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Flatbands have become a cornerstone of contemporary condensed-matter physics
and photonics. Inelectronics, flatbands entail comparable energy bandwidth and
Coulombinteraction, leading to correlated phenomenasuch as the fractional
quantum Hall effect and recently those in magic-angle systems. In photonics, they
enable properties including slow light! and lasing?. Notably, flatbands support
supercollimation—diffractionless wavepacket propagation—in both systems>*.
Despite these intense parallel efforts, flatbands have never been shown to affect the
coreinteraction between free electrons and photons. Their interaction, pivotal for
free-electron lasers®, microscopy and spectroscopy®’, and particle accelerators®’,

is, in fact, limited by a dimensionality mismatch between localized electrons and
extended photons. Here we reveal theoretically that photonic flatbands can overcome
this mismatch and thus remarkably boost their interaction. We design flatband
resonances in asilicon-on-insulator photonic crystal slab to control and enhance the
associated free-electron radiation by tuning their trajectory and velocity. We observe
signatures of flatband enhancement, recording a two-order increase from the
conventional diffraction-enabled Smith-Purcell radiation. The enhancement enables

polarization shaping of free-electron radiation and characterization of photonic
bands through electron-beam measurements. Our results support the use of
flatbands as test beds for strong light-electron interaction, particularly relevant for
efficient and compact free-electron light sources and accelerators.

Theinteraction between free electrons and optical environments gives
rise to amultitude of radiative processes®”*"", These processes consti-
tuteaninvaluable diagnostic platform, however, usually at low coupling
strength, because of the limited interaction cross-section. Accord-
ingly, longer interaction lengths in extended structures canachieve a
stronger coupling strength with quantum vacuum in the spontaneous
regime, asstudied in photonic crystals'> ™, fibres" and plasmonics and
metamaterials?® . Suchaspontaneous coupling strength, described
by the dimensionless g, parameter in recent theoretical works*?, is
also the pivotal benchmark for stimulated processes, as exemplified
by a thousand-photon stimulated emission and absorption by a sin-
gleelectron® and thousand-electronvolt acceleration®? in extended
structures.

The key rule depicting the interaction between free electrons and
light is phase matching'®™: it requires that the electron velocity v and
the photon phase velocity w/k together satisfy w = v - k. Importantly,
the phase-matching conditioninvolves only the longitudinal momen-
tum of the emitted radiation. There remains a continuum of transverse
momentasimultaneously allowed in the emitted field. However, pho-
tonic modes are not necessarily supported at all of these momenta,
which results in a transverse momentum mismatch. Previous pro-
posals for emission improvement either hinge on the hard-to-create

sheet-beam excitation (Methods and Supplementary Section 8) in
the two-dimensional approximation'®?® or remain limited to a single
transverse momentum in the full three-dimensional setting”; inboth
cases, the transverse momentum mismatch remains, thereby limiting
the available enhancement.

This mismatch puts alimit on all conventional free-electron radiation
mechanisms. To start, consider the quintessential Cherenkov and
Smith-Purcell effects. Free charged particles, such as electrons, gener-
ate Cherenkov radiation if their velocity v exceeds the phase velocity
of light c/./e in a homogeneous medium with permittivity ¢ (Fig. 1a,
left). They can also generate Smith-Purcell radiation near periodic
structures through near-field diffraction (Fig. 1a, right). Assuming that
an electron propagates in the x direction (that is, v = vX), its external
fields obey w = v(k, — 2nti/a) (referred to as the electron surface here-
after; green surfaces in Fig. 1b), in which a is periodicity, n = O for
Cherenkov radiation, and n € Z is the diffraction order for Smith-
Purcell radiation. In cylindrical coordinates (x, p, ¢) in which k,and
k.0 =k, + k,z are momenta parallel and perpendicular to the electron
velocity, respectively, the intersections between the electron surfaces
and the light cone w = ck/./€ (purple in Fig. 1b) dictate the dispersion
relations of both types of radiation. Specifically, Cherenkov radiation
is spectrally continuous whereas Smith-Purcell radiation forms
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Fig.1|Flatband-resonance-mediated free-electronradiation. a, Conventional
effects of free-electronradiation. Free electronsinabulk medium emit
Cherenkov radiation when satisfying the superluminal condition (left) or emit
Smith-Purcell radiation through diffraction from periodic structures (right).

