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On-chip channelless diffraction-free beam guiding enables dense integration of optical circuits in a
reconfigurable manner, where total internal reflection, which is considered the cornerstone of guided-
wave optics, is utilized to confine light in the out-of-plane direction. Here, we theoretically propose a
physical mechanism to achieve on-chip channelless diffraction-free beam guiding beyond the light cone,
utilizing the physics of bound states in the continuum. A bound state in the continuum with a tailored
spatial dispersion plays an important role in cancelling both the in-plane diffraction and the out-of-plane
scattering when the condition for total internal reflection is not satisfied. As a proof-of-concept verification,
we experimentally demonstrate such an effect based on an all-dielectric platform using microwaves. The
on-chip channelless diffraction-free beam guiding beyond the light cone also allows direct free-space
coupling to such self-collimation modes. Our results may open up an avenue for exploring the physics and

applications of guided-wave optics.
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I. INTRODUCTION

Diffraction is a universal property of light that imposes
an ultimate limitation on free-space optical communication
[1]. As a result, the management of diffraction in optics is
crucial from the point of view of both fundamental sci-
ence and applications [2—5]. Great efforts have been made
to manage the diffraction of light by utilizing artificial
structures, such as photonic lattices and photonic crys-
tals [620]. Based on Lieb photonic lattices, a completely
flat band can be achieved along the direction perpendic-
ular to the lattice period [21]. Although diffraction can
also be cancelled by optical nonlinearity, manifested as
optical spatial solitons [4], diffraction-free beam guiding
within the scope of linear optics is very important for
realizing low-power on-chip all-optical processing [2,5].
The so-called self-collimation (SC) phenomenon, orig-
inating from the nonlocal response of photonic-crystal
(PhC) slabs, offers a unique solution for suppressing in-
plane diffraction without an in-plane physical boundary
(or a fixed optical axis) [9—12], facilitating the dense spa-
tial multiplexing of optical signals [2]. In particular, the
demonstration of macroscopic SC paves the way to realiz-
ing chip-scale all-optical logic components [13,15,19]. To
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date, all demonstrations of on-chip SC have relied strictly
on total internal reflection (TIR) to guide light in the out-
of-plane direction [2,6—13,15-20]; this is regarded as the
cornerstone of guided-wave optics and is essentially below
the light cone of the surrounding materials [1]. According
to optical-waveguide theory, there is a fundamental cutoff
frequency for an optical waveguide of a specified thick-
ness, which is essentially imposed by the light cone of
the surrounding materials [1]. Therefore, there is a gen-
eral quest to break this limit and explore the possibility of
diffraction-free beam guiding beyond the light cone.
Recently, the physics of bound states in the contin-
uum (BICs), which were originally proposed in quantum
mechanics [22], has attracted a large amount of research
effort because of their counterintuitive nature [23], topo-
logical robustness to disorder effects [24,25], generality
in physical systems [26—29], and potential applications
in many disciplines [30]. Such embedded states can be
regarded as localized wave solutions whose eigenfrequen-
cies are real numbers, and fall inside a radiative continuum
of extended states [30]. Particularly, optical BICs [24,
25,31-69], especially BICs in flat optics, resemble ideal
platforms for obtaining fruitful physics results and devel-
oping promising applications [24,25,31,32,36-39,41-43,
45,47-62]. In such scenarios, BICs reside in the contin-
uum beyond the light cone of the surrounding materials
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FIG. 1. (a) Schematic illustration of on-chip multiplexing of diffraction-free beams beyond and below the light cone of the surround-
ing material. Focused Gaussian beams are used to excite diffraction-free modes (in the I'-X direction) beyond the light cone (orange).
One of the diffraction-free modes (in the I'-M direction) below the light cone is indicated in red. (b) Photonic-crystal slab formed
from dielectric pillars (¢ = 9.6) arranged in a square lattice with a lattice constant a. The radius r and height / are 0.442a and 0.608a,
respectively. (¢),(d) General concept of nondiffractive beam guiding beyond the light cone. The color-coded surface in (d) indicates
the band of the PhC slab, which features a square EFC (solid red lines) beyond the light cone (light blue surface), while there are also
flat EFCs (solid blue lines) below the light cone at the corners of the FBZ. The corresponding EFCs of the surrounding materials are
indicated by dashed circles. The guiding mechanism along the surface normal of the PhC slab for the diffraction-free modes beyond
the light cone is enabled by the physics of BICs and quasi-BICs shown in (c), while the conventional mechanism for modes below the
light cone is enabled by total internal reflection. The large arrows indicate the directions of the group velocity for the diffraction-free

