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the trained D2NN can all-optically reconstruct the
unknown objects through an unknown, new diffuser
(that has never been used during training). As such, it
implies that this ONN architecture has sufficient gen-
eralization power, similar to its digital counterpart10, to
be robust to random unknown scattering changes. This
makes a major advancement in optical computing
towards many applications that require robustness

against degraded visions, such as astronomical imaging,
surveillance, and autonomous driving.
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Fig. 1 Diffractive deep neural network for computer-free
computational imaging through random diffusers. Speed-of-light
inference of the letter “2” through the unknown “phase diffuser” using
the trained D2NN, which consists of multiple diffractive layers.
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Seeing is believing
Sergey Krasikov 1 and Yuri Kivshar 1✉

Abstract
Bound states in the continuum are realized in many optical systems as “dark states”, and their presence can be
detected in the regime of leaky modes via resonances in far-fields. Here the authors reveal previously unseen structure
of bound states in the continuum by exploring strong near-field localization in dielectric metasurfaces.

Bound states in the continuum (BICs) originate from
earlier days, when two pioneers of quantum mechanics1

discovered that certain potentials in the Schrödinger
equation describing a quantum particle can support spa-
tially localized (bounded) states with the energies larger
than the maximum energy of the potential, i.e., their
energy belong to the radiation spectrum. For many years,
such exotic radiationless states were considered as a
mathematical curiosity, however later it was discovered
that such states can occur in many different physical
systems that support waves interacting predominantly
outside a potential due to destructive interference effects.
Because of the generality of wave phenomena and inter-
ference, BICs can be observed for different types of waves,
including water waves and acoustic waves, and they have
been shown to exist in many dissimilar optical systems
ranging from waveguides to photonic crystals2.
In optics, BICs are usually observed as “quasi-BICs”

when exact parameter matching is not satisfied (e.g., due
to a finite size of a system), and destructive interference of
leaky waves can be detected in far-fields as a sharp reso-
nance with a high value of the quality factor (Q factor)
(see, e.g., the earlier review paper3). Such ultra-narrow
resonances can be utilized for many applications, for
example, for biosensing4, lasing5, and nonlinear photo-
nics6. The key idea behind the common physics of dif-
ferent and dissimilar BICs is a suppression of radiative
losses via destructive interference of leaky modes and,

since this suppression can never be made complete, BICs
in physical systems are always manifested as quasi-BICs
because otherwise they are not seen in far-fields. Fig. 1
The dark nature of a BIC state is simultaneously one of its

main features and largest weakness. Together with high
values of the Q factor, the absence of coupling with far-fields
does not allow to access such an optical state for a direct
characterization. Instead, all practical applications utilizing
BICs rely on “an image” of quasi-BIC in the far-field region.
A new milestone in the study of BICs comes with the

recent work by Dong et al.7 who suggested a way to
observe true BICs via direct probing techniques utilizing a
combination of two types of spectroscopies. More speci-
fically, they considered a metasurface consisting of a lat-
tice of tilted and straight pairs of silicon nanoantennas
that support BIC resonances, as suggested in Ref. 8.
Dong et al7. realized experimentally a combination of

cathodoluminescence (CL) and monochromatic electron
energy loss spectroscopy (EELS) in a scanning transmission
electron microscope (STEM). They employed a focused
electron beam to excite specific optical modes in the near-
field region. Importantly, the energy transferred to both
radiative and nonradiative modes can be measured with
EELS, while only radiative losses are measured with CL in
the far-field region. A comparison of both EELS and CL
spectra allows “to see” directly both leaky and trapped
optical modes, thus characterizing directly true photonic
BIC states with a nanometer accuracy. More specifically, if
a high-Q resonance is observed in the EELS spectra but, at
the same time, it does not occur in the far-field region,
this provides direct evidence of a true BIC-induced
“darkness of light”.
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Additional important capability enabled by the devel-
oped tool is the possibility to determine directly coherent
interaction length of a quasi-BIC state and compare it
with the collective effects in the antenna array. For that,
CL spectra are analyzed as a function of the distance to
the edge of the array. At the resonant frequency of the
quasi-BIC state, the CL emission decreases with a shift of
the electron beam from the centre of the structure toward
its edge until any sign of quasi-BIC disappears at the outer
antenna of the array. Such an effect was not observed for
Mie resonances supported by the same structure.
The proposed technique provides an efficient tool for

the rapidly developing concepts of high-Q optical devices.
We believe that further advances in fundamental research
in optical metasurfaces and technological innovations in
flat optics will uncover their tremendous potential making
a rapid impact on science, technology, and society. In
addition, there are many other areas in physics and pho-
tonics which will benefit from high-Q metasurfaces sup-
porting BIC resonances and undergo rapid development.
Widely regarded as practically unachievable, true BICs
can be revealed now. And no matter how dramatic it

sounds, only the time will show what else can be found in
the dark.

