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Probing optical excitations with high resolution is important for understanding their dynamics and
controlling their interaction with other photonic elements. This can be done using state-of-the-art
electron microscopes, which provide the means to sample optical excitations with combined meV—
sub-nm energy—space resolution. For reciprocal photonic systems, electrons traveling in opposite
directions produce identical signals, while this symmetry is broken in nonreciprocal structures.
Here, we theoretically investigate this phenomenon by analyzing electron energy-loss spectroscopy
(EELS) and cathodoluminescence (CL) in structures consisting of magnetically biased InAs as an
instance of gyrotropic nonreciprocal material. We find that the spectral features associated with
excitations of InAs films depend on the electron propagation direction in both EELS and CL, and
can be tuned by varying the applied magnetic field within a relatively modest sub-tesla regime. The
magnetic field modifies the optical field distribution of the sampled resonances, and this in turn
produces a direction-dependent coupling to the electron. The present results pave the way to the
use of electron microscope spectroscopies to explore the near-field characteristics of nonreciprocal

systems with high spatial resolution.

INTRODUCTION

Electron energy-loss spectroscopy (EELS) performed
in scanning transmission electron microscopes is a power-
ful technique to investigate the spatial and spectral char-
acteristics of materials excitations over a wide range of
energies [1-10]. More precisely, detailed information on
the chemical composition of material structures is rou-
tinely gathered by monitoring high-energy losses using
this technique [1, 11-13], while the low-loss region of the
EELS spectra provides an unsurpassed way of spatially
mapping plasmons [8, 14-17], phonons and phonon po-
laritons [18-22], and excitons [23]. State-of-the-art in-
struments are currently capable of delivering a combined
spectral and spatial resolution in the few-meV and sub-
nm range, which allows mapping mid-infrared excitations
[17, 18, 20, 22, 24-29]. In addition, the cathodolumines-
cence (CL) emission associated with electron-driven exci-
tations of optically active modes can equally provide spa-
tially resolved imaging without the requirement of having
electron-transparent samples [30-35]. In general, the in-
tensities collected in both EELS and CL depend on the
electron trajectory relative to the specimen, and in par-
ticular, in virtue of the reciprocity theorem, the EELS
probability remains unchanged when reversing the direc-
tion of the electron velocity if the sampled structure is
made of reciprocal media, while CL is also invariant for
systems that possess inversion symmetry along the elec-
tron beam (e-beam) direction.

Nonreciprocal photonic structures are currently at-
tracting much attention because they provide appealing
ways to control the propagation of electromagnetic waves
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[36-39]. In particular, gyrotropic materials enable the
development of optical circulators based on the Cotton-
Mouton effect [40], as well as the realization of one-way
electromagnetic wave flow [37, 39] and the manifestation
of exotic phenomena such as the violation of detailed bal-
ance in the emission of thermal radiation [41]. When ex-
posed to an external DC magnetic field, gyrotropic media
display a nonreciprocal response that emanates from the
cyclotron orbits described by electrons in the bulk of the
material, which result in an anisotropic permittivity ten-
sor with complex off-diagonal components. In a related
context, the nonreciprocity arising from a graphene layer
that hosts a drift electrical current has been predicted to
produce a dependence on the sign of the e-beam direction
in Cherenkov [42] and EELS [43] spectra for free electrons
passing near the material with relatively low speeds of the
order of the Fermi velocity [42]. Additionally, the pres-
ence of an intense external e-beam can trigger nonrecip-
rocal behavior in the guided modes of a metallic cavity
[44]. These studies capitalize on the ability of fast elec-
trons to interact with optical modes that do not couple
to far-field radiation, but still, a trace of their excitation
is directly revealed in the electron-generated spectra. We
expect that e-beams can be used to probe the nonrecip-
rocal response with high spatial resolution through the
mechanism of near-field coupling to the sample, although
this possibility remains so far unexplored.

Here, we predict a large dependence of the EELS and
CL spectra on both the strength of an externally ap-
plied DC magnetic field and the sign of the probe ve-
locity vector for free electrons interacting with nonrecip-
rocal waveguides that incorporate gyrotropic materials.
More precisely, we explore this phenomenon by exam-
ining the terahertz spectra associated with planar InAs
films, the waveguided modes of which manifest as sharp
spectral EELS features undergoing sizeable shifts when
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applying tesla-scale magnetic fields, such as those pro-
vided by permanent magnets [45]. Similar effects are
observed in the CL emission resulting from out-coupling
of the waveguide modes through a surface grating. Elec-
trons are thus sensitive to the strength of the magnetic
field when probing high-quality-factor resonances in non-
reciprocal structures made of gyrotropic materials.

