (Rt (KaRe) W) (K Re)
—ji(kaR )& (kaR,)) + b?,‘r{hf (kyR.)Z1ky (hy™ (koRg)W)(kaR.) —ji(kaRs)& (ko Re))) + b?,‘,?'AZIkl (b (kaR )Y (kaR.)
—ji(kaRo)E](kpR.)) (i (k3R Z3ks ¥)(kaRy) = s (ko Ry o Zo & (ks Ry))) / (Bt (kRg)Zsks (yF (kpRe) Zoky W (i R )Wy (ko Ry )
—ji(kaRe)ky Z ) (ki Re)E (ko Rs) +jji (K R) Z1 Ky (= Wj(KkoRs )& (koR.) + W) (ko Re )& (k2 Rs))) + ko Zo8) (KaRs ) (Bt (ky Ry )ji(KoRe) Zo ko W) (ki Re)

=" (k2Ro)ji(kaRs) Zok, W) (ki Re ) = By (KoRs )ji (ki Re) Zyky ¥ (KaRe) +ji (ki Re)ji (k2 Rs)ki Z1 £ (KR ))) (A26)
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b = (b ko Za (" (k3Ro) W (k3Rs) = jy(ksRs) & (ksRy)) (i (kaRe) Zako Wi(ks Re) =i (ks Re) Z1ky Wi (kaRe)) + Byt (kaRs) ks Zs (b Zoko Wi (kR
X (=it (kiR) ¥y (kiRe) +ji (ki Re)& (KiRe)) + b P& (kaRs) X (=i (kaRe) Zoky ¥ (ki Re) +u (ki Re) Zuky Wi (KRc)))
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—jikaRs)kyZ, & (k3Rs))) / (B (k3R)Zsks (= hyt (koRe)ka 2y (ki Re)Wi(kaRs) +ji(kaRe ko Zo Wi (K Re )& (ko Rs) + i (ka Re) Z o ky (w1 (ko Rs) &) (k2R )
—W[(kyR. )& (kaRy))) + ko Zo &) (k3 Rs) (— hl+ (kaRy)ji (kR ) Zk, P (k1 R, ) + hl+ (kaR.)ji(kaRs) Z,ky W) (Kky R, ) + hl+ (koRs)ji(k1R.) Z 1 ky W) (R, )

—JilkiRo)ji(kzRs) Z 1 ki (k2 Re ) (Aa27)
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= b i(kaRe))Zaka Wi (kyRe) + b Zoks (i (K Re) Wi Ky Re) =i (K Re) & (kaRe)) + i (ks Re)a Z4 (b Wi (kaRe )
—byBE (kaR.))) (Bt (ksRg)Z3ks & (kyRs) — Iyt (kaRy)kaZo& (ksRs)))/ (B (kaRg)ksZs( — bt (kaRe)ka Z, W) (ky Re) W) (ko)
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by = (B i (k3R ks Z3 (= byt (kpRe) Zoky W) (ky Re) W (aRs) +Js (ko Re) Zky Wi (ki R )& (K Ry) + i (K Re YKy Zy (w1 (KR (KR ) — Wi (KaRe) € (Ko Rs) ) )
+ 007k, W (ks Ry ) (= Rt (kyRs)ji(kaRe) Zoky W (ki Re) + byt (kaR)ji (ko Rs) Zoko Pl (ko Re) + Byt (ko Ro)ji (ki R k1 Z1 W) (KR, )
=ik ROjy(kaRy) ks Z1 & (KaRe)) + ks Zs (yF (KaRg) W (kaRy) — o (kaRo)E (KaRs)) (b Byt (KaRe) = by Yy (kaRe)) Z ok W (K Re)
+ by Zaka (" (K Re)W (ki Re) =i (K Re)& (K Re ) + i (Ka Re )k Zy X (b, W (KR )
= by P& (kaR:))) / (B (ksRs) Zsks (hit (kyRe) Zoka Wi (ki Re) W) (kaRs) = ji(KaRe ko Z, Wy (ke Re )€ (K Ry) i (ki Re) Z ko ( = W (ko Rs) € (KR )
+ W) (kaR. )& (k2R;))) + ks Zo8) (ksRs) (B (KoRs)ji(kaRe) Zoky Wi (ki Re) — by (KaRe)ji (Ko Rs) Zoky Wi (ki Re) — bt (ko R)ji (K1 Re) Z1 Ky W (K2R, )
+iikiRe)ji(kaRs)Z1 k1 &) (k2R )

