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Focused beams of electrons, which act as both sources and sensors of electric fields, can be used to characterize
the electric response of complex photonic systems by locally probing the induced optical near fields. This
functionality can be complemented by embracing the recently developed vortex electron beams (VEBs), made up
of electrons with orbital angular momentum, which could, in addition, probe induagdetic near fields. In this
work we revisit the theoretical description of this technique, dubbed vortex electron energy-loss spectroscopy
(v-EELS). We map the fundamental, quantum-mechanical picture of the scattering of the VEB electrons to the
intuitive classical models, which treat the electron beams as a superposition of linear electric and magnetic
currents. We then apply this formalism to characterize the optical response of dielectric nanoantennas with
v-EELS. Our calculations reveal that VEB electrons probe electric or magnetic modes with different efficiency,
which can be adjusted by changing either beam vorticity or acceleration voltage to determine the nature of
the probed excitations. We also study a chirally arranged nanostructure, which in the interaction with electron
vortices produces dichroism in electron-energy-loss spectra. Our theoretical work establishes VEBs as versatile
probes that could provide information on optical excitations otherwise inaccessible with conventional electron
beams.
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I. INTRODUCTION used in STEM-EELS can probe the response of dielectric

antennas40-22]. Here we explore the possibilities of using

transmission electron microscope (STEM] [s an emerg- ocused electron probes to distinguish electric qnd magnetic
modes anchot spots that are crucial for applications of di-

'Sngattigfh;r:gug té)ct(rzglarrigflgﬁi Q(ig;'Cieec)écrﬁaginzrm?nglghelectric particles in nanophotonic23-27] and thus fully
P SP . ‘ P - cparacterize the properties of their resonant modes.
and theoretical studies have demonstrated the capabilities 0 . ! .
Interestingly, besides conventional electron beams, recent

STEM-EELS to map near fields of localized surface polari- fforts have led to the generation of vortex electron beams

tons in plasmonic and phononic nanostructures that are ; .
high interest in the field of nanophotonics for their applica—o( EE:S) m(()i)&EM 5.8;]36]' \I/dE?S .(i."f:rrty c()jr_bltatl fslrtlgulatr_ mo—f
tions in focusing and engineering light below the diffraction mentum ( . ), which could tactiitate direct interaction o
limit [6,7]. the beam_ with excitations _of t_>oth _electrlc_ and magnetic na-

An alternative possibility to control light at the nanoscale isturYeéSBeades various a.ppllcafuogslw probmglgmagznencgelds
to use resonant electromagnetic (EM) modes in nanoparticles .]' magnetic transitions n bu m‘?‘te”a 442, an
made of materials with high refractive indea{13], which ~ Chirality of crystals §3, the introduction of VEBs (and
have been, however, relatively rarely studied by near-fiel@her shaped beams) in electron microscopy by using ad-
spectroscopic methodd4-19]. It has been shown only by Justable phase plateg4-4€] might also open a pathway for
recent experiments that focused electron beams such as thoygnmetry-based selective excitation of EM modes in photonic

nanostructures4[/—49], separation of electric and magnetic

modes H0], or for developing the local investigation of the
dichroic response of chiral nanoantennég31].

In this work we show that STEM-EELS with the use of
either a conventional or a vortex beam might be a suitable
technique for distinguishing between the electric and mag-
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(a) where Q and g, = mgv/h are the radial and perpendicular
| U (r)|? wave-vector components of the electron with massnoving
along thez axis at velocityv, respectively, wheré stands for
a normalization area ard for a normalization length, anld
is the reduced Planck constant. The Bessel function of drder

(W=, W) J (QR) governs the radial shape variation of the beam profile,
I whereas the helical form of the wave front is captured through
the exponential term''é.
We now express the probability of losing energy per
electron considering a transition from a well-defined initial
(b) © stateW; to final statesls (following the formalism introduced
in Ref. [51]), due to the interaction with the structured envi-
: ronment, as
W (r)[” ¥ (r)[?
o) = 2he’l Z/d3r d3r /W ()W (r') VW (r)]
FIG. 1. Models for describing the interaction between an elec- B w?mv ; f f '
tron beam with a sample. (a) In conventional STEM-EELS, the R
beam is modeled in the frequency domain as a broadband electric AmM[G(r, 1, @)] - V[Wi(r)]s(er — 6 + ),  (2)

current densityle, tightly localized in the transverse plane. [(b),(c)] where e is the elementary Chargdn,ef/_i is the finafinitial
In v-EELS, the inelastic scattering of VEBs described by a struc- lect & is the G s t d ibing th
tured wave function¥(r) can be calculated by modeling the beam electron energy, ant IS thé Lreens tensor describing the

as a (b) helical electric current density characterized by axial an(?leCtrorm’u:“]netic r?Sponse of the probed structure and where
azimuthal components of the vect (Sec.ll A), or (c) a superpo- we sum over th? final states_.
sition of electricl and magnetidn, currents, naturally extending the '_r; the following we restrict ourselves to the states=
conventional STEM-EELS model (S€tC). &y i/+/L and ¥y = €%y, ¢/+/L with initial and final
longitudinal wave-vector componentg; and g,f, respec-
tively. We further considery, ¢ = €23, (QtR)/vA with
polarizable object, for which we obtain a closed form in thea set of possible transverse wave vect@sand a well-
limit of a tightly focused VEB. To introduce the possibility defined initial transverse wave-function component; ~
of ca_llculatlng the EEL spectrum with a VEB (v-EELS) fpr 2 1/(Qeiv/T) [ QdQ, %3, (QR), where Q. is an initial
spatially extended nanostructure, we find a source equivalefjfave-vector cutoff. The centers of the forming and collection
to the VEB within the framework of classical electrodynamics gpertyres are assumed to be aligned on top of each other.
(see Fig1) and perform fully retarded calculations to retrieve ~ considering a detector imposing a cutoff of transverse
action. We calculate EEL spectra considering the interactiogan replace the schematic sum over final stafes with

with electron beams of both zero and nonzero OAM. We StUdBf_A/(4n2) [ dags [& QrdQy. We also rewrite the spatial inte-
) ) ; : : - 2t Jo QrdQy. _
single and dimer dielectric antennas of different shapes, Palrals over andr’in cylindrical coordinates and collect all the

tlcularrlly sphher;)cal anc_i cyllnd_rlce_ll structures madebof SI|ICOI’1.Z_ andz-dependent exponentials from ties [see Eq. {)] to
We show that by varying excitation parameters or by comparg, o\ ate the integral in the nonrecoil approximation:
ing the spectra acquired with a nonvortex and a vortex beam,

fast electrons preferentially couple to modes of electric and (Gt~ ) (2—7) g @D
) . X ; . day €% % Ses — € +w) = ——.
magnetic nature, respectively. Finally, we explore dichroism

in v-EELS emerging for a chiral dielectric nanostructure.