b, Inmomentum space, Cherenkov and Smith-Purcell radiation occur at
frequenciesand momentaat which thelight cone (purple; w = ck/-/€) and the
electronsurface (green; w = v(k, - 2nm/a)) intersect. ¢, At aspecific frequency
= w,, theirintersectionis always a point degeneracy (red circle), which
corresponds to the Cherenkov cone or the Smith-Purcell dispersionrelation.

d, By leveraging resonancesin photonic crystalslabs, free-electron radiation
canbesubstantially modified and enhanced. e, As the transverse momentum
(greenlineongreensurface) of the electron surfaceis unbounded, a continuum
of flatresonances (dark blue square on the light blue surface) can be particularly
useful for maximizing free-electron-lightinteraction. f, Ata certain velocity
and frequency, aline degeneracy exactly at the flatband can be formed between
the photonicbands and the electron surface.

discrete spectral windows under various diffraction orders (Fig. 1b).
However, in both cases, emission at each frequency w, can occur only
atdiscrete momenta; that s, the phase-matching conditionis satisfied
only at point degeneracies (red circle in Fig. 1c) between the electron
surface and the isofrequency contour. Such nonresonant bare point
degeneracies are not optimal for maximizing electron-light interac-
tion. To go beyond that, one canintroduce resonant point degeneracies
formed with photonic guided modes or resonances and couple them
with free electrons to improve the interaction'® .,

We propose to create higher-dimensional degeneracies in momen-
tum space (that s, line degeneracies) between the electron surfaces
and a continuum of photonic resonances to further enhance their
interaction. Such conditions can be met by considering the interac-
tion between free electrons and photonic flatband resonances. In
particular, we show that the strength of the interaction is intuitively
proportional to the Purcell factor and the spectral density of states,
both projected along the transverse direction (see derivationsin Sup-
plementary Section 6); evidently, a continuum of flatband resonances
cansimultaneously improve both quantities. Akin to our proposal here,
itwas previously theoretically predicted that radiated power enhance-
ments could occur near discrete momenta at which the transverse
component (orthogonal to the electron trajectory) of group veloc-
ity vanishes®. Beyond discrete momenta, flatbands naturally satisfy

this condition over awide momentum bandwidth that should further
improve the enhancement. We consider Smith-Purcell radiation froma
photonic crystal slab that hosts flatband resonances, as shownin Fig. 1d.
For conceptual clarity, we firstignore its non-Hermiticity and discuss
the band structure of its Hermitian counterpart that is continuously
translationally invariant along the z direction. Near the centre of the
Brillouin zone (I' point), the photonic crystal supports bands that can
be described by an effective two-dimensional, square-lattice, Dirac
Hamiltonian®

h(k,, k) = w400+ vsink,o, + vsink_o, + mo,, 6))

in which w, is the frequency of degeneracy, k, = (k, + k )/f 0, isthe
identity matrix, and o, are Pauli matrices. Its assoc1ated bands are
shown by the red and blue surfaces above the light cone in Fig. 1e. For
negligible mass m = 0, this Hamiltonian hosts a flatband at (w,, k)
(Fig.1e,f),inwhichw, = w4 + v. Theisofrequency contour becomesflat,
at the critical point between elliptic and hyperbolic dispersions.
The frequency of the flatband w, and the size of its contour k, can
both be tuned by proper design. We need to control simultaneously
the velocity of electrons and their in-plane twist angle relative to
the photonic crystal (Supplementary Section 9) to realize the desired
single-frequency line degeneracy (dashed green-blue line in Fig. 1f)
between the electron surface and the flatband. For the flatband per-
pendicular to the-Xdirection (Fig. 1f), the optimal twist angle is zero
degree. At other non-optimal velocities and twist angles, only point
degeneracies can be formed at a single frequency (Supplementary
Section9).