Conflict of interest
The authors declare no competing interests.

References
1. von Neumann, J. & Wigner, E. P. Über merkwürdige diskrete Eigenwerte. Phy-

sikalische Z. 30, 465–467 (1929).
2. Koshelev, K., Bogdanov, A. & Kivshar, Y. Engineering with bound states in the

continuum. Opt. Photon. N. 31, 38–45 (2020).
3. Hsu, C. W. et al. Bound states in the continuum. Nat. Rev. Mater. 1, 16048 (2016).
4. Tittl, A. et al. Dielectric metasurfaces for surface-enhanced spectroscopies. Opt.

Photon. N. 29, 12 (2018).
5. Hwang, M. S. et al. Novel non-plasmonic nanolasers empowered by topology

and interference effects. Nanophotonics 10, 3599–3611 (2021).
6. Pertsch, T. & Kivshar, Y. Nonlinear optics with resonant metasurfaces. MRS Bull.

45, 210–220 (2020).
7. Dong, Z. et al. Nanoscale mapping of optically inaccessible bound-states-in-the-

continuum. Light.: Sci. Appl. 11, 20 (2022).
8. Koshelev, K. et al. Asymmetric metasurfaces with high-Q resonances governed

by bound states in the continuum. Phys. Rev. Lett. 121, 193903 (2018).

CL detector
(far field)

Si Si

100 nm

no radiation

EELS detector
(near field) EELS

CL BIC confirmation

+

a b

Fig. 1 Schematic for exciting and probing bound-states-in-the-continuum (BIC) modes. a Experimental STEM setup is used to focus a high-
energy electron beam to probe a dielectric metasurface. Complementary measurements of the energy lost by electrons, and energy of emitted
photons result in EELS and CL spectra respectively. b Transformation of BIC into quasi-BIC
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“Designing synthetic topological matter with
atoms and lights”
Entong Zhao1, Chengdong He1 and Gyu-Boong Jo 1,2✉

Abstract
One of the most interesting directions in quantum simulations with ultracold atoms is the expansion of our capability
to investigate exotic topological matter. Using sophisticated atom-light couplings in an atomic system, scientists have
demonstrated several iconic lattice models that exhibit non-trivial band topology in a controlled manner.

We have witnessed an ever-increasing demand for new
quantum matter that will potentially revolutionize mod-
ern technologies. However, our understanding of such
cutting-edge quantum matter is often impeded by the
complexities related to the interactions, non-trivial
topology, or dissipation in the system. This challenge
has motivated the engineering of synthetic quantum sys-
tems through which a key theoretical idea can be coher-
ently simulated and tested in an ideal manner. Among
many candidates, ultracold atoms have been identified as
synthetic quantum materials whose system properties can
be freely tuned on demand. This feature offers a great
opportunity to discover new phases of quantum matter,
expand our understanding of their underlying physics,
and improve the unique properties of quantum materials.
Recently, there has been a growing number of studies

engineering synthetic crystalline structure containing a
collection of cold atoms, which experience periodic
potential induced by laser lights. In this synthetic crystal,
so-called optical lattices1, researchers have put a lot of
efforts into implementing non-trivial band topology for
atoms in optical lattices, which allows to simulate topo-
logical matter. This type of matter usually possesses
excitations with exotic properties—such as carrying frac-
tional charges and obeying non-Abelian statistics- and has

topologically protected boundary states. These properties
may transform topological matter into a new platform for
developing low-energy-dissipation electronic devices and
fault-tolerant quantum computation.
One of the simplest ways to make the crystalline

structure topological is to introduce magnetic fields—
more generally gauge fields—on the periodic crystalline
structure. Then, charged particles in solids are governed
by two length scales, the lattices constant of the periodic
potential and the magnetic length set by the cyclotron
motion of charged particle in the magnetic field. In such a
situation, band structure often exhibits a Bloch wave-
function with non-trivial topology. For the simple two-
dimensional square lattice, this model, also known as the
Harper-Hofstadter model, represents the simplest quan-
tum Hall effect in lattices. Although the model was pro-
posed more than 60 years ago, it was only recently that
researchers simulated the Harper–Hofstadter lattice
Hamiltonian2,3. It is because neutral atoms are typically
charge-neutral, and therefore the synthetic gauge fields—
for example, magnetic fields—need to be externally cre-
ated for atoms. Researchers engineer the phase factor
associated with the tunnelling process by use of laser-
assisted tunnelling, and create a uniform magnetic field2,3

as illustrated in Fig. 1. Alternatively, non-trivial band
topology can also emerge when locally staggered magnetic
fields are present in a so-called Chern insulator (see
Fig. 1). Haldane model, one of such iconic models, was
realized by engineering the nearest and next-nearest
tunnellings in a graphene-type optical lattice4.
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