3
Defining
Il. THEORETICAL FRAMEWORK FOR VORTEX

ELECTRON ENERGY-LOSS SPECTROSCOPY
AT OPTICAL FREQUENCIES

&(R,R/,w)=/dzdze—iw@—f)/vé(r,r’,w), (4)

we can express the loss probability as

e

A. Quantum-mechanical description of the beam L
Q p ') 27T3ﬁa)2Qg’i ;

Qe
Qfde|m[/ RIRR AR

The wave function of a vortex electran can be described

in the nonrelativistic approximation (for discussion of the 2 Al

relativistic solutions, see Refs52,53]) as a solution of the x 3 (QrR)Jy (QfR/)f(R)f(m/O dg dg’ €410~
Schrédinger equation for a free-space moving electron with

a nonvanishing OAMh. In cylindrical coordinatesR, ¢, z), xV*R ¢) - G(R R, ¢, ¢, ) - V(R, ¢/)}_ (5)
one of the simplest solutions takes the form of a Bessel
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Above we introduced (R) = [, QdQiJ, (QR), Al =1t — (W, Wy) (W, Wy)
li, and defined the vectov related to the gradient of the
electron’s wave functions: Gon(R,RY),
eli  eif'(R) gem(R,R)
V(R ¢)=¢€,+ — , 6

( ¢) Z qu,i qz,i f (R) ( ) /—\/ I\)

whereg denotes unit vectors along the directions r, \vu/
When all electrons are collected by the detectQ¢ ) / \/ m

o0), we can use the identity;® xdxJ (xR)J (xR) = S(R— (@ 9(R,RY) (b) Gup(R,R),
R)/R to perform the integral over the final transverse wave Gum(R,R')

vectors to get

eZ 00 ) 21
F(w):—lm[f RdR f (R)f d¢ do’
213hw?Q?, 0 0
FIG. 2. lllustration of the semiclassical framework for calculat-

x M=) Vv*R ¢)-G(R R ¢, ¢, ») V(R qb’)}. ing the interaction of the VEB with an environment. In (a) the
electron beam is modeled as quantum current density with axial
(7 and azimuthal components characterized by the veatpracting
) . like quantum analogs of the electric currents. Its interaction with
Note thatf?(R) will be strongly peaked around an effective the environment is dictated by the Green’s funct@®iisee Eq. §)],
initial VEB radiusRo,; given by the initial cutoff value. There- \nich describes the scattering of radiation from the electric dipolar
fore if we considerG slowly varying aroundRy,, we can  source in the environment. In (b) we consider an example of such
roughly approximate the integral ov@by [;° RARf?(R) = interaction, with the environment modeled as a dipolar pointlike
gi/z to obtain scatterer at,, and axial polarizabilitieggg, @em, dve, andowv . The
' electric current density created electric and magnetic fields at the po-
r |:/ iAl(p—¢") sition of the scatterer, according to the Green’s function decomposed
(0) = ] ——=—Im dg d¢’ € inE ; i i
ﬁ 2 as in Eq. 13), and induces dipolar momerpaandm, respectively.

W*(RO,IN‘P) : Q(RO,Iw Roi, ¢, ¢’ w) 'W(ROJw ‘15/)} scenario. The Green's tensor is then

(8) G(r,r', w)
where we disregarded the radial componer¥ @fs it is much Z Z Gai(r —
Ei

v - . e . _r
smaller than the other components aro&gd, yielding Fp. @) - &ij(w) - Gje(fp — ', @),
=
EM Em

&li
WR ¢)=e+ . 9 10
(Ro)=¢e Rot0h; 9) (10
This formulation of v-EELS is depicted schematically in With Gee(r) = ¢Gum (1) = (K2l + V ® V) €' /(4reor) and
Fig. 2(a). Gem(r) = —Gue(r) = —V x Ggg(r)/(ikc), wherek = w/c

with the speed of light, g is the vacuum permittivity, ang
denotes tensor product.

The integrals over (andZ) involved inG [see Eq. 4{)] are
analytical p1]:

B. Lossprobability for a VEB interacting with a pointlike
dipolar particlein afocused beam limit

The formulation of the loss probability given in E®)(
is general but does not easily simplify to a classical picture, & /dze ""Z/”GEE(r —1p)
widely embraced to address conventional EELS. To aid that
simplification, here we present a calculation of loss probabil- o i o|R — Ry
ity due to the interaction with a specific system—a pointlike = 2—(k I+ Vi, ® Vrp)e_"“zp/“Ko(— ,
dipolar particle shown in Fig2(b). We will use this result in 7o vy 11
the following Secll C to identify a semiclassical description, (11)
shown schematically in Fid.(c). and
The pointlike scatterer is situated & = (Ry, Z,) and 1
is electrically and magnetically polarizable in tkzedirec- Gen = /dze*i“’z/"éEM(r —rp) = ——V, X Gee, (12
tion, and characterized by the electric polarizability tensor ike °
aee = age(0, 0, &,), magnetic polarizability tensosyy = which we use to obtain
amm (0,0, &), and crossed electric-magnetic and magnetic- ) .
electric polarizability tensorggy = aem(0, 0, €;) andaye = GR.R)= > > Gu(R Rp)-aj-Gje(Rp. R).
ave(0, 0, &), respectively. The latter two tensors are respon- i '
sible for a dichroic response and fulfilyg = —&EM. For
simplicity, we assume the response only in thdirection;  where all tensors also depend @nWe can expand the prod-
however, a general direction should be considered in a realistiacts of the currents and Green’s functions in the right-hand

i= =
EM EM

023192-3



ANDREA KONECNA et al. PHYSICAL REVIEW RESEARCHb, 023192 (2023)

side of Eq. 8) as where the individual contributions are defined by the products
WG W = WA G WIGW, of the components oW, i.e., Tee o« [W;|?, Tem oc W W,
- zZ zZ

. X Tme o< WyWG, Tm oc [Wp|2:
+ W¢ g¢>sz + W¢ g¢¢W¢ . (13) e2 o
The first term expands as r ~———Im do do’ dAlie—¢)
p (@) ¥ 5 [ ; ¢ do
WG W, = WZ*[(gEE - 0eg - GEE)z

+ (Gem - due - Gee)z
0 _ eza)zlm[aEE(a))] |:|A| (&)KN <ﬁ):|2’
vy

+ (Gee - Gem - GuEe)z A7r3e2hvdy? vy
(19)

0
where we assumey; < R, and introduced the Lorentz fac-

Gev - amm - G 14
+ (Gem - gME)ZZ]WZ’ (14) tory = 1/,/1 — v2/c2. With the same assumptions, we obtain
0

X Qu’(RO,Ii > R0.|i . 9, ¢,’ w)i|

2
where the three terms_vanish due to the symmetries of the Tm (@) ~ el Im[/ do dg’
Green’s functions [e.9.Gve )z = (Gem)z = 0] and the axial 47 3ha?R3,| o2, 0
form of the polarizability. Similarly, one we can simplify
N ) n IN[C= OV /
WG oWy, = W (Gee - dem - Guie) Wi, (15) x € s (Rou» ol ¢, & w)}
A . A 2,2
WGy W, = Wi (Gem - dmE - GeE)p e, (16) _ &l imlawm ()]

