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In addition to non-radiative guided modes, two-dimensional photonic-crystal slabs support guided resonant ones
which can radiate into free space. From the polarization states of these guided resonances, a polarization field on a photonic
band can be constructed in momentum space. Momentum-space polarization fields display complicated configurations and
patterns with different types of polarization singularities inside, shedding new light on the manipulations of light flows.
In this review, we summarize the recent research progress on momentum-space polarization fields and singularities in
two-dimensional photonic-crystal slabs, focusing on their unique optical properties and potential applications as well.
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1. Introduction

As a new kind of optical media, photonic crystals (PhCs)
are periodic photonic structures characterized by complicated
photonic band structures and even photonic band-gaps,!!?! of-
fering unprecedented opportunities to manipulate the flow of
light and novel applications in photonics and optoelectronics
as well. In particular, two-dimensional (2D) PhC slabs have
drawn considerable attention due to the fact that they can sup-
port non-radiative guided modes with great promise for minia-
turized integrated photonic circuits.!

As a representative example of photonic systems with
open boundaries, 2D PhC slabs support also guided resonant

e.l* 61 These guided resonant modes

modes inside the light con
are leaky since they can couple with far-field modes in free
space. Like non-radiative guided modes, radiative guided res-
onances also display similar photonic band structures in re-
ciprocal or momentum space due to the introduced period-
icity. Radiative photonic bands can be tailored by changing
the structural and material parameters of 2D PhC slabs, giving
rise to interesting scattering and radiation properties such as
anomalous transmission and directive radiation. 8!

Recently, polarization fields in momentum space, defined
on radiative photonic bands, were introduced Ol in discussing
the optical properties of guided resonant modes, particularly
on optical bound states in the continuum (BICs) found in 2D
PhC slabs and other periodic photonic structures with open

g [9-12

boundarie; | The introduction of momentum-space polar-
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ization fields could not only deepen our understandings of pe-
riodic photonic structures with open boundaries but also shed
new light on their applications. In this paper, we review recent
progress in the study of momentum-space polarization fields
and singularities in 2D PhC slabs, including the concept and
the resulting physical implications in Section 2, evolutions un-
der symmetry perturbations in Section 3, and potential appli-
cations in Section 4. Although we focus mainly on 2D PhC
slabs, interesting work on other periodic photonic structures
with open boundaries will be also discussed.

2. Momentum-space polarization fields on pho-
tonic bands

Light waves are inherently vectorial in nature.['3-151 As
a result, polarization states, which describe the trajectories of
oscillating electric field vectors, are one of the key character-
istics of light, in addition to frequency, amplitude, and phase.

In general, polarization states are inhomogeneous. For a
polarized monochromatic light beam, its space-varied polar-
ization states on the transverse plane form a 2D polarization
field. There may exist polarization singularities in this field
such as vector singularity points (V-points, null-amplitude
points around which polarization states are winding and tend
to be linear),!'®! circularly-polarized points (C-points, around
which polarization states have winding major axes and tend to
be circular),m’lgl and linearly-polarized lines (L-lines, near
which polarization states tend to be linear), schematically

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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shown in Fig. 1. These polarization singularities are topolog-
ically non-trivial since they are stable under smooth deforma-
tions of polarizations fields. Thus, V-points and C-points can
be described by a topological charge g determined by wind-
ing the polarization orientations around them. V-points can
be viewed as the result of collisions between C-points and L-
lines, implying that V-points are usually located on L-lines.
Morphologies and topological behaviors of polarization singu-
larities have been extensively studied since discovered by Nye
and Berry,!”-1° and become an important part of the emerging

field of singular optics.20-2?!
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Fig. 1. Schematic of a polarization field with polarization singularities
such as V-points, C-points, and L-lines. For any electromagnetic field,
coordinate-dependent polarization states can be defined and mapped onto
an arbitrary 2D parametric space, forming a 2D polarization field.

In recent years, many interesting studies on polariza-
tion fields in real space have been conducted. [21,23-26] [pdeed,
polarization fields could be also defined in other parametric
spaces.?’-31 For example, polarization ellipses at different
parametric coordinates can be mapped onto a 2D parametric

[36] Such polarization

plane to construct a polarization field.
fields in parametric spaces may offer new perspectives, con-
necting mathematical vectorial structures to physical proper-
ties. Polarization fields discussed in this paper are defined in
momentum space of periodic photonic structures with open
boundaries. By inspecting these momentum-space polariza-
tion fields, we could deepen our understanding of the underly-
ing physics in such systems.

