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Negative refraction might occur at the interface between a two-dimensional photonic crystal (PhC) slab and a
homogeneous medium, where the guiding of the electromagnetic wave along the third dimension is governed by
total internal reflection. Herein, we report on the observation of negative refraction in the PhC slab where the
vertical guiding is enabled by a bound state in the continuum and essentially beyond the light cone. Such ab-
normal refraction and guiding mechanism are based on the synchronous crafting of spatial dispersion and the
radiative lifetime of Bloch modes within the radiative continuum. Microwave experiments are provided to further
validate the numerical proposal in an all-dielectric PhC platform. It is envisioned that the negative refraction
observed beyond the light cone might facilitate the development of optical devices in integrated optics, such
as couplers, multiplexers, and demultiplexers. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.427094

1. INTRODUCTION

Envisioned by Veselago in the 1960s [1], abnormal refraction
has received intense research efforts from the photonics com-
munity with long-term quests for new possibility and function-
ality [2–18], including but not limited to comprehensive
manipulation of spacetime wave packets [2,14], generalized
laws of reflection and refraction [12], negative refraction
[4–6,10,11,15], superprism [8,9], self-collimation [13,14],
and optical lensing [15]. In particular, the two-dimensional
negative refraction in a photonic crystal (PhC) slab provides
on-chip solutions for molding the flow of light in an unparal-
leled manner [5,7–11,13,14,17]. To date, the guiding mecha-
nism of light along the slab normal for such on-chip negative
refraction strictly relies on the effect of total internal reflection,
which inevitably imposes a fundamental limitation that such
negative refraction can only be achieved below the light cone
of surrounding medium.

Bound state in the continuum (BIC) possessing nontrivial
physical properties resembles a new physical mechanism to
localize a wave within the radiative continuum [19]. Optical
BIC, an analogue of their quantum counterpart [20], provides
an effective way to guide light beyond total internal reflection
[21–27]. Especially, the BIC of the PhC slab becomes a versa-
tile platform for exploring new physics and applications in in-
tegrated photonic systems [28–63]. Optical guiding becomes
possible when the radiative loss of guiding modes is compatible
with or smaller than the loss originated from the intrinsic

material absorption and fabrication associated disorder effects
[14,42,55,57,58].

In this paper, we investigate numerically and demonstrate
experimentally the negative refraction in all-dielectric PhC
slabs, where the guiding along the slab normal is enabled by
quasi-BICs as schematically shown in Fig. 1(a). The radiative
lifetime and spatial dispersion of leaky modes in the PhC slab
are manipulated simultaneously to enable the observation of
negative refraction mediated by quasi-BICs. Microwave experi-
ments are provided to further support our numerical proposal.

2. PRINCIPLE

The PhC slab used to realize negative refraction mediated by
BIC is shown in Fig. 1(a), which consists of dielectric pillars
arranged in a triangle lattice. The unit cell of the PhC slab
is shown in Fig. 1(b). The principle of negative refraction be-
yond the light cone is schematically presented in Fig. 1(c),
where spatial dispersion and Q factors of modes in the PhC
slab are tailored in the radiative continuum simultaneously.
In contrast to conventional negative refraction guided by total
internal reflection, the radius of equi-frequency contour (EFC)
for the negative refraction modes (red dashed circle) is smaller
than the radius of the EFC for the light cone (blue dashed
circle) at the same frequency as shown in Fig. 1(c). At the same
time, if such modes can be tuned to become quasi-BICs, neg-
ative refraction can be achieved without relying on total inter-
nal reflection. In this case, an incident plane wave from air with
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a k-vector indicated by the blue dashed arrow will excite a mode
of the PhC slab whose direction of group velocity outlined by
the red arrow is at the same side of the interface normal as sche-
matically shown in Fig. 1(c). The magnitude of the k-vector for

the excited Bloch mode is smaller than the incident one. As a
result, such mode is within the radiative continuum, where the
vertical guiding is enabled by the quasi-BICs as indicated by the
red ring shape high-Q regions overlapped with the EFC in mo-
mentum space.