X A N 4 3edhv2cty 2RS| oF;
WG Wy = Wy (Gem - dmm - GMme)gpWp.  (17)

2
’ wRO,Ii w
We now split the total loss probability as X [ Al (7)KAI <v—5p>] ; (20)
I'(®) = Tee(w) + Fem(®) + Tve(@) + Tum (@), (18)  ang

J

e2|i 2 /A - [ N /P /
m'm[ ; dg dg'd! ¢){gz¢’(R0,|i’RO,|i7¢7¢)/g¢Z'(RO,|i5R0,|i’¢’¢)}j|

_ {:F}92|iw2Re[0l{EM/ME)(w)]I, (wRo,li)l <wR0’|i>K2 (ﬁ) (21)
a 47r3e2hv3cy 3Ry |, Uz Ay Al vy A\ vy )

I'emymey (@) ~

(

We evaluated the integrals following Re&1]. We note that  dichroic signal
for a well-focused VEB withwRy/(vy) — 0, Al =0, and

thus usindo(x) ~ 1 andl(x) ~ x/2 for small arguments, we _ &|liw? 2 @Ro
obtain Py =Ty = 27T3—8§Hv4)/402qz’i O<W>RE[O[EM(O))]’
(23)
Ew? of WRy
[(w) = WKO (—){lm[“EE(w)l where we usedwe = —agy. Interestingly, the proportion-
ohvty vy . - YME =
ality of the dichroic signal to Refm] holds also for the
|Z?Im[apm ()] difference of optical absorption obtained with right- and
At left-handed circularly polarized lightAgcp — Alcp) [54].
| ' However, compared to the optical circular dichroism, the local
_ '—wRe[erM(w) _ OlME(CU)]}- (22)  excitation by a focused VEB makes it possible to probe the
2C%y | dichroic response with high spatial resolution, which is man-

ifested in the fast decay of the signal strength with increasing

The well-focused-VEB limit is very accurate fBy; < 10  distance of the electron beam from the particle, as the EEL
nm at optical frequencies and for typical TEM accelerationprobability strongly depends on the field accompanying the
voltages. Such effective radii are achievable even for relative WEBSs.
largel (~100), as shown in AppendiX. We also note that for Importantly, considering typical scaling of polarizability
l; = 0, the result above coincides with the classical limit with componentsduy ~ C%aeg andagy ~ Cagg), we can see that
a well-focused beam at the origin interacting with an electricthe contribution to the loss probability due to the interaction
dipole oriented along theaxis. with the electric dipole will be dominant as/(2q,ic) ~ 10°°

The loss probability in Eq.22) can be readily evaluated at optical frequencies and typical velocities of electron probes.
for a beam carrying OAM+hI; and —hl;, which yields the  Significant improvements in detecting dichroism or purely
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space, under the transformatidb]

J J E m
(Es. +Ey,,)(rp), E—-cB, B> —, p—> —. (26)
Jm ']m (BJe +BJm)<rIJ) c C
/—\/I\) We can now introduce the electric and magnetic
r, ¥ loss probabilitiesT'e and I'm, respectively, asAEe/m =
I P o m o~ do Ao Tg/m). The total loss probability
a ?I;de ‘izl,]dm '
B3+ B I'(@) = Fe(®) + Im(®) (27)
then corresponds to the measured electron energy-loss spec-

trum for the case that a perfectly focused VEB is employed
and that we disregard OAM exchange.
We find that the line current density sources mimicking the

FIG. 3. lllustration of the classical frameworks for calculating \, o) tocused excitation by a VEB centeredratare expressed
the interaction of the VEB with an environment, in which the electron

i . . ; . S
beam is modeled as classical electric and magnetic, axial currer?i
densitiesle andJy,. In (@) the electric fields generated by the currents
and scattered by the environment are acting back on the currents,

inducing loss [see Eq20)]. In (b) we consider an example of such \ynara3, — _eis the amplitude of the electric current density,
interaction, with the environment modeled as a dipolar pointlikeandJ is a (complex) amplitude of the effective magnetic

. . . . m
scatterer, as in Fig2. The energy loss experienced by the VEB is current density to be determined. By inserting the current den-

calculated from the interaction between the dipg@esdm induced o . -
in the scatterer, and the fields which induce the polarizations, geners-Itles from Eq. £8) into Egs. @4) and @5), we can write down

an analog of Eq.18), expressing the total loss probability of
ated by the VEB currents (see SHC). the sum gf the ?ofj(r)contrr)ibution% P /

Jiegim; = Jgym €7 (R — Ro)e, (28)

magnetic response from pointlike objects with well-focused ['=Tey, + lesy, + Tmay, + T, (29)
VEBSs could be achieved by employing slower electrons with
large OAM. where
e © ind iwz
r = — dzReE R,z w)e™ v
C. Semiclassical formalism @dem (@) = TR0 /_oo AES e Rez0)em ]

The interaction of a well-focused VEB with a sample (30)

can also be expressed using a semiclassical formalism by -1 [ nd .z
introducing effective frequency-dependent electric and mag- I'miem = %/ dzRe[B}S,  (Rc,z @)Jne™ v .
netic line currentsle and Jn,, respectively, representing the - (31)
VEB. These sources induce the electromagnetic response of a
sample, which acts back on the electron beam and causes its Here we split the induced electric field excited by the
energy loss7] [see schematic in Fig(a). While we expect  electric and the magnetic currei{* andE), yielding the
that the electric current of a VEB will have a simple form, corresponding loss probabilitié ;. and]"eﬂ]mm, respectively.
identical to that used throughout the literature on conventionagimilarly, the induced magnetic field originates from the in-
EELS [2], we seek to identify the exact expression for theteraction of the sample with both current sourcB§%(and
magnetic current. _ BINd), giving rise to the loss channdl, 5, andTr, 5,. This is
The total energy loss consists of the energy loss eXgenoted schematically in Fig(a). ’ ’
perienced by both the electric and the magnetic current
components of the beansE = AE. + AEn,. The electric
and the magnetic energy losses in the nonrecoil approximation
are given by $0]

Loss probability for a VEB interacting with a pointlike
dipolar particlein a semiclassical model

_q poo o To identify the correct expression for the magnetic current
AEe = _/ da)/ dr Re[Eind(r, w)-Ji(r, w)], (24) Jm amplitude, we now aim to find the correspondence between
T 10 L the total loss given in Eq20) and the result considering the
__ ind * guantum-mechanical description of the VEB given in B}. (
ABm = ?/0 deo /_Oo dr ReB(r, ) - (1, )], To this end, we consider here the same problem of scattering
(25)  on a pointlike dipolar particle as discussed in 3EB..