Torealize such flatbands experimentally, we designed and fabricated
asilicon-on-insulator, square-lattice, photonic crystal slab (Fig. 2a
and Methods). We first focus on the lowest, transverse-magnetic-like
(H,, H,, E,) band above the light cone whose isofrequency contour
is shown in Fig. 2b. A flatband around w, = 0.287 (in units of 21ic/a)
appears near |k,| = k, = 0.08 (in units of 21/a) along the k, direction
andits 90°-rotation partners. In the second Brillouin zone, the overlap
between the electron surface and the flatband can appear at k, = ¥ k,,
respectively, under two discrete velocities v, inthe x direction (Fig. 2b)

V.=wo/ (LFky). (2)

Accordingly, radiation towards polar angles sin™!. lk0+ K y/wo and
azimuthal angles tan 1ky/k0 are selectively enhanced, for which
k, €[ - ko, ko] (Supplementary Section10). The electric mode profiles
|E| withinaunitcellatw,and (k,, k,) = (k,, 0) are showninFig.2c. Asthe
mode of interest originates from a perturbed guided mode in theslab,
it remains mostly confined within the device silicon layer, and the air
holes provide external radiative coupling. The existence of the flatband
near w,was confirmed with Fourier scattering spectroscopy measure-
ments (Fig. 2d and Supplementary Section 2).

The flatband modifies and enhances free-electron radiation substan-
tially, as shown by the comparison between the simulated radiation
patterns and the associated Fourier analysis shown in Fig. 2e-j (see
numerical methods in Supplementary Section 7). We identify three
regimes of radiation generation. First, at frequencies for which the
electron surface is far away from the photonic band (Fig. 2e,f), reso-
nant effects are negligible. Still, radiation is generated by diffraction
and allowed towards all transverse directions (Fig. 2f), similar to the
conventional Smith-Purcell radiation (Fig.1b). Second, at frequencies
near discrete resonances (thatis, point degeneracies between the free
electron surface and the photonic band), radiation towards discrete
directions gets selectively enhanced. This is confirmed by the associ-
ated, discrete Fourier peaks near |k | = 0.1 (Fig. 2h), originating from
the tail of aresonance atalower frequency. Finally, when the electron
surface intersects (Fig. 2i,j) the flatband (phase-matching condition
showninFigs.1fand 2b), enhanced emissionis obtained because of the
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Fig.2|Boosting free-electronradiation from photonic flatbands.
a,Ascanningelectron micrograph of the photonic crystal slab. Scale bar,

200 nm.b, Predictedisofrequency contours. A flatband appears near
=(0.287and |k,| = k,= 0.08. Under resonant electron velocities v, (dashed
red lines; equation (2)), maximal overlap appears between the electron surface
and the photonicband. ¢, Mode profiles of |E| at (k,, k,) = (k,, 0), the centre of
theflatband. Thexandycutsare shownat the centre of the unit cell. The zcut

ischoseninthe middle of the air hole. The dashed lines indicate material
boundaries. d, Measured isofrequency contours at the flatband (see
Supplementary Section 2 for details). a.u., arbitrary units. ej, Simulated

excitation of the flatband continuum (|k,| < 0.08). Such excitation of the
flatband also causes localization of light, one of flatbands” hallmark con-
sequences, which we numerically illustrate using the two-dimensional
counterpart of our photonic crystal slabin Supplementary Section11.
Takentogether, compared tothose whentheelectronsurfaceis offthe
flatband by 10% (3%), the flatband is predicted to achieve a1,000-fold
(50-fold) field enhancement (that is, a10° (10%) intensity enhancement).
Complementarily, we also numerically compare this flatband-mediated
emission with the conventional Smith-Purcell radiation from diffrac-
tive gratings (Supplementary Section12), also exhibitingimprovement
of many orders of magnitude.

In our experimental setup (Fig. 3a and Supplementary Section 1),
20-40-keVfree electrons passed above the photonic crystal atanonzero
grazing incident angle (= 1°for targeting and aligning the samplein our
setup), which results in the simultaneous presence of Smith-Purcell
radiation (Fig. 3b) and incoherent cathodoluminescence® (see fur-
ther discussion below, Fig. 3c and Supplementary Section 5C) in the
measured spectra. Meanwhile, this nonzeroincident angle caused afew
experimental uncertainties (Supplementary Section 5A), chiefamong
which is the increase of free carriers in silicon under electron-beam
exposure (Supplementary Section 5B). Toaccount for this, the refractive
indexofthetopsiliconlayeris chosen as ng; = 3.2 + 0.03i (corresponding
toadoping concentration 102°-10* cm™; Supplementary Section 5B).