We first discuss the definition of momentum-space po-
larization fields on photonic bands. We consider a 2D PhC
slab which supports Bloch modes with well-defined in-plane
wavevectors (k”). These Bloch modes are characterized by
photonic band structures in momentum space, i.e., the Bril-
louin zone.!*”**! Note that modes with wavevectors kj + G
are equivalent, where G 1is the reciprocal lattice vector. Sup-
pose that the PhC slab lies in the x—y plane and the surface
normal is along the z direction. Those Bloch modes with fre-
quencies and in-plane wavevectors outside the light cone of

free space are non-radiative guided waves. However, Bloch
modes inside the light cone are radiative since they can couple
with far-field modes of free space. Therefore, they are guided

e.[40411 For each resonant mode, there

resonant modes in natur
exist series of radiation channels with wavevectors satisfying
ko = k| + k. + G, where ky is the free-space wavevector with
an out-of-plane component k,. Once excited, a resonant mode
can radiate through these radiation channels. The radiating
polarization states of the outgoing plane waves, described by
a Jones vector composed of electric field components (E,, Ej)
or (Ey,Ey) on the x-y basis,!*?! can be defined as the polariza-
tion states at kj| + G'. Focusing on the modes on one specific
photonic band, the corresponding polarization states can be
mapped onto the k| space such that a 2D polarization field is

9:43.441 a5 shown in Fig. 2(a).

constructed in momentum space,[
Within the constructed field, polarization singularities may ap-
pear. The topological charge ¢ of a polarization singularity in
momentum space is defined as the winding number of the po-

larization vector (major axis for elliptic polarization),

1
q = %}édk“ .V"'\\e(kH)’
1 .
0(k) = EArg[Sl(kH)JrlSz(ku)],
Si = |E*~ |E|*, S =2Re(E,E)). (1)

Here, S; and S, are the first and second Stokes parameters of
a momentum-space polarization state. Unlike photonic band
structures, this field is not periodic since one radiation chan-
nel with a free-space wavevector ko = kj + k; + G is ob-
viously not equivalent to another diffracted one with k{ =
k” + ké +G'.

Momentum-space polarization fields defined on photonic
bands display complicated patterns including polarization sin-
gularities such as V-points, C-points, and L-lines, depend-
ing strongly on the structural and material parameters of the
2D PhC slabs. These fields could offer new perspectives on
getting deep insight into the interactions between 2D PhC
slabs and light, and novel applications as well, as schemat-
ically shown in Figs. 2(b)-2(d). For instance, optical prop-
erties such as the radiation and scattering of a 2D PhC slab
can be tailored by modifying its momentum-space polariza-
tion fields since both the kj-dependent radiation behaviors
and angle-dependent scattering properties depend strongly on
these fields. By changing the symmetry of a 2D PhC slab,
the resulting momentum-space polarization fields will alter ac-
cordingly, leading to desired angle-dependent radiations, and
phase and polarization modulations. Different distributions of
polarization states in momentum space can be exploited to re-
alize novel optical phenomena such as suppressing radiation,
beam shifting, and wave-front reshaping.
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Fig. 2. (a) Schematic of a polarization field defined on a photonic band of a 2D PhC slab in momentum space. Polarization singularities may appear
in such a field. (b) Momentum-space polarization fields stem from the complicated interactions between a 2D PhC slab and free space, i.e., the
radiation from the photonic system and the scattering by the system. (c) By tuning polarization fields, lifetime, phase, and polarization of light
radiated from and scattered by the system can be modulated, leading to interesting phenomena as illustrated in (d).