RESULTS AND DISCUSSION

Taking the electron to move with constant velocity v
along z, following a straight line trajectory determined by
Ro = (20, ¥0), the spectrally resolved EELS probability
is given by [7, 10]

/dz/dzlm

in terms of the zz component of the electromagnetic
Green tensor G(r,r’,w), implicitly defined through the
relation V x V x G(r,v’,w) — k%e(r,w) - G(r,r',w) =
(=1/c3)8(r — '), where e(r,w) is the position- and
frequency-dependent local permittivity tensor, while k =
w/c is the free-space light wave vector. In structures
made of reciprocal materials, the Green tensor satisfies
the property G, (r,r',w) = G,.(r',r,w), which directly
leads to the invariance of I'ggps(w) under the transforma-
tion v — —wv (i.e., reversing the direction of the electron
velocity vector). However, in the presence of nonrecipro-
cal materials, the loss probability depends on the sign of
.
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We consider structures containing indium arsenide
(InAs) as an example of material that exhibits a pro-
nounced nonreciprocal response when exposed to a mag-
netic DC field B [41]. Using Cartesian coordinates and
taking the magnetic field oriented as B = By, the per-
mittivity tensor of InAs becomes [41]
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102.02 peV. The magnetic field enters through the cy-
clotron frequency w. = eB/m*, where m* = 0.33m, is
the effective electron mass in this material. Our struc-
tures also contain aluminum (Al) or silicon carbide (SiC),

which we describe through their isotropic, frequency-
dependent, local permittivities, taken from tabulated op-
tical measurements [46].

For planar structures, we obtain the loss probability
by expressing the Green tensor in terms of the Fresnel
reflection coefficients 7,4/, where o and ¢’ run over p
and s polarization components. Cross-polarization terms
proportional to rg, and 7ps emerge as a result of the off-
diagonal elements of e, as(w) produced in the presence of
a magnetic field. Taking the surface at the x = 0 plane,
we find [47]
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where L is the length of the electron trajectory, xq is
\/ (Ww/vy)? + kZ with

= 1/4/1 —v?/c?, the Fresnel coefficients depend on
the loss frequency w and the parallel wave vector trans-
fer k| = (ky, k.), and momentum conservation along the
beam imposes the condition k, = w/v. For lossless dielec-
tric waveguides, the integrand in Eq. (1) vanishes, except
at the guided modes, which are signalled by singularities
of the Fresnel coefficients. Analytical results for the Fres-
nel coefficients become too intricate, so we resort instead
on numerical simulations in what follows, with the EELS
probability I'egprs(w) = (e/mhw) [d3r Re{j®™(r,w) -
E™(r,w)} expressed in terms of the self-induced elec-
tric field [7] E™4(r,w), which is in turn calculated using a
frequency-domain finite-difference electromagnetic solver
(COMSOL) with the electron source introduced through
a line current j**(r,w) = —ezd(x — 20)d(y)e“*/?. The
CL probability is also obtained numerically from the far-
field amplitude for the same external source.

Without external magnetic fields, we find four reso-
nance peaks in the EELS spectra simulated from Eq. (1)
[black curve in Fig. 1(b)]. The first peak around 12 THz
(50meV in energy scale) is associated with the surface
plasmon resonances supported at the air-InAs interface,
whereas the remaining peaks represent the excitation of
the bulk waveguide modes contained in the planar InAs
film. In the presence of an external magnetic field of
strength B = 1T, each of these resonance peaks shifts
to the red and blue for electrons traveling along posi-
tive (solid blue curve) and negative (dashed blue curve)
z-directions, respectively, as shown in Fig. 1(b), thus re-
vealing a nonreciprocal response with respect to the elec-
tron propagation direction. Incidentally, the electron can
be deflected by the magnetic field, but such deflection
does not affect the electron spectrum and its magnitude
is negligible for electron-sample interaction lengths in the
range of a few microns.