The dispersion relationship of the considered band (Γ-M)
and the corresponding Q factors for the all-dielectric PhC slab
shown in Fig. 1(b) are presented in Figs. 2(a) and 2(b). Such
modal dispersions are calculated by the finite element method
(FEM), where the eigenvalues of the source-free Maxwell equa-
tion are evaluated. Bloch boundary conditions are applied to
the hexagonal boundary outlined in Fig. 1(b), while perfectly
matched layers are used perpendicularly to the �Z directions.
The height h of the dielectric rod is 0.6627a, where a is the
lattice constant outlined in Fig. 1(b) while the ratio r∕a is in-
dicated in the insets of Figs. 2(a) and 2(b). The relative permit-
tivity of the dielectric pillars is εr � 11.56, and we neglect the
absorption loss first. As can be seen from Fig. 2(a), the slope of
the band (∂ω∕∂k) is negative, indicating the morphology of
EFC manifests as shrinking circles toward the Γ-point when
the frequency is increased [4], as shown by the black solid lines
in Fig. 2(c). This kind of mode can be used to realize negative
refraction at the interface between the PhC slab and air. For
example, an incident plane wave with the k-vector indicated
by the blue dashed arrow will excite the Bloch mode of the
PhC, exhibiting negative refraction whose propagation direc-
tion is at the same side of the interface normal as the incident
one. Because of the momentum conservation parallel to the
interface, the k-vector of the excited Bloch mode can be deter-
mined by matching the tangential k-vector of the excited Bloch
mode. As a result, the propagation direction of the refracted
Bloch wave [υ � ∇kω�k�, red solid arrow] is normal to the
EFC, which is determined by the continuity condition of the
tangential components of the wavevector, as indicated by
the blue dashed line, through momentum conservation [4].
However, these modes are located within the radiative con-
tinuum, which means that they are leaky in general. As can
be seen from Fig. 2(b), there is a symmetry protected BIC
(at-Γ point) and accidental BICs (off-Γ point) supported by
the PhC slab. As the off-Γ BIC is not protected by the

Fig. 1. (a) Schematic of negative refraction mediated by bound state
in the continuum (BIC), where the vertical guiding is based on the
BIC. A Gaussian beam is used to excite negative refraction modes
as indicated by arrows. (b) A unit cell of the PhC slab is formed
by a dielectric pillar (relative permittivity εr � 11.56, r � 0.4819a)
arranged in a triangular lattice with the lattice constant a, and its
height h is 0.6627a. (c) Physical mechanism enabling the negative re-
fraction beyond the light cone of the surrounding materials. The red
dashed circle indicates the equi-frequency contour (EFC) for the neg-
ative refraction modes above the light cone, where the associated BIC
and quasi-BIC regions are outlined by the red shadow ring. The blue
dashed circle represents the EFC of light cone at the same frequency.
The blue dashed arrow indicates the k-vector of the incident plane
wave from air, while the red arrow corresponds to the group velocity
of the Bloch mode excited in the PhC slab. The solid red line shows the
boundary of the first Brillouin zone (FBZ). The vertical blue dashed
line indicates the preservation of momentum parallel to the interface
during refraction.

Fig. 2. (a) Dispersion properties of PhC slab along the Γ-M direction for three different lattice constants, where the r∕a is indicated in the legend.
The light cone (black dashed line) is also presented. (b) The corresponding Q factors for the modes shown in (a). (c) The calculated EFCs and the
corresponding Q factors of a square region within the first Brillouin zone. The light cone (a∕λ � 0.3504) is indicated by the blue solid circle. The
EFCs for different modes at the same band are marked in the figure, while the color code represents the corresponding Q factors. The blue dashed
arrow shows the k-vector of the incident plane wave from air, while the red solid arrow corresponds to the group velocity of the mode excited in the
PhC slab. The vertical dashed line indicates the preservation of momentum during refraction.
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symmetry incompatibility between the continuum and the BIC
mode [19], the positions of the off-Γ BIC in momentum space
can be effectively tuned by varying the parameter r∕a
[Fig. 2(b)], while the dispersion of such band is hardly affected
[Fig. 2(a)]. Therefore, Bloch modes with the characteristic of
negative refraction dispersion can be manipulated to become
quasi-BICs simultaneously by adjusting the r∕a, which facili-
tates the realization of the negative refraction beyond the light
cone. As can be seen from Fig. 2(c), the morphology of loca-
tions for the quasi-BIC modes (Q > 107, color coded) in the
momentum space resembles the shape of the EFC (black
dashed circle). Such synchronous manipulation of spatial
dispersion and radiative lifetime of Bloch modes enables the
realization of negative refraction beyond the light cone.