modes. The orange ellipse shows one of the four BICs and the related quasi-BIC region in the FBZ.

[30]. Symmetry-protected BICs are momentumless Bloch
modes at the center of the Brillouin zone [36], while acci-
dental BIC modes can exist away from the center of the
Brillouin zone, which indicates the possibility of guiding
light beyond the light cone [37,38,41,62—69]. However,
such a beam-guiding effect based on a BIC either suf-
fers from in-plane diffraction [37,41,62,68] or relies on an
inevitable optical axis [38,63—67,69], limiting the applica-
tions of BICs in guiding diffraction-free light in a similar
way to its counterpart below the light cone.

In this paper, we theoretically propose a mechanism to
realize on-chip channelless diffraction-free beam guiding
beyond the light cone, enabled by the physics of BICs and
spatial dispersion simultaneously. The promising function-
ality of the proposed guiding mechanism is its ability to be
compatible with diffraction-free beam guiding below the

light cone at the same time, facilitating dense multiplexing
of optical signals on the scale of a chip. We further provide
an experimental demonstration using microwaves, which
validates the generality of the proposed diffraction-free
wave-guiding mechanism.

II. PHYSICAL MECHANISM OF
DIFFRACTION-FREE BEAM GUIDING BEYOND
THE LIGHT CONE

The vision of our idea is shown schematically in
Fig. 1(a), where polychromatic diffraction-free beams are
multiplexed based on a PhC slab in a channelless manner.
Diffraction-free beams beyond(orange) and below (red) the
light cone are guided by BICs and TIR, respectively. The
PhC slab is formed simply from dielectric pillars of radius
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r and thickness /4 arranged in a square lattice with a lattice
constant a, as shown in Fig. 1(b). The physical mecha-
nism regarding this concept is summarized in Figs. 1(c)
and 1(d), where equifrequency contours (EFCs) for these
two types of SC mode are shown in the first Brillouin zone
(FBZ). Substantially differently from the SC mode (blue
solid lines) below the light cone (the blue dashed circle), a
square EFC exists beyond the light cone [see the red solid
line superimposed on the band surface in Fig. 1(d)], which
is confirmed by the EFCs projected into the first Brillouin
zone. The corresponding EFCs of the surrounding materi-
als are also shown by dashed circles. It should be pointed
out that such square EFCs can be designed in a sophisti-
cated way to be below the light cone [9,11], as guiding by
TIR was once considered a canonical way to confine light
perpendicular to a PhC slab. The physical mechanism of
diffraction-free beam guiding based on a BIC is schemati-
cally shown in Fig. 1(c), where a single-resonance BIC and
quasi-BIC modes are simultaneously allowed by spatial
dispersion to cancel the in-plane diffraction. At the same
time, out-of-plane leakage is prohibited or reduced by the
BIC and quasi-BIC modes, where the radiative Q factors
of these modes are substantially larger than the nonradia-
tive Q factors limited by the effect of intrinsic disorder
in fabrication [24,61]. As a result, this guiding mecha-
nism can be regarded as a quasiguiding effect enabled by
synchronous manipulation of the real (spatial dispersion)
and imaginary (quasi-BICs with momentum) parts of the
eigenfrequencies of the PhC slab.