To explore the origin of the four resonance peaks ob-
served in Fig. 1(b), we plot the electric field distributions
of their associated modes in Fig. 2(a). For the first res-
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FIG. 1: Aloof electron-beam interaction with a nonre-
ciprocal semiconductor film. (a) We consider electrons
moving parallel to an InAs planar film supported on Al and
exposed to an in-plane magnetic field B with the orienta-
tion indicated in the figure. The electron-surface interaction
depends on the direction of the electron velocity due to the
nonreciprocal response induced by the magnetic field in InAs.
(b) Simulated EELS probability spectra for electrons mov-
ing to the left (dashed curves) or to the right (solid curves)
with (blue, B = 1T) and without (black, B = 0) an ap-
plied magnetic field under the geometry sketched in (a). The
electron-surface separation is 1pm, the InAs layer thickness
is 9.85nm, and the electron velocity is v = 0.5¢. Features
(1)-(4) label different guided modes excited by the electron.
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FIG. 2: Guided modes in a nonreciprocal semiconduc-
tor film. (a) Electric near-field amplitude distributions cor-
responding to the resonances (1)-(4) shown in Fig. 1(b) for
B = 0. The upper and lower solid white lines indicate the
air-InAs and InAs-Al interfaces, respectively. (b) Dispersion
diagrams of guided surface (red) and bulk (blue) modes sup-
ported by the film shown in Fig. 1(a) with B = 1T. The
in-plane wave vector k. is normalized to the light wave vec-
tor k = w/c. Dashed curves are the mirror reflection of the
dispersion diagrams for k. < 0, which are found to be shifted
with respect to those for k. > 0 (solid curves). We show the
electron line w = k,v with v = 0.5¢ for reference (vertical
dotted line).

onance peak (label (1) in both Figs. 1(b) and 2(a) at
B = 0), the field is confined at the upper air-InAs in-
terface (indicated by the upper horizontal white line),
demonstrating its surface-mode nature. In contrast, the
electric fields of the three remaining resonance modes [la-
bels (2)-(4) in Fig. 2(a) at B = 0], penetrate significantly
inside the InAs film (region in between the two horizontal

white lines) and form standing wave patterns along the
z direction, a behavior that is typical of TM-polarized
waveguide modes (these are in fact the TMy, TM;, and
TM; modes of the planar dielectric film [48]). In the
presence of a magnetic field, the optical near-field is dis-
torted and lacks inversion symmetry relative to the z = 0
plane when the sign of k. is reversed; the changes in the
optical field are also confined near the surface in mode
(1) and extended across the bulk of the film in modes
(2)-(4), as shown in supplementary Fig. 5. In Fig. 2(b),
we further plot the asymmetric dispersion relations of
the guided modes supported in the structure displayed in
Fig. 1(a) for positive (solid curves) and negative (dashed
curves, mirror-reflected with respect to k, = 0) values
of k, at k, = 0. For simplicity, the results in Fig. 2(b)
are obtained by assuming the Al substrate to respond
as a perfect electric conductor, although the rest of our
calculations take into consideration the metal dielectric
function, as indicated above. The waveguide dispersion
relations for k, = 0 are then given by the expression [41]
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k. (or equivalently 3) arises in the presence of a magnetic
field (i.e., when €, # 0). Incidentally, we can separate
the surface mode [Fig. 2(b), red curves], which in the
large d limit [i.e., when the modes does not reach the
aluminum substrate, as shown in panel (1) of Fig. 2(b)]
reduces to [49]
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The electron line [w = k,v, vertical black dotted line in
Fig. 2(b)] crosses the dispersion curves at multiple fre-
quencies, which perfectly match the spectral positions
of the resonance peaks shown in Fig. 1(b), confirming
again their physical origin. Naturally, by changing the
electron velocity v, the crossings of the dispersion curves
take place at a different set of frequencies, which produce
the corresponding resonance peaks in the EELS signal
(see supplementary Fig. 6).

In order to reduce the magnitude of the external mag-
netic field needed to obtain a strong nonreciprocity, we
study waveguide modes with higher quality factors. Fol-
lowing previous work [50], we consider a 4.65 num waveg-
uide of silicon carbide (SiC, low-loss material, permit-
tivity from Ref. 50) supported on InAs, as shown in
Fig. 3(a). Nonreciprocity is produced by a transverse
magnetic field acting on the InAs substrate, as a sig-
nificant fraction of the waveguide mode fields penetrate
inside this material (see supplementary Fig. 5). Specifi-
cally, we explore a frequency range around the TM; mode
of the SiC waveguide (see near-field distribution in Fig.
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FIG. 3: Probing the nonreciprocal response of a buried
substrate. (a) We consider an InAs planar substrate coated
with a 4.65-pm-thick layer of SiC. Electrons are moving par-
allel to the film at a distance of 1 pm from the upper surface.
An external magnetic field B is applied with the orientation
shown in the figure. (b) Simulated EELS probability spectra
for electrons moving with velocity v = 0.5 ¢ to the right (solid
curves) or to the left (broken curves) for different strengths
of the applied magnetic field (see color-matched labels).