The calculations are carried out in a different manner than
where E™ and B™ are electric and the magnetic fields, above, shown schematically in Fg(b). Here we consider the
respectively, induced by the radiation from the electric andelectric and magnetic dipolar momenptsandm respectively,
magnetic currentde andJy, respectively. The last two ex- inducedin the scatterer p = &ee(Ej, + Ej,,) + &em(By, +
pressions can be related using the invariance of the Maxwell'8;,) and m = aum (Bj, + By,,) + éme(Es, + Ej,), by the
equations and the corresponding Green’s functions, in freéelds generated by the electric and magnetic currents of
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the VEB:
E(rp) = Es.(rp) + Ey, (rp),

B(rp) = By, (rp) + By, (rp),

where

ewe's wR i wR
Ei(rio)=——> [_K1<_)9R + —Ko<—>ez],
2megyv vy y vy

(34a)
Bu(rw) = 2 k(R (34b)
y W) = /5 - )
Je 2 g0y VG2 ! vy %
and
—Jmwes oR i wR
BJm(r,a)) = ﬁ[—K]_(_)Q?"' _KO<_>eZi|v
7T E0) V2C vy y vy
(35a)
—Jma)ei[’T’Z wR
E; (r, = — K[ — . 35b
In (o) ey V2 1<W>e¢ (35b)

A. Spectroscopy of localized modesin spherical
dielectric nanoantennas

We first apply the theory presented above to the canonical
example of a single spherical nanoparticle. Due to its sym-
metry, the termg’e 5., andT'm 3, do not contribute to the loss
probability and we need to evaluate only the tedrgg, and
I'm.a,- The fully retarded analytical solution of the induced
electric field arising from the excitation of a spherical particle
by an electric current was obtained in Reb6], and the
corresponding EEL probability is expressed as

&

[ee] n
b
P 5 Py = —— K222
© & = Axeochw ;m;n ™\ vy

x [CM Im[tY] + CEIm[tS]].  (39)

where the summation is performed over multipolesnf),
Kmn(x) is the modified Bessel function of the second kind of
orderm, b is the distance of the beam from the center of the
sphere (the impact parameter), and the coeffici€fit¥ take
into account the coupling with the field of the electron beam
(see Egs. (30) and (31) of Refhq]). We use superscripts

The loss of energy can be then calculated by considering thil /E to denote the coefficients related to the excitation of the

work done in the scatterers as

() = Z=Imip - (B3, (15, @) + E3, rp. )

+m- (B (rp, @) + B} (Tp )] (36)

By plugging Eqs. 84) and @5) into the above expression and

axial polarizabilities as considered in S83, we can find a
closed expression for the loss probability:

2 32
> 4K5<@>|m|:ezaEE+OtMM| m|

r=— 2
4r3edvty

vy ct
Jm Jx
—eEn ;5 GOZMEC—r;:|~ (37)
If we compare Eq.37) with Eqg. 22), we find
il
I = 2208 (38)

v

where we introduced the Bohr magnetgr, = eh/(2me) and

setl; =1 as we are anyways disregarding the OAM change

during the interaction.

magneti¢gelectric modes. Equatio39) also includes the Mie
coefficients:

_+_in(ka)[knajn(kin@)]" — jn(kna)[kajn(ka)]
hY (ka)[knajn(kn@)]’ — jn(kina)[kah{" (ka)]’”

tE — in(ka)[kinajn(kin@)]" — € jn(kina)[kajn(ka)]’

" hP(ka)[dnajn(kna)]’ — &jn(kna)[kah{® (ka)]’”

where ki, = /ew/C represents the wave vector inside the
sphere characterized by the relative dielectric functipand
ais the radius of the spherg(x) andh{})(x) are the spherical
Bessel and Hankel functions of the first kind, respectively. The
derivatives in Eqs.40) and @1) are performed with respect to
the functions’ arguments.

When we consider the excitation of the sphere by a mag-
netic current, the corresponding loss probabiﬁtﬁ?h can
be readily obtained by utilizing the transformation given by
Eq. (26). The magnetic-current-mediated loss probability is
thus given by

(40)

(41)

| 2
MB> How

I" = Ty =( v 4rch

In connection with our definition of different contributions
to the loss probability, we can now see that the dichroic
contribution stems from therossed interaction between the
electrically induced magnetic response and the magnetic cur-

DI CLICHEE

n=1m=-n

rent and vice versa, contained in the terfg;, andTe .,
respectively.

I11. LOSSPROBABILITY FOR VEBSINTERACTING
WITH DIELECTRIC PARTICLESIN THE
SEMICLASSICAL APPROXIMATION

+ CEIm[tM]]. (42)

We now explore whether we can distinguish modes of
electric and magnetic nature excited in silicon nanoparticles
with the help of the v-EEL spectra. In Figé(a) and4(b) we
show the calculated spectral contributiar&" [Eq. (39), solid
red line] and"SP" [Eq. (42), solid blue line], respectively, for a

In the following we present calculations of the loss prob-single silicon nanosphere with radias= 150 nm, an impact
abilities [Egs. 80) and @1)] for different sample geometries parameteb = 157.5 nm [as depicted in the inset of Fig(b)],
where we solve for the induced EM field either analytically orand a 100-keV beamv(= 0.548). We note that while the

numerically (as described in Appendd}.

spectrum in (a) does not dependtdrand thus is identical for
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- (a) and (b)]. Therefore in order to separate the loss probabil-
6 ~ ity componentsSP" and I'SP", two measurements would be
e 3 needed: one with a beam whdre: 0 and another one with
e 4 g exactly the same experimental conditions with a nonvortex
= 5o beam ( = 0). After subtracting these two spectra, one would
L2f obtainl"ﬁqph, which only shows the peaks corresponding to the
o ] magnetic modes. Unfortunately, we can observe that even for
0 relatively large OAM, themagnetic part of the loss probability
ol @ wr s P is six orders of magnitude smaller thmip_h and thus
T B . falls below the limit of the currently achievable signal-to-noise
2 2 8 A ratio in STEM-EELS experiments.
S % 6 L % Besides varying the OAM of the VEB, there is another
§e = 4 > degree of freedom, which might be used to assign the spec-
Y tral peaks to the modes as either electric or magnetic: The
0 B electron’s speed, which governs the strength of the coupling
03 04 05 06 07 08 coefficientsCE/) related to the electromagnetic field of the

fast electrons. In Figd(c) we evaluatel'S"" for varying v

FIG. 4. (a) EEL probability[$", as calculated by evaluation of and| = 0 (conventional electron beam). We observe that the
Eq. 39) (solid red line) for an electron of energy 100 keV£  ntensity ratio of the four visible peaks changes significantly.
0.548&) interacting with a silicon spherical particle of radias= With increasing accelerating voltage (electron’s speed), the
150 nm at an impact parametes= 157.5 nm [see the inset of (b) for coupling of the beam with the magnetic modes is much more
the geometrical arrangement]. The dielectric function of amorphou%fﬁcient which results from the fact that the accompanying
silicon is taken from Ref.q7]. (b) Magnetic-current-mediated loss magneti,c field is stronger for faster electrons. Further, the
probability ", as calculated by evaluation of Eg2, for the same intensity corresponding to the excitation of the M1 and M2
parameters as in (a), and considering OAM= 100h (solid blue modes grows faster than the peak assigned to the E1 mode

line). Contributions to the loss probabilities from different electro- " -
magnetic modes are split in (a), (b): magnetic dipole (M1, dark blueWhICh starts to saturate for larger speeds>(0.7c). This