In order to evaluate the negative refraction, we calculate the
propagation of a Gaussian beam with a polarization of H z

through a finite PhC slab by the FEM. The Gaussian beam
is used to excite the quasi-TE mode of the PhC slab where
the dominant magnetic field is normal to the slab. Perfectly
matched layer boundary conditions are used to absorb the out-
going wave. The size of the finite PhC slab considered is about
∼41 × 19 a2, which would introduce an effective Fabry–Perot
cavity along the propagation direction because of the abrupt
variation of the permittivity. The distributions of magnetic field
[Re�H z�] on the central x–y plane under the excitation of a
Gaussian beam with different tiled angles (θ1 � 10° and
θ2 � 20°) are shown in Figs. 3(a) and 3(b). As indicated in
these figures, the refracted beams in the PhC slab are at the
same side of the interface normal as the input beams, and

the phase fronts of the incident and outgoing beams are parallel
to each other. In order to validate that such negative refraction
is indeed beyond the light cone, which is enabled by the quasi-
BICs rather than total internal reflection, the effective k-vectors
of the refracted beam in the PhC slab are evaluated along the
refraction directions indicated by the red arrows in PhC slab,
where a Fourier transform of the complex magnetic field (Hz)
along a line at the center of the beam is performed. Both results
are approximately equal to 0.192 π∕a for Figs. 3(a) and
3(b), respectively, which are smaller than the k-vector of the
incident one. Therefore, these modes are essentially beyond
the light cone, where the out-of-plane scattering can be dra-
matically reduced by quasi-BICs.

We further provide the EFC-based interpretations of
negative refraction in Figs. 3(c) and 3(d). The EFC supporting
negative refraction at the normalized frequency a∕λ � 0.3504
is shown by the red dashed circle, while the EFC of light cone
(air) at the same frequency is also shown by the blue dashed
circle. As can be seen from these figures, different incident an-
gles will result in negative refraction with different refraction
angles. The negative propagation angles extracted from
Figs. 3(a) and 3(b) coinciding with that are obtained from
the EFC analysis shown in Figs. 3(c) and 3(d). The coupling
efficiency to the negative refraction modes can be optimized by
engineering the morphology of the interfaces or using wave-
guide couplers [9].

3. MICROWAVE EXPERIMENTS

The physical mechanism of negative refraction mediated by
quasi-BIC is general, and it can be applied over a wide spectral
range of electromagnetic waves. Here we experimentally dem-
onstrate the negative refraction phenomenon in microwaves.
The experimental setup for near-field measurement of mag-
netic field and the PhC slab fabricated by alumina ceramics
are shown in Fig. 4(a). A standard-gain horn antenna
(HD-58SGAH20N) is connected to a vector network analyzer
(VNA, R&S ZNB40), which is used to generate an electromag-
netic wave packet (5 to 7 GHz) with a polarization of E x and
mimic the scenario of Gaussian beam excitation. The width of
the horn antenna is approximately 4 times the electromagnetic
wave’s wavelength. Furthermore, in order to flatten the wave-
front of excited field, the horn antenna is more than 10 working
wavelengths away from the PhC slab. A homemade loop an-
tenna, whose acquired S21 is proportional to the magnetic field
H z , is mounted on a scanning platform (LINBOU, NFS03
Floor Version) connected to the VNA. Microwave absorbers
are used to minimize the impact of echo signals. The dashed
red rectangle indicates the scan area above the PhC slab, where
the acquired Re(S21) map can be used to qualitatively inspect
the distribution of magnetic field. The PhC slab used in the
experiment is composed of alumina disks (εr � 9.6, r �
8 mm, h � 11 mm) arranged in a triangle lattice (a�17mm)
that is placed on a foam substrate (εr ∼ 1).

The EFCs (black solid lines) and corresponding Q factors
(color coded) of the alumina PhC slab used in the experiment
are shown in Fig. 4(b). Similar negative refraction can be
achieved compared with the results in Fig. 2, though a different
relative permittivity of PhC slab is used. Similarly, the k-vector