In order to provide a quantitative picture of diffraction-
free beam guiding beyond the light cone, we calculate the
dispersion of the SC band beyond the light cone for a typ-
ical all-dielectric PhC slab; details of the PhC slab can be
found in the caption of Fig. 1. We consider a symmetric
case first, where the surrounding material is air. The effect
of the substrate is addressed later. The band structures
above the light cone are calculated by the finite-element
method (FEM) (High Frequency Structure Simulator by
Ansoft), where the eigenvalues of the source-free Maxwell
equations in a given frequency range are evaluated for
the PhC. Periodic boundary conditions are applied nor-
mal to the £X and £V directions, while perfectly matched
layer boundary conditions are used in the £Z direction.
The property of spatial dispersion can be also designed
and evaluated by use of the semianalytical coupled-wave-
theory framework [70], the mode-expansion method [71],
and spatial-dispersion theory [72]. The underlying physics
of the on-chip diffraction-free beam guiding beyond the
light cone is based on the unique properties of single-
resonance BICs, which rely on parameter tuning [37]. As a
result, the conditions for such a BIC are quite sensitive to
the parameters of the structure, which means that it can be
effectively tuned by varying the lattice constant. According
to the calculated dispersion along the I'-X direction and
the corresponding Q factors for small changes of the lattice
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FIG. 2. (a) Dispersion properties along the I'-X direction,
where the results for four typical lattice constants, indicated
in the inset, are shown. The light line (dashed gray line) is
also shown. The bandwidth of the diffraction-free beam guiding
(including quasiguiding) is outlined by the orange region. The
electromagnetic distribution of a SC eigenmode in a unit cell is
also presented, where the arrows indicate the electric field vec-
tors and the color code shows the intensity of the magnetic field.
(b) Corresponding Q factors of the modes shown in (a). (c) EFCs
(solid gray lines) and distribution (superimposed) of Q factors
in the FBZ. The color code represents the magnitude of the QO
factors for the different modes. The dashed rectangles outline the
regions where one can achieve diffraction-free beam guiding (or
quasiguiding) beyond the light cone.

constant, shown in Figs. 2(a) and 2(b), the corresponding k&
vector of the single-resonance BIC with the imaginary part
of the eigenfrequency minimized can be effectively tuned
by varying the lattice constant « [see Fig. 2(b)], while the
properties of the modal dispersion (corresponding to the
real part of the eigenfrequency) are hardly affected [see
Fig. 2(a)]. Therefore, one can match the single-resonance
BIC condition with the targeted diffraction-free dispersion
to realize diffraction-free beam guiding beyond the light
cone.
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The EFCs (solid gray lines) at several typical normal-
ized frequencies and the corresponding Q factors (color
coded) are shown superimposed on the FBZ in Fig. 2(c).
There are four regions (shown by dashed rectangles) within
the FBZ corresponding to on-chip diffraction-free beam
guiding beyond the light cone. Such modes are SC modes
whose EFCs are flat because of spatial dispersion, and they
are quasi-BIC modes possessing sufficiently high O factors
(larger than 10°) to reduce the out-of-plane radiation loss
in a finite structure. The corresponding frequency range
(orange) of these robust SC modes in the band diagram
is shown in Fig. 2(a). As we can see from this figure, the
SC region is substantially beyond the light cone, with &
vectors centered at 0.2056 x 27 /a, and the guiding mech-
anism is fundamentally different from that in the state-of-
the-art cases below the light cone [2,6-20]. It should be
mentioned here that the concept of the light cone with
respect to on-chip beam guiding needs to be handled care-
fully, especially for multilayer wave-guiding systems [73].
Furthermore, because the single-resonance BIC at &, =
0.2056 x 27 /a along the I'-X direction and the symmetry-
protected BIC at the center of the Brillouin zone are close
together in the FBZ, the Q factors of the Bloch modes
within this range are all larger than 10° because of the
trend in the behavior of merging BICs [24]. The Q fac-
tors of single-resonance BICs and of quasi-BIC modes
nearby are substantially larger than 10°, that is, one order
of magnitude larger than those in a very recent experi-
mental demonstration of topologically enabled ultrahigh-Q
quasi-BICs [24], indicating the possibility of an efficient
way to guide diffraction-free beams beyond the light cone.