dashed line), electric dipole (E1, light red dashed line), magnetiérend is confirmed in Figd(d), Where_We plot the IntenSIFIes
quadrupole (M2, light blue dashed line), electric quadrupole (E20f the peaks extracted from spectra in Fi() at the energies
orange dashed line), and magnetic octupole (M3, purple dashed line§orresponding to the M1 (dark blue points), E1 (light red
Notice the different intensity scale of (b). (€)"" evaluated for squares), M2 ("th blue diamonds), and E2 (orange triangles)
varying electron’s velocity. (d) Intensities of the peaks marked in modes, depending on the electron’s speed. We also plot the
(c) (colored symbols), with the color coding corresponding to thepeak intensities as if the modes were excited independently
dashed lines in (a), (b). The contribution to the intensity of eachby solid lines to eliminate the influence of the spectral overlap
electromagnetic mode is also displayed by solid lines with the samef the excited modes [see Fid(a) showing that, e.g., E1
color code as in (a), (b). contributes significantly even at the energy of the M1 peak].

This trend is similar for higher-order modes, and we suggest

that obtaining the EEL spectra at several acceleration voltages
a vortex and nonvortex bearfi,, in (b) is nonzero only fora might serve for a relatively straightforward classification of
vortex beam. We considergd = 100 for our vortex beam.  the modes.

To understand the origin of the resulting spectral features, VEBs can also be applied to unravel the spectral response
we split the full spectra (solid lines) into the contributions of of more complex dielectric nanostructures, such as dimers
the different electric (F) or magnetic (M) n-order multipoles of two (identical) particles separated by a small gap. The
(dashed lines), i.e., the spectra in Eg39)(and @2) before  nanoparticle dimers are also of large interest, as they can
the summation oven. In the considered spectral range, the provide a significant enhancement of the field in the gap or
probabilityrgph [solid red line in Fig4(a)] exhibits four very  Yyield directional scatteringl,14,5859]. In Fig. 5 we thus
distinguishable peaks, which arise due to the excitation of &tudy numerically v-EELS of a pair of spherical dielectric
magnetic dipolar mode (M1, dark-blue dashed line), electrigparticles (each of them with the same properties as the single
dipole (E1, light-red dashed line), magnetic quadrupole (M2spherical particle studied in Fig) separated by a gap of dis-
light-blue dashed line), and electric quadrupole (E2, orangéanceg = 15 nm. It has been shown that in such a system, the
dashed line), whose energy nearly coincides with the magnetimodes of the individual particles hybridize and form bonding
octupole (M3, purple dashed line). On the other hand, due tand antibonding modes of the dimei0]. In Figs. 5(a) and
the interchange of the coupling coefficients [compare Bg). (  5(b) we analyze how these hybridized modes contribute to the
to Eqg. @2)], only the magnetic modes (M1, M2, and M3) are spectra for different VEB positions.
found in the plot of 'SP [solid blue line in Fig.4(b)]. The In Figs.5(a)and5(b)we consider a 100-keV electron beam
cross-coupling of the magnetic current to the electric modes iwith ||| = 100 passing through the middle of the gap or close
negligible and produces only a small contribution [see dashetb the side of one of the spheres and calculate the EEL prob-
light-red and orange lines in Figd(b) close to zero]. ability. We note that therossed loss probability components

In a typical measurement of EELS, one obtains the total's 3, andI'y, j, are either identically zero or cancel. We can
loss probabilityl'sP" = ISP" + TSP [sum of solid spectra in  thus again assigile — Tej, and'm — T 3, Importantly,
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to the magnetic dipolar antibonding mode (M1A), the electric
dipolar bonding mode (E1B), and the antibonding magnetic
quadrupolar mode (see the peak above 1.5 eV), which appears
in ', [solid blue line in Fig.5(a). The energy splitting of the
bonding and antibonding modes is apparent when the peak
positions are compared to the spectral positions of the modes
excited in the individual sphere (plotted by vertical gray lines,
extracted from Fig4).
When the beam is moved to the side of one of the spheres
along the dimer axis [see the schematics in B{B)], bonding
and antibonding dipolar modes are excitable by both cur-
rent components, as schematically shown next to the graph.
However, some of the dipolar arrangements are excited pref-
erentially, which is apparent in the respective spectra. The
electric component of the current efficiently couples with the
M1B mode, E1A mode, and also E1B mode [solid red line in
Fig. 5(b)]. On the other hand;, [solid blue line in Fig.5(b)]
shows a spectral feature arising from the excitation of both
FIG. 5. [(a),(b)] Numerically calculated electric-current and \j1A and M1B. Interestingly, M1A is dominant with respect
magnetic-current-mediated EEL probabilitid, (solid red line)  to M1B, whose excitation gives rise to a small shoulder below
from Eq. 80), andI'n (solid blue line) from Eq. 1), respectively, 1 1 eV, We also observe that the magnetic current component
fpr a ;OO-keV electron _beam wiﬂh: 100 f_exciting a spherical par- couples only weakly to the E1B and E1A modes. However,
ticle dimer. Each spherical particle of radiais= 150 nm is made of o qte that this loss contribution is still six to seven orders of

silicon (dielectric response is taken from Réf7). The distance of 0 hivde smaller than the electric part and would be difficult
the gap between the particlesgs= 15 nm, and the beam is passing , . -
fto isolate, as discussed above.

either (a) through the middle of the gap or (b) by the side of one o
the particles at the axis of the dimer, 7.5 nm from its surface. We _ ) _ ) o _
denote the loss peaks corresponding to the hybridized dipolar modeB- Probing the photonic density of statesin an infinite cylinder

in the dimer as bonding and antibonding magnetic dipole (M1B and  Another canonical example of a dielectric system with a
MZ1A), and bonding and antibonding electric dipole (E1B and ElA)-strong electric and magnetic response, which can be charac-
Gray vertical lines denote spectral positions of the modes M1, Elyayized via v-EELS. is that of dielectric waveguides,pl-

and M2 in the EEL spectra calculated for a single spherical particlgsg - prayious theoretical analysis of the interaction of fast
(see Fig4). Next to the corresponding spectra, electric (red armows)y o yrons with dielectric cylindrical waveguides has already
and magnetic (blue arrows) coupled-dipole configurations excitabl

LT ) . %uggested their potential for applications in single-photon
by each of the current contributions is schematically depicted. sources §6]. Here we study the EEL probability of a VEB

exciting an infinite cylindrical wire of radiug placed in

the symmetry of the electric or magnetic field produced byyacuum for a geometrical arrangement as sketched in6Eig.
the electric or magnetic part of VEB current dictates whichan electron beam moving at speedarallel to the axis of
current component couples to specific modes of the dimer. Wihe wire at a distanck > a from the center of the cylinder.
schematically depict possible scenarios next to the graph.  For this geometry, the retarded analytical solution of the EEL