(A29)
Appendix 5
EEL Probability for Core-Shell Penetrating Trajectories
The total EEL probability for an electron beam traversing both the core and shell of a core-shell NP is given by
Tggp (@) =TT g (@) + T (0) + Fbegr(m) + Fbegr(m) + Fbegr(m) + Cgue (@) (A30)
The individual terms read
. 1mq50 e —iwz/v o1 O 1
Thuk(®) = ——Re Z / mbyht (kyr)Y(6,0) — {H,m kiz) + M, (ki) } (A31)
eim(ﬁoe —iwz/v aO.II.B
I (@ 72— | mby RIS (kyr) YTH(6,0) — 2 [HF (kyz) + My, (Koz
bulk l(l+1) ( Im 1 ( 2 ) 1 ( ) kzb { lm( 2 ) lm( 2 )}
(A32)
|md7n e —iwz/v OILB O 11,B
——Re Z / mby, *h (o) YT (0,0) = =2 {H), (kyz) + My, (kaz) }
1mq’70e—1wz/v
e (@) ——Re Z / mb}, (k) Y(6,0) — {Jlm kiz) + T (kiz) } (A33)
—z
elmcﬁge iwz/v IIA
begr Re Z/ (mb}rIﬁAhlJr (k2r)Y}(6,0) - {Hlm (ka2) + My (Ko2) }
(A34)
imgy o —iwz/v ILA
/ S (mb}j,j*h; (k) Y7 (6,0) "lm = (i (k) +H,m(k2z)}>}
physica status solidi (a), 2026 13 of 14

85U8017 SUOLLLIOD BA 181D 3(cedl|dde ay) Aq peuseno aJe Sspie YO ‘8sh JO Sa|nJ 10} AiqiT8uljuQ AB|IA\ UO (SUONIPUOD-PUR-SLLIB)/LID" A 1M ALeIq Ul UO//:SANY) SUORIPUOD pUe SWLB | 8L 88S *[9202/60/7T] U0 AriqiaulluO A8]IM ‘89102 ©sSd/z00T 0T/10p/wod"As |1 Ak jeul|uo//:sdiy WwoJj pepeojumoq ‘T ‘9202 ‘6TE9Z98T



IIB

elmd)Oe iwz/v
T (0) = ——Re Z / v ( bl er Y7 (0.0) = S 77, ) +j,m(k2z)}>
(A35)
elmqﬁoe —iwz/v II B
/ ) mb,m ]l(kzr)Yl (6,0) - {J,m kyz) + T (ko2) }
K (ﬂ> +%
e : m\vrs
Fsu = _— _Re elm(/;u 3 mblll +x aIII im
i (@) Thw [; (ik3 l(l+1)< = ﬂ73>
' (A36)

Z e —iwz/v I

LE VIT+1)

The total EEL probability for an electron beam traversing only the shell of the core-shell NP can be found using all relations provided so far with z. =0.
We note that the numerical evaluation of Equations (A31) and (A32) pertaining to the bulk contributions can be challenging due to the singularity of the
spherical Hankel function. We face this problem in the calculation of the bulk term corresponding to the exciton shell in Figures 3 and 4. In this case, we
instead compute the bulk term from the expression of bulk contribution in an unbound medium given by [44]

{mb}},{hﬁ (ksr)YT(6,0) —

n {H (k3z) +Hlm(k32)}:|>:|

2 2
1 (e - C@=2) [ ((qcry
)=~ S2=i[ L (12271 )

where q. is a free parameter denoting a transverse momentum cutoff and y, =1/4/1 - &,u,/. In both figures we set g, =2nm™".
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