To evaluate the beam-guiding effect, we calculate the
coupling of a Gaussian beam in free space to such a BIC
mode by using the FEM, where perfectly matched layer
boundary conditions are applied to absorb the outgoing
wave. Because of limited computational power, we con-
sider a finite PhC slab (154 x 40a), which might introduce
a Fabry-Perot cavity effect because of the abrupt variation
of the permittivity. As can be seen from the evolution of
the magnetic field [Re(H;)] in Fig. 3(a), a Gaussian beam
with a waist diameter of 4.7a preserves its width during
propagation (over a length of 40q, i.e.,~15.5A, where A
is the wavelength), while the same beam suffers from sig-
nificant diffraction in vacuum, as shown in Fig. 3(b) (see
also Fig. S1 in the Supplemental Material [74]). More
importantly, the out-of-plane scattering is cancelled by the
single-resonance BIC. Both the tight confinement of the
magnetic field shown in the upper panel of Fig. 3(c) and
the flat phase front shown in the lower panel of Fig. 3(c)
confirm the efficient out-of-plane beam guiding. As the
two interfaces of the PhC slab are not optimized to reduce
the impedance mismatch between the air and the PhC,
the finite PhC slab behaves similarly to a Fabry-Perot
cavity, as shown in Figs. 3(a) and 3(c). The coupling effi-
ciency to the diffraction-free modes beyond the light cone
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FIG. 3. (a),(b) Evolution of the magnetic field [Re(H,)] in the

X-Y plane when a Gaussian beam (a/A = 0.3885 with a beam
waist of 4.7a) propagates in the proposed PhC slab with a size of
15a x 40a unit cells (a) and in vacuum (b). (c) Evolution of mag-
netic field (|H;|) and its corresponding phase distribution in the
Y-Z plane shown in (a). (d) Normalized magnetic field amplitude
(|H:]) along the propagation direction under the BIC condition
(blue line) and in vacuum (red line) at the same normalized fre-
quency. (e) Normalized magnetic field amplitude of the input
Gaussian beam (gray dashed line) and output beam (open cir-
cles) at the center of the PhC slab under the BIC condition (blue).
The corresponding result for the output in vacuum (gray) is also
shown.

can be optimized by engineering the shape of the inter-
faces or using waveguide couplers [10]. The cancellation
of in-plane diffraction can be quantitatively evaluated by
inspecting the amplitude of the magnetic field along the
propagation direction, as shown in Fig. 3(d). Compared
with the result for propagation in vacuum (dashed red
line), the maximum amplitude of the SC mode beyond the
light cone is almost unchanged during propagation (solid
blue line). Furthermore, the input (dashed lines) and out-
put (open circles) beam profiles shown in Fig. 3(e) also
validate the in-plane diffraction-free and robust out-of-
plane guiding nature of the BIC mode considered. The
normalization of the output profile for the BIC case is
performed utilizing the magnetic field after the input inter-
face. The two cases are excited by the same Gaussian
beam in vacuum. In order to prove that the SC mode
is essentially beyond the light cone, we perform Fourier
transformation of the magnetic field along the propaga-
tion direction shown in Fig. 3(a) and obtain a k vector of
0.795 x 2m /a, which is equal to that of the BIC mode at
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the & value 0.205 x 27 /a after taking the reciprocal lattice
into account [see Fig. 2(c) for comparison]. Such on-chip
diffraction-free beam quasiguiding beyond the light cone
can be realized in a normalized frequency range a/A =
0.377-0.389, as marked in Fig. 2(a) (see also Figs. S2 and
S3 in the Supplemental Material [74]). More importantly,
the proposed guiding mechanism is also compatible with
an SC mode below the light cone, facilitating the dense
integration and channelless multiplexing of polychromatic
diffraction-free beams both beyond and below the light
cone, as schematically shown in Fig. 1(a) (see also Fig.
S4 in the Supplemental Material [74]).