If the electron beam is placed in the gap [Fifa), I'e  probability was presented, e.g., in R&f7[ and reproduced in
[solid red line in Fig.5(a)] shows that the electric current AppendixD, which we can easily modify to include the con-
component can excite the magnetic dipolar bonding moderibution to the loss experienced by the magnetic component
(M1B), the electric antibonding mode (E1A), and the bondingof the current by using the transformation in E26), We can
magnetic quadrupolar mode, yielding a peak close to 1.5 eMuvrite the two contributions to the overall loss probability of
On the other hand, the magnetic part of the current couplethe VEB per unit length as

J

dre _ dl—‘eq\]e e2 ad

2 2
W 4 " e %Re{(z_ 8m0)Km(kob) (& — KZ)be m(ke, @)} [, _o. (43)
Ye(kz,0)
dl'm dl'm.y,, M%IZMO = 2 2
== 2n2v25r§|m{(z— 8m0)Km(kob) (K2 — k?) A m(Kz, @)} \kzz%, (44)
Ym (Kz, @)

where m denotes different azimuthal modet,o is the Kronecker delta, ankd, = w/v stands for the wave vector along
the cylinder axis, which has to match the wave-vector component transferred from the fast electron when calculating the
spectra. The dimensionless coefficielnts (k,, @) anddy m(kz, @) can be obtained as described in ApperidixVe also define

ko = /K2 — K2.

023192-8



PROBING THE ELECTROMAGNETIC RESPONSE OF ... PHYSICAL REVIEW RESEARGH23192 (2023)

FIG. 6. EEL probability calculations for an electron beam moving parallel to the axis of an infinite silicon cylinder alamnlytution (see
the schematics) with speed The radius of the cylinder ia = 150 nm, and the beam distance from the center of the cylindesid60 nm.
(a), (b) Electric- and magnetic-current mediat&g ¢)-dependent loss probabilitieg from Eqg. @3) andyy, from (44) in logarithmic color
scale. Dashed lines overlaying the density plot correspond to dispersions of different azimuthatmfrode£q. @5) (color coding shown in
the legend). Solid gray lines show the wave vectors provided by the electron keam/v, for velocitiesv = 0.777c (300-keV beam) and
v = 0.548 (100-keV beam). (c), (d) Loss probabilities per unit trajectory corresponding to the electric current componet)[Emd to
the magnetic current component [E44)] calculated for a 300-keV beam (solid black line) dné 100. The dashed lines show contributions
of different azimuthal componenisto the spectra. (e), (f) The same as (c), (d), but for a 100-keV beam. For plots (a), (b) we considered only
the first four azimuthal modes in the summation. The total probabilities in [(c)—(f)] were calculatethwtf, 1, ..., 6.

The denominators of the coefficieris, anddm m, yield the dispersion of all the modes supported by the cylinder with the
relative dielectric function:
k2k2m? 5 ) > [« , , , K ,
— a2 Km(ko@) Im(kia)“(e — 1)° + | —Im(kia)Ki (ko) — Km(ko@)lm(kid) | | eKm(kod)l (ki) — —Im(ki@)Kp (ko) | = O,
A% KK, Ko Ko
(49)

where I,(x) and K (x) are the modified Bessel functions of the first and the second kind, respectively, ofnaraerd

ki = VG — k.

(

In Figs. 6(a) and 6(b) we plot the k;, w)-dependent loss damped, with these modes we can capture all the dominant
probabilities y. and yy, as implicitly defined in Eqs.43)  spectral features. We can observe that some of the modes
and @4), respectively, for geometrical parameters=- 150  (denoted by using the standard notation from waveguide the-
andb = 160 nm. On top of the density plots, we show theory, see, e.g., Refs68,69]) are visible only in the electrical
dispersion curves corresponding to the guided EM modes (theontribution to the spectra [Fig. 6(a)] or, vice versa, in the
leaky modes above the light line, given ky= w/c, are not magnetic contributiony, [Fig. 6(b)]. We can conclude that
shown as they are not excitable by the parallel beam) sumue to the symmetry of the EM field produced by the current
ported by the infinite cylinder obtained as solutions of B&) (  components, transverse electric modes (TEO1, TEO2, ...) are
for the different orderam denoting the modes’ azimuthal excitable only by the magnetic current. On the contrary, trans-
symmetry. We consider only the first four azimuthal numbersverse magnetic modes (TM01, TM02, ...) couple only to the
m= {0, 1, 2, 3}, and as higher-order modes are much moreelectric current component.
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FIG. 7. [(a),(b)] v-EEL spectra calculated for chirally arranged silicon rods with parangetei®0 nm,L = 800 nm,g = 30 nm [see the
inset of (a)]. The dielectric response of silicon is taken from R&f]. [We consider the excitation by a 100-keV VEB with= —100 and split
the spectral contributions according to Eg0)(and B1): I'e 4, (solid red line),l’e 4, (dashed red line), anidy, ;, (dashed blue line). We omit
the'n 5, term. The green line shows v-EEL dichroism, obtained as a difference between spectra calculated-fid0 and = +100. In
(a) the beam is positioned according to the inset 10 nm from the surface of the rods, whereas in (b) the beam is placed 10 nm from the tip of one
of the rods as depicted. [(c)-(e)] Energy-filtered maps of the total EEL for-100, and [(f)—(h)] the dichroic signal at energies marked on
the left of each row. The selected energies correspond to positions of the peaks in the dichroic signal in (a). The spatial scaling is the same in all
maps and the boundaries of the cylinders are plotted by dashed gray lines, while their cross sections are shown as semitransparent rectangles

From the k,, w)-dependent plots in Figé(a)and6(b)we  Importantly, the standard electrical component of the EEL
can readily obtain the EEL spectra by settigg= w/v [see  probability in geometries possessing translational invariance,
the gray lines in Figs6(a)and6(b)]. In Figs.6(c)and6(d)we  such as in the current situation of the beam moving parallel
plot dTe 5,/dz [Eq. (43)] anddI'y, 4, /dz [EqQ. (44)], respec- to an infinite cylinder, can be related to the electrical part of
tively, evaluated for a 300-keV electron beam=£ 0.777c).  the projected photonic local density of states (LDOB)] [
The total probabilities (solid black lines) are split into con- An analogous proportionality holds between the magnetic-
tributions of the different azimuthal modes = {0, 1, 2, 3} current-mediated loss and the magnetic part of the photonic
denoted by the colored dashed lines. We observe that tHeDOS. Hence this relationship might be used in the context
hybrid HE21 mode produces the dominant spectral feature inf the interaction of magnetic emitters with such structures.
both cases. On the other hand, the peak corresponding to tlur results are consistent with the findings in Réd][where
excitation of the TMO1 mode is present only in the spectrunthe coupling of modes to differently oriented electric dipoles
of Fig. 6(c), and the peak arising from the excitation of the was linked to the excitation by electfimagnetic current
TEO1 mode appears only in Fig(d). The hybrid EH11 is components.
also dominantly excitable by the magnetic current and has
only a negligible contribution in the electric-current-mediated o )
spectrum, as confirmed by evaluating the induced fields given ~ € Dichroic spectroscopy with vortex electron beams
in AppendixD. Now we demonstrate the emergence of the dichroic signal