At 6= 0° twist angle (Fig. 3d,e), we obtained three experimental
signatures of the predicted flatband-enhanced, free-electron radia-
tion. First, both the measurement (Fig. 3e) and the prediction (Fig. 3d)
exhibitaregion of radiation enhancement near (v, w) = (0.35c, 0.285)
(indicated by white circles) where the electron surface intersects the
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radiation field profilesRe E, (e,g,i) and the associated Fourier analysis

(f,h,j) whentheelectronsurfaceisoff (e,f:v=0.9v,;g,h:v=1.03v,;) and on
(i,j;v=v,) theflatband at w,. Enhanced radiation can be achieved with the
flatband. The green circlesindicate the location of the point free electrons.
Ine,f, radiationis dominated by diffraction, asindicated by the Fourier
components towards all transverse directions. Ing,h, radiation is mainly
contributed fromdiscrete resonances at | k| = 0.1.Ini,j, the flatband strongly
excites a continuum of Fourier components k,, whichalso enable the
localization of light (Supplementary Section11) along the y direction despite
its extended nature.

flatband resonances. Second, we extracted a quality factor Q. = 50 from
these electronradiation spectra. Although Q. was lower than Q,= 400
from the optical characterization (Supplementary Section 2), owing
to the carrier doping from free electrons, Q. was substantially higher
than the ‘quality factor’ of the conventional Smith-Purcell radiation
Qs = ¢/v =3, and thus indicates the resonant enhancement. Third, in
accordance with the simulation taking account of the carrier-induced
material loss (Fig. 3b), we obtained a two-order enhancement (Sup-
plementary Section 5D), albeit falling short of the prediction in the
ideal lossless situation in Fig. 2. Furthermore, we also experimentally
compared the flatband radiation with the conventional Smith-Purcell
radiation fromasilicon grating (Fig.3h). Even though the depth of the
photoniccrystalis about three times shallower thanthat of the grating,
theradiation fromthe flatband of the photonic crystalis nearly 30-fold
stronger than that from the grating.

The measured enhancementregioninFig. 3eisbroadened alongthe
velocity axis (Supplementary Section 5C), compared to the idealized
Smith-Purcell radiationinwhich electrons are assumed perfectly par-
allelto the sample surface (Fig.3b). Asnoted above, the grazing-angle
electron beam inevitably impinged onto the photonic crystal slab,
causing additional radiation pathways®, predominantly incoherent
cathodoluminescence of localized nature, which are far less sensitive
to electron velocity than Smith-Purcell radiation but can be simultane-
ously enhanced by the flatband resonances. We incorporate incoherent
cathodoluminescence using a constant Lorentzian fitting (Supple-
mentary Section 5C) across all velocities in Fig. 3¢, which achieves
improved correspondence between the full theory (Fig. 3d) and the
measurement (Fig. 3e).
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Fig.3|Measurement of radiation from flatbands. a, Scanning electron
microscope (SEM)-based experimental setup (Supplementary Section1).
Radiation was measured under three in-plane twist angles § between the
electronbeamand the photoniccrystalslab. The linear polarizer was oriented
atangle ¢ = 0° (that is, parallel to the electron beam), consistent with the
far-field polarization of the mode. OBJ, objective; CCD, charge-coupled device;
M, mirror; L, lens; BS, beamsplitter; LP, linear polarizer;F, filter; SP, spectrometer.
b, Numerically calculated Smith-Purcell radiation for point electrons perfectly
parallel tothe samplesurface. ¢, Single Lorentzian fitting of the incoherent
cathodoluminescence (ICL), aconcurrentradiation pathway under non-parallel