Fig. 3. (a) and (b) Evolution of the magnetic field [Re�H z�] on the
central x–y plane when a Gaussian beam (a∕λ � 0.3504) is incident
into the PhC slab with two different incident angles (θ1 � 10° and
θ2 � 20°). The directions of the incident, refracted, and outgoing
waves are indicated by blue dashed, red solid, and blue dashed arrows,
respectively. (c) and (d) EFC analysis of negative refraction for the re-
sults shown in (a) and (b), respectively. The blue dashed and red solid
arrows indicate the k-vector of the incident wave and the group veloc-
ity of the wave refracted by the PhC slab. The red dashed circles re-
present the EFC of negative refraction modes, whose out-of-plane
scattering is prohibited by the quasi-BICs. The blue dashed circles
represent their corresponding light cones at the same frequency,
respectively.
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(blue dashed line) of the incident plane wave from air and the
group velocity of the refractive wave are at the same side of the
surface normal. By turning the angles between the horn an-
tenna and the y direction, negative refraction with different re-
fracted angles similar to Figs. 3(a) and 3(b) can be realized. The
distributions of Re(S21) measured at the red dashed rectangle
marked in Fig. 4(a) for different incident angles are shown in
Figs. 4(c) and 4(d), respectively. Signatures of negative refrac-
tion at the interface between air and PhC slab are clearly ob-
served in the experiment results as indicated by the red arrows.
The directions of k-vectors extracted from Fig. 4(c) are similar
to the analysis based on the EFC shown in Fig. 4(b), and the
phase fronts of the incident and outgoing waves obtained in
experiment are parallel to each other. The extracted k-vectors
in the PhC slab for the results in Figs. 4(c) and 4(d) are
0.16672π∕a and 0.16852π∕a, respectively, which are smaller
than the incident one (0.38382π∕a and 0.38352π∕a). It
should be pointed out that there is small discrepancy between
the quasi-BICs obtained in experiment and simulation, which
might be originated from the imperfection of PhC structures.
These microwave results indicate that negative refraction medi-
ated by quasi-BICs can be observed in experiment.

Furthermore, negative refraction mediated by quasi-BIC
provides an unique opportunity for coupling excitations in
the continuum to quasi-guiding modes exhibiting negative re-
fraction, as schematically shown in Fig. 5(a), breaking the limi-
tation that negative refraction can only be achieved in the
two-dimensional plane for a PhC slab. In order to visualize this
possibility, we calculate the coupling of an inclined (30°)
Gaussian beam (relative to the two-dimensional plane) to
the PhC slab at an angle of φ � 15° with respect to the y axis

and θ � 30° with respect to the z axis. The full width at half-
maximum of the Gaussian beam is λ, where λ is the wavelength
of the Gaussian beam. The distributions of the magnetic field
[Re�H z�] on the central x–y and y–z planes are shown in
Figs. 5(b) and 5(c), respectively. As we can see from the figures,
the stereo inclined Gaussian beam indeed excites a quasi-
guiding negative refraction beam in the PhC slab, which
might facilitate potential applications in integrated optics, such
as optical multiplexing and optical couplers. The coupling ef-
ficiency can be improved by using unidirectional BIC [58],
while the quasi-guiding properties can be enhanced by the
recently proposed merging BICs at off-high symmetry
points [63].

4. DISCUSSION AND CONCLUSION

In summary, we propose a physical mechanism to realize neg-
ative refraction beyond the light cone based on the quasi-BICs.
The real and imaginary parts of the eigenfrequency for the
Bloch mode, which are corresponding to spatial dispersion
and radiative lifetime of the Bloch mode, are tailored simulta-
neously to achieve negative refraction beyond total internal
reflection. The direction of negative refraction can be con-
trolled by the direction of the incident wave. Microwave experi-
ments are used to further validate the numerical results. The
operating-frequency range of negative refraction mediated by

Fig. 4. (a) Experimental setup and the fabricated dielectric PhC slab
used to demonstrate the negative refraction mediated by quasi-BICs.
The red dashed rectangle indicates the measured area in the experi-
ment. (b) The calculated EFCs (black solid lines) and the correspond-
ing Q factors (color coded) of a square region within the FBZ for the
PhC slab used in experiment. The blue circle indicates the EFC of
light cone (a∕λ � 0.391). (c) and (d) Experimental results of near-
field mapping of Re(S21) of a loop antenna at frequencies of
6.773 GHz and 6.767 GHz for incident angles of 10° and 15°, respec-
tively. The parallel dashed lines indicate the boundaries of the PhC
slab.

Fig. 5. Coupling of a Gaussian beam with a stereo incident angle to
the on-chip negative refraction mode mediated by the quasi-BICs. The
angle between the incident k-vector and the y �z� axis is φ � 15°
(θ � 30°). The structure is similar to that in Fig. 3. Distributions
of the calculated magnetic field [Re�H z�] on the central (b) x–y plane
and (c) y–z plane at the red dashed line shown in (b) are presented.
The red dashed square indicates the location of the PhC slab.
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quasi-BICs might be enlarged by applying the mechanism of
merging BICs near the accidental BIC. It is anticipated that
negative refraction beyond the light cone can effectively facili-
tate the coupling between free space and the on-chip negative
refraction modes, which could open up an avenue for exploring
abnormal refraction within the radiative continuum and
find applications in optical couplers, multiplexing, and mode
sorting. Furthermore, it could also shed new light on the
generalization of negative refraction in other wave-physics
systems.
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