By changing the acceleration voltage to 100 kV, we obtainwhen an extended chirally arranged nanostructure is probed
the spectra in Fig$H(e)and6(f), where the same modes give by a VEB. We adopt a similar geometry as the one studied
rise to peaks at slightly different energies due to the changim Ref. [72] and perform the numerical modeling for two ver-
of the energy-momentum matching (highleris provided tically displaced cylindrical rods rotated by 9@nd stacked
at fixed energy compared to the faster 300-keV electron)at their corners as shown in the schematics of FigThe
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overall response of the structure in such an arrangement yieladsirrent component of the VEB. However, we note that in-
optical dichroism 72], and thus, according to the preceding terpreting spatially resolved dichroic v-EELS in a general
analysis, we should expect the emergence of dichroism also itase can be rather involved and requires further theoretical
the VEB-EEL spectra. However, the finite spatial extent of theanalysis.
structure, as well as the overlap of different electromagnetic Although the dichroic signal is three to four orders of
modes excited in the silicon rods, might produce a nontriviaimagnitude weaker than the overall spectra, experimental de-
spatial dependence of the dichroic signal. velopment and involvement of high OAM might make it
We set the length of each rod,= 800 nm, radius = 80  detectable 36]. We note that our approach assuming an in-
nm, and vertical spacing between the ragiss 30 nm, as finitely focused VEB presumably underestimates the intensity
shown in the inset of Fig7(a) We calculate EEL spectra of the dichroic signal. By taking into account an overlap
for an excitation by a VEB with energy 100 keV and OAM of a realistic beam profile with the electromagnetic field in
| = £100 at different beam positions. The spectrain F{@) the structure (e.g., as in Refg1951]), one might expect a
are obtained for the beam placed at the corner between thegher contribution of the dichroic signal to the overall loss
rods, 10 nm from their boundaries, whereas in Fi@) the  probability, with a qualitatively similar spatial dependence.
beam is located at 10 nm from the tip of one of the rods

(see the corresponding insets). We split the relevant spectral IV. CONCLUSIONS
components as in Eqs3@) and @1): The purely electric loss . ) ] .
probability termI' 5, (solid red line), and therossed electric- We set a classical theoretical framework suitable for quali-

magnetic term§'e 5, (dashed red line) anbly, ;, (dashed blue tative modeling of vortex electron energy-oss spectroscopy at
line). We do not plot the purely magnetic teify, 5., which  optical frequencies in the limit of a perfectly focused vortex
is several orders of magnitude weaker. beam. We revealed that spatially resolved EELS acquired with

The modes of a finite silicon cylinder can be understood a§lectron vortices could be a powerful technique for a detailed
standing waves along the long axis of the cylinder, formed byeharacterization of the optical response of complex nanostruc-
the different modes of an infinite cylinde63,73] discussed ~tures, which we demonstrated in several examples: spherical
in Sec.lll B. The first dominant peak il 5, close to 0.8 eV particles and cylindrical wires made of silicon. In particu-
in Figs. 7(a) and 7(b) originates mostly from the bonding lar. we showed how to interpret EEL spectra based on field
arrangement of two dipolar modes along both rods [as cafymmetry considerations and demonstrated that we could dis-
be noted also in the energy-filtered map in Figc)] with  tinguish modes of electric or magnetic nature emerging in the
a TMO1 transverse modal profile. This mode couples weldi€lectric nanoparticles by varying the electron’s velocity or
in this geometry to the EM field associated with the electricOAM. We also proved the emergence of dichroism in electron
current component as found from the analysis of the inducegP€ctra recorded with vortex electrons, which could establish
field. The second-order mode with TMO1 modal profile ap-V-EELS as a unique technique to characterize chirality at the
pears around 1.3 eV [the corresponding peak is clearly visiblganoscale.
in Fig. 7(b)], but it significantly overlaps with an admixture
of higher-order electric and magnetic modes from higher en- ACKNOWLEDGMENTS
ergies. Hence, due to this overlap, the energy-filtered maps at
energies 1.38 eV [Fig/(d)] and also at 1.6 eV [Figi(e)] show
nearly homogeneous intensity for all beam positions close t
the rod surfaces.

Importantly, there is a small difference between the spectr
I'_ andrl",, which we plot with solid green lines in Figg(a)
and7(b). The dichroism in EEL emerges from theossed loss
termsTq;, and 'y, [dashed lines in Figs7(a) and 7(b)].
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also flip signs depending on the spatial distribution of the local

phase and the nature of the induced field alongzteis. APPENDIX A: VEB RADIUSASA FUNCTION

The sign change of the dichroic signal appears in the region OF APERTURE SIZE AND OAM

between 1.4 and 1.6 eV, where hybridized modes with TE | Fig. 8 we evaluate the dependence of the effective VEB

polarization, i.e., coupled magnetic dipoles and higher-ordefagius for different forming aperture sizes and OAM.
modes polarized along the long axes of the rods, can be

excited. These modes couple preferentially to the EM field
of the magnetic current component, which changes its sign
depending o [see Eq. 88)]. Hence, the sign of the dichroic
signal might, in this case, reflect whether a particular mode As we showed in the main text, we can find that
preferentially couples with either the electric or the magnetidhe approximate electric curredt = —eW (R)€“%* can be

APPENDIX B: NOTE: CLASSICAL ELECTRIC
AND MAGNETIC CURRENT COMPONENTS
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10 T T T T r r n allowed elements’ dimensions depend on the simulated en-
5 ergy region and thus on the typical wavelengths involved. We
typically use fractions of the typical wavelength for the largest
— elements.
E ! o I=1 The electric current density component assigned to either
= 0:50 =10 conventional or a vortex electron beam is implemented as line
® - “EDGE CURRENT’ whereas the magnetic current is given by
o \‘\'\“‘*‘M =100 |ine “MAGNETIC CURRENT," as expressed in Eq28). The (v)-
0.05 EEL probability is evaluated from 3D calculations according

: : v . v . . to Egs. B0) and @B1) directly with this software using an
1520 25 30 35 40 45 50 “EDGE PROBE’ “INTEGRAL,” along the electron’s trajectory
Qe (nm™") between the boundaries zty, andzmax.
All simulations were performed twice, with(r, w) corre-

FIG. 8. Effective beam radius as a function of the initial trans- sponding to the probed structure and then weith, ») = 1
verse wave-vector cutoff calculated for OAM bf 10n, and 100.  ayerywhere, so that only the field of the electron is present,
We find that numerically calculated data (points) approximately fol- reserving the same discretization of the geometrical do-
low 1/Qc; dependence with the corresponding fits plotted as soliqy,5ins * Afterwards, the loss probability obtained from these
"nes.' In praCt.ice’ there is a finite achievable radius given by the,, calculations is,subtracted to obtain only the contribution
maximal possible convergence angle. coming from the induced field arising from the interaction of

the electron beam with the nanostructure and to correct for

equivalently replaced by two sourcds,= —e€®“%’e, and the finite length of the electron’s trajectory and nonzero values
ilew . ilous of the fast electron’s field at the boundaries of the simulation
Im ~ He""z/”eZ — B guz/vg, (B1)  domain p,75,76].
z,i v