3. Evolutions of momentum-space polarization
fields

A crucial feature in momentum-space polarization fields
Due to the
topological nature, these singularities affect the polarization

is the existence of polarization singularities.

states in their vicinity significantly. Among all types of po-
larization singularities, V-points might be the most interest-
ing ones. With zero intensities, radiations stemming from
V-points should vanish. When all the radiation channels of
a resonant mode get blocked by V-points, this mode would
become non-radiative, namely, a BIC, found theoretically by
Zhen et al. in 2014[°! and confirmed by others.3*3 Four
years later, Zhang et al.'*3! carried out the first experimen-
tal observations of such V-points in momentum-space polar-
ization fields. Home-built momentum-space imaging spec-
troscopy was used to measure the reflection spectra of a Cy,-
symmetric 2D plasmonic-crystal structure, shown in Fig. 3.
Obviously, this photonic structure is characterized by pho-
tonic band structures represented by extinction spectra. With
a temporal coupled-mode theory, the authors confirmed the
existence of BICs, manifesting as the vanishing points in
the extinction spectra. Five V-points or BICs with topo-
logical charges 41 can be clearly seen in the reconstructed
momentum-space polarization field on the first TM-like pho-
tonic band from polarization-dependent measurements. One is
located at the center of momentum space (I" point) and four on
the mirror-symmetrical directions (I'-X). As expected, reso-
nant modes around V-points possess very high radiative qual-
ity factors (Qs), implying that V-points could have great po-
tential for lasing and non-linear optical processes. Note that a
V-point was also experimentally observed at the I" point in a
2D PhC slab. 46!
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Fig. 3. First experimental observation of momentum-space polarization
fields and singularities. (a) Measured momentum-space extinction spectra
of a plasmonic crystal consisting of a periodically structured PMMA thin
film with a square lattice of holes on a silver surface. (b) Momentum-space
polarization field (upper panel) and the corresponding quality-factor map re-
constructed from the measured data (lower panel). Five V-points exist in the
first Brillouin zone.*3!

Most theoretical and experimental studies on V-points are
for non-degenerate resonant modes. However, there exist also
degenerate points in photonic bands in momentum space. The
question arises whether V-points exist at degenerate points of
photonic bands. Indeed, as a superposition of modes, a de-
generacy itself is a singularity in some sense, which should
result in singular polarization states such as V-points in mo-
mentum space. In 2019, Chen et al.'*”) studied a plasmonic
structure with Cy, symmetry and discussed V-points at the I”
point where two TM-like bands are quadratically degenerated.
They mapped out the polarization field on the two bands and
confirmed the existence of V-points of charge +1 both theoret-
ically and experimentally, as shown in the upper-right panel of
Fig. 4. Exactly at these degenerate V-points, the polarization
states are ill-defined as expected. However, their radiation am-
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plitudes are non-zero, different from non-degenerate V-points.
Radiations resulting from these modes can have arbitrary po-
larization states depending on how they are excited externally.
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Fig. 4. Different types of momentum-space polarization singularities and
their connections. Upper-left panel: a non-radiative integer-charged V-point
protected by in-plane C, (n > 2) symmetry, corresponding to a BIC. Upper-
right panel: a radiative integer-charged V-point at the degenerate point of
two quadratic photonic bands for an in-plane C, (n > 2) symmetry. Lower-
left panel: two C-points with half-integer charges and opposite handedness
separated by an L-line. Lower-right panel: two radiative V-points with half-
integer charges at two linearly degenerate points (Dirac points or bulk Fermi
arcs).

Although both the non-degenerate and degenerate V-
points at the I" point discussed above are protected by Cu,
symmetry, they differ not only in radiation properties but also
in their responses to symmetry perturbations. When the sym-
metry is broken to be C,, a non-degenerate V-point is no
longer stable, whereas a degenerate V-point is not the case.
As illustrated in the right panels of Fig. 4, a degenerate V-
point of charge +1 is decomposed into a pair of V-points with
half-integer charges +1/2, corresponding to the process of
a quadratic degeneracy splitting into two Dirac points!#7:48l
(or bulk Fermi arcs when considering a small non-Hermitian
perturbation!*’!). The linearly degenerate states at the vortex
centers are radiative although ill-defined. Such V-points with
half-integer charges are closely related to linear degeneracies
under any circumstances since their half-integer charges re-
sult from a 7w Berry phase associated with the corresponding
degenerate points.>*2! Note that V-points with half-integer
charges are the lowest order of degenerate V-points, but not
yet confirmed experimentally.