III. MICROWAVE EXPERIMENTS

The underlying physics of the proposed diffraction-free
beam-guiding mechanism is quite general and can be read-
ily applied over a wide spectral range of electromagnetic
waves. Here, we experimentally demonstrate the results
using microwaves. The experimental setup used to mea-
sure the electromagnetic near field of the PhC slab is shown
in Fig. 4(a).

C))
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A standard-gain horn antenna (HD-58SGAH20N) is
connected to a vector network analyzer (VNA) (R&S
ZNB40) to irradiate the slab with microwaves at fre-
quencies from 4 to 7.5 GHz. A homemade loop antenna
connected to the VNA is used as a magnetic field probe
to measure the magnetic near field of the PhC slab, as
indicated in Fig. 4(a). The loop antenna is mounted on
a microwave scanning platform (LINBOU, NFS03 Floor
Version) connected to the VNA, where the magnetic field
can be acquired in a plane just above the slab. Microwave
absorbers are used to minimize the impact of echo sig-
nals. Alumina ceramic disks (& = 9.6, 15a x 40a, a =
18.1 mm) are used to construct the PhC slab, which is
placed on a foam substrate (¢ ~ 1), as shown in Fig. 4(a).
We use an electromagnetic wave diffracted by a copper slot
(of width 4.6a) to mimic a Gaussian beam (H, polariza-
tion) propagating along the Y axis, as indicated in the inset
of Fig. 4(a). The measured S,; of the loop antenna, which
is proportional to the magnetic field component [Re(S;;),
f = 6.23 GHz], and its corresponding phase distribution
at the input and output regions marked in Fig. 4(a) are
presented in Fig. 4(b) (see also Fig. S5 in the Supplemental
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FIG. 4. (a) Experimental setup to measure the electromagnetic near-field distributions of the diffraction-free beam guiding beyond
the light cone in a PhC slab with 15a x 40a unit cells. The blue (red) dashed rectangle indicates the input (output) area measured in the
experiment. (b) Experimental near-field mapping of Re(S,;), proportional to the amplitude of the magnetic field at a frequency of 6.23
GHz, and corresponding phase distributions in the regions marked in (a). (¢c) Normalized |S;;| along the propagation direction under
the BIC condition (blue line) and in vacuum (red line) measured at the same frequency. (d) Input (¥ = 7a) and output (¥ = 38a) beam
profiles.
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Material [74]). As can be seen from these results, the beam
size in the output region is similar to that in the input
region, and both results share the same characteristic of
a flat phase front. The evolution of the magnetic ampli-
tude |S»;| along the propagation direction in the PhC slab
(solid blue line) and in vacuum (red dashed line) is shown
in Fig. 4(c), while the input (open circles) and output (solid
circles) magnetic field profiles measured above the PhC
slab are plotted in Fig. 4(d). As can be seen from these
results, the amplitude of the diffraction-free BIC mode is
reduced very little in propagating over a distance of 40a.
We also perform Fourier transformation of the magnetic
field (a/1 = 0.376) measured along the propagation direc-
tion, where an equivalent central £ vector of 0.24 x 27 /a
is obtained. As a result, such modes are essentially beyond
the light cone. The experimental results shown in Fig. 4
agree well with the numerical results shown in Fig. 3,
which substantially validates the proposed diffraction-free
beam guiding beyond the light cone. The small difference
in the k£ vector obtained compared with the theoretical
results is because of variation of the geometrical param-
eters. It should be also noted here that the electromagnetic
wave diffracted from the copper slot has a more complex
k-vector distribution, which in turn further strengthens the
robustness of the proposed concept. In order to reduce

‘
'
e

the effects of the substrate, which could shift the targeted
frequency for diffraction-free guiding, a membrane-based
PhC slab could be a potential solution, which could be
suspended to form a symmetrical system.