5). Similar to the results presented in Fig. 1(b), we ob-
serve in Fig. 3(b) a sizable resonance splitting for elec-
trons moving along opposite directions, but this happens
for a smaller magnitude of the magnetic field down to
0.3T. To make the comparison more quantitative, we
define an asymmetry parameter ( = |EELS(wyes, k.) —
EELS(wyes, —k2)|/EELS(wyes, k2)/B, where the mode
resonance frequency wres = wrnm, (k2) is determined by
the longitudinal wave vector transfer k, = wyes/v. For
the TM; resonance in Fig. 1(b), we have ¢ = 0.961/T,
whereas ( = 3.204/T at B = 0.3T in Fig. 3(b). In-
cidentally, we find wrn, (k2) < wrm, (—k.) in Fig. 3(b),
whereas the opposite is true in Fig. 1(b), a result that can
be related to the fact that the nonreciprocal material is
outside or inside the waveguide, respectively.

By patterning a grating on the upper surface of the SiC
layer [Fig. 4(a)], waveguide modes are out-coupled to CL
emitted light. We calculate the CL signal by integrating
the Ponyting vector of the emitted light in the far field,
from which we observe again a splitting of the waveg-
uide resonance in the CL spectra for electrons moving
along opposite directions perpendicular to an externally
applied DC magnetic field [Fig. 4(b)]. The correspond-
ing spectral positions of the resonance peaks match very
well with those in Fig. 3(b), thus revealing their com-
mon physical origin, which is the excitation of waveguide
modes whose electric field distributions inside the SiC
layer [see Fig. 4(c) for the two peaks labelled in Fig. 4(b)]
are very similar to those shown in supplementary Fig. 5
for the planar SiC structure: the grating does not distort
these modes substantially, other than to produce out-

coupling to emitted light. For electrons traveling along
those two opposite directions, light is emitted along dif-
ferent preferential directions derived from umklapp scat-
tering of the guided modes by the grating, so that the
corresponding emission angles ;. and 6_ (with respect
to the positive = axis) satisfy the condition 6, +6_ =7
for B = 0, but not in the nonreciprocal structure driven
by a finite magnetic field.

CONCLUSIONS

In conclusion, we have demonstrated that free elec-
trons can probe the nonreciprocal response of magneti-
cally biased photonic structures based on gyrotropic ma-
terials. We have shown that the observed differences in
EELS and CL spectra are apparent for electrons propa-
gating along two opposite directions. We attribute the
splitting of multiple waveguide resonance peaks in the
electron-generated spectra to the asymmetric dispersions
with respect to the mode propagation direction. Such
asymmetry can be tuned by changing the magnitude of
the applied magnetic field, which introduces modulation
of the observed spectral features. In particular, we have
shown that high-quality-factor waveguides can produce
strong nonreciprocal electron-matter interactions with
relatively moderate applied magnetic fields. By varying
the strength of the magnetic field, we have demonstrated
tuning of cathodoluminescence light emission from non-
reciprocal gratings, thus providing an active way of con-
trol for e-beam-based light sources. We note that similar
nonreciprocal interaction should also be observable using
other nonmagnetic systems, such as time-varying pho-
tonic resonators [51] or Weyl semimetals [52], which de-
serve further exploration. Our findings demonstrate the
ability of e-beams to sample direction-dependent nonre-
ciprocal response and the possibility of tuning e-beam-
based light sources through externally applied magnetic
fields.
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SUPPLEMENTARY FIGURES

a == x b4 §
= £
30
[
S -~
Q
7
2) [l=
0 S| b
S5 0 550 5
z (um)

FIG. 5: (a) Difference between the electric field distributions between the left- and right-propagating split resonance peaks
shown in Fig.1(b) (see corresponding labels there) with a applied DC magnetic field of strength B = 1T. (b) Same as Fig.
4(c), but in the presence of a magnetic field of strength B = 0.3 T.
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FIG. 6: Calculated EELS probability for the same configuration as depicted in Fig.1(a), but for different electron velocities:
(a) v=10.67cand (b) v=0.4c.
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