From the theory of singular optics, V-points in real space
are not the most robust and fundamental singularities, and are
By break-
ing the symmetry of a field, V-points can be turned into other

usually protected by some specific symmetries.

types of polarization singularities (e.g., C-points separated by
L-lines), and vice versa.?%??! In momentum-space polariza-
tion fields, V-points are also sensitive to symmetry perturba-
tions. As indicated by Liu et al.,/**) non-degenerate V-points

located at and away from the I point are both sensitive to
C, symmetry breaking, illustrated in the left panels of Fig. 4.
When the C; symmetry of a PhC slab is broken, an existing
V-point with charge £1 will be decomposed into a pair of
C-points with opposite handedness and half-integer topolog-
ical charges. An L-line will appear in between the two C-
points with opposite handedness, required by the continuity of
the polarization fields. In addition, they found a similar pro-
cess by breaking the up-down mirror symmetry of a photonic
structure with two open boundaries. On the other side, for
degenerate V-points Guo et al.’! studied the effect of sym-
metry perturbations on degenerate V-points with half-integer
charges. Several V-points with half-integer charges are ob-
tained at the corner of the first Brillouin zone for a PhC slab
with C3, symmetry. By slightly breaking the C, symmetry, the
Dirac degeneracies will be lifted. As a result, each degenerate
V-point with a half-integer charge will become a C-point with
the same charge, schematically illustrated in the lower panels
of Fig. 4.

Thus, the scenario of the evolutions for V-points with
charge +1 in momentum-space polarization fields are as fol-
lows. A non-degenerate V-point protected by C,, C, or other
symmetries will be decomposed into a pair of C-points sepa-
rated by an L-line when breaking the symmetry. On the other
hand, a degenerate V-point with charge £1 will be split into
two V-points with charge +1/2 when perturbing the C, (n =
4 or 6) symmetry into C,. V-points with half charges can fur-
ther become C-points with the same charges by breaking the
remaining C, symmetry. Note that all topological charges are
conserved during these evolutions.

The V-points with topological charges of high-order
(Ig| > 1) may exist in momentum-space polarization fields.
For instance, a high rotational symmetry such as Cg, can
give rise to both non-degenerate and degenerate V-points with
a topological charge of —2 in a PhC slab.[®*3] Evolutions
of both non-degenerate and degenerate higher-order V-points
upon symmetry breaking were investigated respectively by
Yoda et al.!>3! and Chen et al.'*) in different systems, sum-
marized in Fig. 5.

Distinctly different from the case of |g| = 1, both non-
degenerate and degenerate higher-order V-points are both non-
radiative, i.e., BICs. However, their response to symmetry
breaking is different. For non-degenerate higher-order V-
points, with symmetry breaking from Cg, to C,, a V-point with
charge —2 will be split into two V-points with charge —1 away
from the I" point, as illustrated in the middle in Figs. 5(a) and
5(b). Whereas for the quadratically degenerate V-point with
charge —2, it will be decomposed into one non-degenerate V-
point with charge —1 and a pair of degenerate V-points with
charge —1/2, as shown on the right in Figs. 5(a) and 5(b). The
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V-point with charge —1 remains at the I" point and is still non-
radiative. The pair of degenerate V-points with charge —1/2

correspond to two Dirac degeneracies.

(a)

Singlet
resonances

(b)

(c)

Fig. 5. Momentum-space polarization fields with polarization singularities
in a 2D PhC slab with an array of holes arranged in a hexagonal lattice for
different in-plane symmetries. For a 2D PhC slab with in-plane symmetry
of Cg in (a), both non-degenerate or singlet (middle) and quadratically de-
generate (right) V-points of charge —2 at the I point could exist. When the
in-plane Cs symmetry is reduced to C, in (b), the singlet V-point of charge
—2 will be split into two V-points of charge —1 (middle), whereas the de-
generate V-point will become one V-point of charge —1 and two V-points of
charge —1/2. When the in-plane symmetry is changed from Cg to Cs in (c),
both the singlet V-point and the degenerate V-point will be decomposed into
six C-points of charge —1/2 and one V-point of charge +1.

On the other hand, if the symmetry is broken from Cg,
to C3,, the singlet V-point with charge —2 would be turned
into a non-radiative V-point of charge +1 at the same loca-
tion of the I' point surrounded by three pairs of C-points with
opposite handedness rather than three V-points, as shown in
the middle in Fig. 5(c). This is due to fact that the existence
of V-points away from the I" point is generally forbidden for
a system without C; symmetry. The total charge of these C-
points should be —3 required by the charge conservation. The
evolution is schematically illustrated in the left of Fig. 5(c).
For the degenerate V-point of charge —2, the evolution is sim-
ilar to the singlet case. Since the quadratic degeneracy cannot
be lifted with such type of symmetry breaking, the resulting V-
point will be a degenerate one and hence radiative, as shown
on the right in Fig. 5(c).