The diffraction-free beam propagation can be further
validated by considering the scenario of excitation with a
magnetic dipole. The experimental results under excitation
with a loop antenna (mimicking the condition of excitation
with a magnetic dipole) on top of a dielectric cylinder at
the input facet are shown in Fig. 5. Compared with the
simulation results for a magnetic dipole in vacuum, the
unexpanded beam width and the flat wave fronts in the
measured distributions of the real part, phase, and ampli-
tude of S5; consolidate the evidence for a diffraction-free
beam-guiding effect beyond the light cone. According to
the result of Fourier transforming the magnetic field, the
central k£ vector obtained is 0.2467 x 27 /a, which indi-
cates that this guiding effect is indeed beyond the light
cone.

One of the interesting properties of quasi-BICs is that
they can facilitate the coupling of excitations in the con-
tinuum to quasiguided modes. In order to validate the
possibility of external coupling to diffraction-free beam
guiding beyond the light cone, we calculate the coupling
of an inclined (at 30°) Gaussian beam with the same width

FIG. 5. (a) Experimental near-
field mapping of Re(S;;), the
corresponding phase of S;, and
|S>1| for the structure shown in
Fig. 4(a) at a frequency of 6.22
GHz. The area measured is above
the whole PhC structure. (b) Nor-
malized magnetic field amplitude
(]S211]) along the propagation direc-
tion under the quasi-BIC condi-
tion, measured at the same fre-
quency (blue solid line); the corre-
sponding simulation result in vac-
uum is shown by the red dashed
line.
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FIG. 6. Coupling of an inclined Gaussian beam (at 30°) to a
diffraction-free beam beyond the light cone. The width of the
Gaussian beam is similar to that in Fig. 3(a). Distributions of
Re(H,) on the X-Y plane just above the PhC slab (a) and |H;| on
the mirror Y-Z plane (b). The corresponding phase distribution is
also presented in (b). (c) Evolution of normalized |H.| along the
propagation direction at the center of the beam.

as that in Fig. 3 to the diffraction-free modes; the results
are shown in Fig. 6. As can be seen from these figures, the
flat wave fronts shown in Figs. 6(a) and 6(b), as well as the
evolution of the magnetic field amplitude along the prop-
agation direction, validate that the channelless diffraction-
free beam guiding beyond the light cone can be accessed
by inclined excitation, which might find potential applica-
tions in integrated optics. The coupling efficiency might be
improved by use of the recently suggested unidirectional
BICs [62].

IV. DISCUSSION AND CONCLUSION

In summary, we propose a physical mechanism to real-
ize on-chip diffraction-free beam guiding beyond total
internal reflection. Out-of-plane scattering is prohibited
by the physics of BICs, while in-plane diffraction is can-
celled by the tailored spatial dispersion of the PhC slab.
Microwave experiments further support the theoretical
proposal. The operation-frequency and k-vector ranges
might be enlarged by applying the recently proposed merg-
ing BICs near the SC mode [24], which simultaneously
increase the robustness to fabrication disorder. The on-chip
diffraction-free beam guiding beyond the light cone not
only facilitates a wide variety of applications, including
but not limited to free-space coupling to the channelless SC
quasiguided modes, mode sorting, beam routing, sensing,
and lasing, but also, more importantly, opens up an avenue

for exploring guided-wave physics beyond the light cone.
Furthermore, it can shed light on the wave-guiding mecha-
nism in various wave-physics systems, such as in acoustics
[75] and non-Hermitian physics [76].
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