Wenextexploreradiationasafunctionofthe twistangle ftoelucidate
the contributions from the simultaneously enhanced Smith-Purcell
andincoherent cathodoluminescence emission. As the flatband is one-
dimensional (that is, flat only along the k, direction), the flatband-
mediated Smith-Purcell radiation should reduce substantially under
even a small twist of the in-plane angle 8 whereas the localized inco-
herent cathodoluminescence should remain similar, which enables
the differentiation between the two emission processes in our data.
Corroborating the decomposition of the 8 = 0° spectra in Fig. 3b-e
(Supplementary Section 5C), this contrasting dependence was con-
firmed by the twist angle 6 = + 5° measurements in Fig. 3f,g, inwhich the

electronincidence.d,e, Theoretical (combining both Smith-Purcell (b) and
incoherent cathodoluminescence (c) emission) (d) and measured (e) radiation
at@=0°. Thesignature of flatband resonancesisindicated by the white
circles, highlighting maximal enhancement. f,g, Measured incoherent-
cathodoluminescence-dominated emission at 6 = + 5°in-plane twist angles.

h, Benchmark Smith-Purcell radiation (from asilicon grating with periodicity
500 nm, depth150 nm, and aduty cycle of 0.44) thatis 30-fold weaker than the
measured flatband radiation. Shaded areas indicate parameter space outside
thenumericalaperture of the objective.

enhancement reduces to about 30-fold, lower than that in Fig. 3e. For
completeness, we also performed twist-angle radiation measurement
fromagrating (Supplementary Section13), which exhibited negligibly
weak dependence on the twist angle, reflecting the nonresonant nature
of the conventional Smith—Purcell radiation.

Furthermore, we reveal how resonance-mediated free-electronradia-
tion canbe usedto control the polarization of free-electron emission.
The conventional Smith-Purcell radiation has a preferred polarization
parallel to the electron beam, which calls for the ability to generate and
control arbitrary polarization states. Towards this direction, recent
endeavours are epitomized by bianisotropic metasurfaces***, albeit
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Fig. 4 |Polarization control offree-electronradiation. a,b, Simultaneous
excitation of multiple flatbands (without the detection polarizer; a) and their
contrasting polarization dependence (with polarizer, passangle ¢ € [0°,180°];b).
¢, Peak radiation probability of the transverse-magnetic (TM)-like (blue) and
transverse-electric (TE)-like (red) modes under various ¢. d, Photonic bands
(theory:lines) measured (crosses) with free-electron radiation by translating
thefield of view of the collection optics. In this set of measurements, the
electronvelocityisv=0.343c.Ina-c, shadingand error barsindicate standard
error +1o.Spectraare offset for readability inb. Ind, the green shading
indicates thelongitudinal cut of the electron surface w = vk, under 5% in-plane
velocity uncertainty. The areas shaded yellow are outside the light cone.

limited to the microwave regime. As our photonic crystal slab was shal-
lowly etched, the frequency splitting between transverse-electric-like
and transverse-magnetic-like bandsis moderate, which enables simul-
taneous excitation of the two bands using free electrons at certain
velocities. This is confirmed by the measured two-peak spectrum
atv=0.343c (Fig. 4a). The two peaks correspond to different s and
p far-field polarization (Fig. 4b,c)—the transverse-electric-like and
transverse-magnetic-like peaks exhibited maximum emission at a
polarization orthogonal and parallel to the electron beam direction,
respectively (Methods).
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Finally, the simultaneous excitation of the two modes enables us to
measure their dispersion from their far-field radiation. As the electron
surfaceisalmost parallel to the two bands under the chosenvelocity (see
thebands and the electronsurfacesinFig.4d), the overlapped photonic
bandstructure canbe extracted from the emission spectra by translat-
ing the objective’s field of view (Fig. 3a and Supplementary Section 4).
In the experimentally accessible region (inset in Fig. 4d) of the band
structure, we observed alinear, monotonictrend of dispersion of both
modes (crosses), in accordance with the calculated bands (lines).

Tosumup, we have demonstrated full energy-momentum matching
between free electrons and an optical environment through a con-
tinuum of flatband resonances. The flatband gives rise to strongly
enhanced free-electron radiation, which also enables us to perform
polarization shaping and to measure photonic bands through free
electrons. The enhancement from flatband can be further improved
by theoretical and experimental means. Beyond this work in which
free electrons couple to one-dimensional flatband resonances, higher-
dimensional flatbands™, arcs of bound states in the continuum?®
and superradiance from bunched electrons could be explored to fur-
ther increase the enhancement (Supplementary Section 14). Experi-
mentally, ultrafast scanning transmission electron microscopes and
integrated free-electron emitters>*° could provide more collimated
and focused electronbeams to reduce material deterioration, increase
interaction duration and pinpoint the flatband coupling condition
more accurately.