Further symmetry perturbations by breaking the C; or C3
symmetry will result in the evolutions discussed in the above
for |¢| = 1 cases. Interestingly, Che et al.* showed that a V-

point with charge |g| > 3 can exist in photonic quasi-crystals

slabs. Evolutions of those V-points follow the same rules de-
scribed above. Besides, there may be dissociative C-points
far away from V-points in momentum space due to complex
mode interactions even if the C; symmetry is maintained, as
discussed by Ye et al.!>!

Up to now, most studies on momentum-space polariza-
tion fields are for photonic structures with time-reversal sym-
metry. In recent work, Song et al.>>3% studied theoretically
polarization singularities in photonic systems with parity-time
symmetry, revealing a new type of non-radiative V-points, i.e.,
pt-BICs which can be excited externally but can not radiate.

4. Applications

Momentum-space polarization fields on photonic bands
of a PhC slab could be engineered by properly choosing the
structural and material parameters, leading to interesting ap-
plications to be discussed in the following.

4.1. Increasing robustness of high-quality-factor reso-

nances

As discussed in the above section, a singlet or high-order
degenerate V-point in momentum space defined on a pho-
tonic band corresponds to a non-radiative state if the only
radiation channel is blocked by the V-point. These V-points
can suppress radiations in their vicinity in momentum space.
As a result, the corresponding resonances possess ultra-high
(0] factors, 1] leading to low radiation loss for zero-index

37381 Jow thresholds in lasing actions!®®~%3! and en-

materials,
hanced optical non-linear processes.!**-%81 From the practical
point of view, structural or material imperfections are nearly
inevitable during fabrications and eventually cause degrada-
tions in Q factors, due to unexpected scatterings and the fact
that V-points are sensitive to symmetry perturbations.

To overcome this problem, Jin et al.!*°! proposed that the
robustness of high-Q resonances can be greatly retained by
merging multiple non-radiative V-points in momentum space,
shown in Figs. 6(a) and 6(b). Focusing on the second TE-
like band of a Cy4, symmetric PhC slab made of silicon, they
changed the period of the slab to manipulate the distributions
of V-points in momentum space. With the Cy4,, symmetry, there
will always be one V-point at the I" point. When the period is
not well tuned [right panel in Fig. 6(a)], this V-point is iso-
lated and the Q factor decays quadratically in its vicinity. As
a result, fabrication imperfections can easily degrade the high-
Q feature by scattering to other resonances away from the I
point. The symmetry perturbations could make the problem
worse. If the period is chosen in a proper range, eight V-
points will appear around the V-point at the I point, leading
to eight additional high-Q regions in momentum space. With
the period carefully tuned, the eight V-points will approach

104211-5
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the V-point at the I" point, leading to a large high-Q region
in momentum space. Away from the merged region, the Q
factor decays inversely proportional to the sixth power of the
in-plane wavevector. Under this circumstance, the Q factors
of resonances are much less affected by unexpected scatter-
ings. Symmetry perturbations should be less destructive either
since the C-points spawning from one V-point may easily col-
lide with other emerging C-points. The merging processes of
V-points are shown in the left and middle panels of Fig. 6(a).
The scattering suppressing effect due to the merging V-points
was also confirmed, as shown in Fig. 6(b). Clearly, radiations
from the resonances with non-zero in-plane wavevectors in a
disordered structure with merging V-points are much smaller
than those in a structure with an isolated V-point, leading to
much higher Q factors even in the presence of fabrication im-
perfections. The robust ultra-high Q factors are of great sig-
nificance in practical applications.

a=519.25nm 531.42 nm

580 nm

&
o
: @ n
x>
-0.1

107
Radlat|on Q factor
108
& 5
ER 10
x 104
108
0 0.1
kxa/27r kal2m
(c) t=520 nm 513.7 nm .
\\\\\\\\\Q:: :t :
N {107
A
! )
B
N
NS
NS
0.04 0.06 0.08
k al2w