However, we note that especially for lardesr for probed
structures with dimensions comparable to the vortex focus, the APPENDIX D: ELECTRON INTERACTING
loss probability calculated using this model can differ both WITH A DIELECTRIC CYLINDER
qualitatively and quantitatively from the rigorous approach, We adapt the expressions from Re#7] for the electro-
i.e., using the overlap integral in Ecp)(within the quantum-  magnetic field expressed in cylindrical coordinatBs, z)
mechanical description of the VEBs. We also note that afor an electron beam moving in vacuum, parallel to an infinite
alternative magnetic current deduced from an effective spidielectric cylinder along the axis. The cylinder has a radius
ralling electric current, as presented in R&0]| is expressed g, and the electron beam is positioned at radial disténsea
asJm = 2il eﬁcz/(mengy,w)e'“’z/”eZ, which involves an addi- from the center of the cylinder_
tional factor 4:2/(R(2)’|w2) in their expression, as compared to  The electric and magnetic field components, produced by
Eq. B1), yielding several orders of magnitude larger valuesthe fast electron moving in vacuum, in cylindrical coordinates,

for the magnetic field current amplitude. and Fourier-transformed in the space, are
APPENDIX C: NUMERICAL CALCULATIONS Eu(R 6.y ) = iwed(w/v — k) i [Ken(R)
OF (v-)EELSIN COMSOL MULTIPHYSICS e2(R ¢, ke, ) = v2e0y2 m
mM=—00
We utilize theRADIO FREQUENCYtoolbox ofcomsoL MUL- x Im(bQ)H (R — b)
TIPHYSICS software, where we solve the wave equation for .
the total electric and magnetic field in the frequency domain + K (b)Im(RQ)H (b — R)] €™,

with electric and magnetic current sources. We perform the 00
calculations in a three-dimensional (3D) simulation domainin g (R ¢, k,, ) = S2eb(w/v — ki) Z [K/,(RR2)
the Cartesian coordinate syster) Y, z). The simulation do- ' VEQ
main includes the nanostructure characterized by a dielectric
responses, a straight line representing the electron’s trajec-

mM=—00

% Im(b2)H (R — b)

tory, a simulation domain (typically a block) surrounding + Kn(bQ)I/ (RQ)H (b — R)]e™,
the nanostructure characterized by= 1, and “PERFECTLY -

MATCHED LAYERS"” (PMLs) with Cartesian symmetry that help _iwed(w/v — k) m

to attenuate the electric field at the boundaries of the simula- Belp (R ¢, ke, ) = vEo Z ﬁt[Km(RQ)
tion domain and prevent unphysical field reflections from the M=o
boundaries. x Im(bQ2)H (R — b)

We apply theFREE TETRAHEDRAL mesh with refined el- i
ements in areas of high field concentration and gradients, + Km(b2)lm(R)H (b — R)Je™.
typically close to the electron’s trajectory and nanostructures. Helz(R, ¢, k;, @) =0,

We allow for an increase of the size of the mesh elements 00
towards outer boundaries of the simulation domain. The area H, g(R, ¢, k,, w) = — ie5(w/v — k) Z T[Km(Rg)
of PML is meshed by 5-10SWEePT layers. The maximal ’ R
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x Im(bQ2)H (R — b)
+ Km(bQ2)Im(RQ)H (b — R)]€™,

Heip(R 6, kr, ) = Q83(0/v — k) Y [Kn(RQ)

x Im(bQ)H (R — b)
+ Kn(bQ)I/ (R2)H (b — R)]e™,

wherely(x) and K, (x) are the modified Bessel functions of
the first and the second kind, respectively, of ordgrand
H(x) is the Heaviside step function. We also defined=

w/(vy). The components of the induced electric and magnetic

field inside the cylinderR < a) characterized by a dielectric
functione are

Enz(R ¢,k 0) = Z _Kizae,m|m(KiR)eim¢,
m=—00
Enr(R 9.k 0) = Y |ikecidenlp(iR)
m=—00
wMom ;
- 1o Ce,m'm(KiR)]elmqﬁ,
EnoRokea)= 5 [0 | R
in,¢ , ¢, Kz, 0 —m;m - R Ae mIm(Ki

— w0k Ce ml (ki R)]eim7
o0

Hin2(R ¢, ks, ) = Z _Kizce,m|m(’(i R)ém,

Mm=—00

Mweeg

Hinr(R ¢k 0) = Y | == aemlm(iR)

+ iKgki Ce.ml (ki R) | €™,

His (R ¢k @) = Y |iwecociaentp(ciR)

m=—o00

mk; )
T e minti R)]ém,

whereas the induced electric and magnetic fields outside th&

cylinder R > a) in vacuum are

Eout,z(R,(st K. 0)) = Z —Kgbe,me(KoR)eimq)7
M=—00

Eour(R ¢, ke @) = Y [ikakobemKi(koR)
M=—00

wuom
R

de,me(KoR)]émﬁ,

[e¢]

mk
Eout¢(R, ?, ks, a)) = Z [_?Zbe,me(KoR)

m=—00

- iU)IJLOKodeVmKr{n(KoR)iI elm ’

HOULZ(Ra R ks, 0)) = Z _Kgde,me(KoR)eim7

M=—00

Mweg
R

Hour(R ¢, ke @) = Y [ = DemK(kcR)

m=—o0
+ ikzxode,mKr;(KoR)]é"w,

o]

Hout¢(R’ ¢, kz, ) = Z I:iwgoKobe,mKr/n(KoR)

mM=—00

k. )
mRZ de’me(KoR)iI e|m¢ .

In the above expressions we assumed only solutions not di-
verging atR= 0 and at infinity, and we also definag =

VkZ — s‘g—f and k, = VK2 — <. The unknown coefficients

y4 2 "
8am, Pem, Cem, @andde, are ocbtained by imposing boundary
conditions at the boundaries of the cylinder:

Hin,2(Ro, 0, 0z, ) = Houtz(Ro. 0, 0z, ), (D1a)

Ein.z(Ro. 0. 0z, @) = Eoutz(Ro, 0, Gz, )
+ Eel2(Ro, 0, 0z, ), (D1b)

€Ein r(Ro, 0, 4z, ) = Eoutr(Ro, 0, 0z, )
+ Eelr(Ro, 0, 0z, ), (D1c)

Hin,r(Ro, 0, 0z, @) = Houtr(Ro, 0, 0z, )
+ Heir(Ro, 0, 0z, ). (D1d)

By using the transformation in Eq2§), we can obtain the
ectric and magnetic field produced in the presence of the
cylinder due to the magnetic current component with the
unknown coefficients redefined & m, bm,m, Cm,m, aNddm, m,
which can be evaluated by applying the same boundary con-
ditions as in Egs.[¥1). The loss probability per unit trajectory
due to the electric and magnetic current is then given by
Egs. @3) and @4), respectively.
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