The flatband-mediated electron-light interaction, realized here with
photoniccrystals, can be generically applied to a variety of material plat-
forms (for example, two-dimensional, plasmonic and hybrid materials;
see an example on a plasmonic lattice in Supplementary Section 14)
and spectral ranges (for example, terahertz, ultraviolet and X-ray gen-
eration) in both the spontaneous and stimulated regimes. Aside from
enhanced far-field radiation, as observed here, the excitation of a flat-
band continuum can also generate strongly localized near fields (Sup-
plementary Section1l) in transversely periodic structures—without the
need to define propagation channels and thus enabling large electron
fluxes—that overlap largely with and act strongly back onto free elec-
trons, whichis relevant for strong-coupling multi-photon processes*°,
electron—-photon coincidence measurements***and large acceleration
gradientsinaccelerators** (also see Supplementary Section 15).

More broadly, our results highlight free electrons as pumps*® and
probes**&for photonic topological bands and defects. By varying the
velocity of free electrons and their twist angles relative to photonic
structures, coupling withboundary modes canberealized and closed
contours can be constructed in momentum space to diagnose bulk
properties such as winding numbers.
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Methods

Design of flatbands in photonic crystal slabs

Flatbands emerge from various structures such as Lieb and kagome
lattices* "%, line graphs® and moiré superlattices***. To achieve full
energy-momentum matching with point electrons, we propose
to introduce a continuum of photonic modes along the transverse
momenta of free electrons, which turns out to be the signature featu-
reof flatbands. There are various ways to create photonic flatbands**~,
such as laser-written waveguide arrays*~°%, photonic crystals***’,
moiré structures>*>>%°-¢2 and their non-Hermitian counterparts®>°*,
Their applicationsinclude lasers®>*¢,imaging® and optical communica-
tions. Despite these advances, photonic flatbands have been mostly
studied under pure optical settings, but never explored for electron-
photoninteractions. In this work, we design flatbands based on the
photonic crystal platform.

The macroscopic-scale photonic crystal slab, fabricated with interfer-
ence lithography, has a periodicity of a = 430 nm. The thicknesses of the
devicelayerand the buried oxide layer are1.19a and 2.38a, respectively.
Theair holes of the photonic crystal slab have aradius of r = 0.34a and
adepth of t = 0.13a (Fig. 2a). We choose to etch the air holes in this
shallow manner for two reasons: first, non-Hermiticity appears only
perturbatively without substantially modifying the desired dispersion
of the real part of the complex frequencies (Fig. 1e,f), and therefore
the effective Hamiltonianin equation (1) described above still applies;
second, the frequency of the flatband resonances can be reduced for
phase matching with free electrons of finite energy (<40 keV available
inour setup).

Radiation measurement
Electron beams were generated from a LaB electronic gun in the
high-current regime =30-60 pA. Space charge effects are negligible
given the conditions of our electron beam (Supplementary Section 3).
We chose electron velocities near v,, rather than v_because the electron
gun produces higher-quality beams under higher voltages (Supplemen-
tary Section 3). We tuned the velocity of free electrons to form different
intersections between the electron surface and the photonicband and
recorded the associated radiation. The control of the in-plane, relative
orientation (thatis, atwist angle 6; Fig. 3a) between the photonic crystal
slab and the electron beam enabled us to create radiation probability
maps P(v, w; 0) as afunction of electron velocity v and frequency w.
In Fig. 4c, the signal reduction at polarization angle ¢ =180°, com-
paredtothatat¢ = 0°, couldresult fromthe charge accumulationonthe
sample underlonger beam exposure, because we measured ¢ = 0-180°
sequentially withincreasing angle and with a high-current excitation.

Generation of sheet electron beams

Sheet electron beams are widely used as amathematical convenience
that reduces computational complexity in modelling free-electron
radiation sources®® 72 In reality, almost all electron sources generate
point electrons; the generation of sheet electron beams is possible in
principle™7, but is experimentally challenging, requiring electron
beam shaping that relies on substantial electron optics and precise
control despite space charge at high-flux configurations.

Data availability

Data supporting the findings of this study are provided in the Article
and its Supplementary Information. Source data are provided with
this paper.
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