Fig. 6. Increasing robustness of high-Q resonances by merging multi-
ple non-radiative V-points in 2D PhC slab. (a) Merging multiple V-points
around the I" point. On one photonic band, eight V-points are shifted to-
wards the central V-point at the I" point, resulting in a large high-Q region.
(b) Distributions of the momentum-space radiation field for a disordered
isolated-BIC (left) and merging BICs (middle). The corresponding Q values
simulated are plotted on the right. (c) Merging multiple V-points away from
the I" point. One V-point is shifted towards another off-I" V-point, leading
to a large high-Q region. (%701

Note that the V-point merging scheme to increase the ro-

bustness of high-Q resonances relies on their numbers rather
than their topological charges. In the above work, eight acci-
dental V-points which appear symmetrically near the I" point
were chosen for merging. Such a scheme can be generalized
to other situations, e.g., by merging multiple non-radiative V-
points with lower symmetry. Kang er al.’% showed that V-
points resulting from different coupling mechanisms can be
merged as well in order to increase the robustness of high-
The authors

designed a Cy4,-symmetric silicon-nitride PhC slab immersed

Q resonances with large in-plane wavevectors.

in a liquid. The structure has a V-point located in the I'—
M direction, stemming from the coupling between the third
and the fifth TM-like photonic bands. By tuning the thick-
ness of the slab, another accidental V-point appears. The
two V-points will approach each other for a proper choice of
the thickness, leading to a large high-Q region, as shown in
Fig. 6(c). Furthermore, the authors showed a more general-
ized case where two V-points can be merged at an arbitrary
in-plane wavevector in a Cp-symmetric PhC slab. They also
showed that V-points with higher order topological charges
can be merged,”! rendering more flexibility possible. This
generalized V-point merging scheme seems more appealing in
both lasing actions and non-linear processes by offering more
degrees of freedom in the selection of wavevectors, e.g., direc-
tional radiations.

2. Guided resonances with unidirectional radiations

For a 2D periodic photonic structure with two open
boundaries, there are two radiation half-spaces, corresponding
to two outside regions of the structure. In general, the radiation
properties of supported modes such as polarization states are
different in the two half-spaces. A non-radiative mode with
a in-plane wavevector k”, namely, a BIC, requires that all the
radiation channels in both half-spaces should be blocked by
V-points. In order to achieve this condition, there are usually
two prerequisites. First, there shall be no other diffraction or-
der, i.e., all possible |k + G| (for G # 0) are larger than the
free-space wavevector | k| in both radiation half-spaces. Thus,
only one V-point is required for each radiation half-space. Sec-
ond, there should be an up—down mirror symmetry and a ro-
tational symmetry so that the two radiation half-spaces are re-
lated to each other. As a result, the required V-points can exist
and appear at the same k| in both half-spaces.

An interesting question arises whether it is possible to
block only one of the two radiation channels by a V-point.
In other words, it is a unidirectional BIC with radiations al-
lowed in one half-space but forbidden in the other. Indeed,
Yin et al.!”? reported such a mode in a grating structure which
radiates only in one half-space, as shown in Fig. 7(a). This in-
teresting mode was dubbed unidirectional guided resonance.
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They started from a grating consisting of dielectric bars with
a rectangular cross section which supports an off-I" BIC. By
tilting one side of the rectangles, the perturbation on the up—
down mirror and C, rotational symmetries is increased. By
inspecting the momentum-space polarization field defined on
the second TE-like band in the lower radiation half-space, the
off-I' V-point (a BIC) is decomposed into a pair of C-points
with opposite handedness when the symmetries are broken.
The two C-points are located mirror-symmetrically near the
ky = 0 axis, following the symmetry of the structure. Their
trajectories in momentum space are plotted in Fig. 7(b). With
the tilting angle increasing, the two C-points firstly move away

(a)

(b)
0 =90 deg

6=75deg

sooo |- — [ [

772 nm 358 nm

0.04| '6=90°
'BIC

16=75°

+1/2

+1/2

Charge Evolution

0.18 0.16 0.14 0.12 0.10 0.08
kal2mw

from the k, = 0 axis and then come closer. When the basing
angle reaches 75°, the two C-points accidentally meet each
other, merging back into one V-point. In this situation, only
the radiation channel in the lower half-space is blocked by the
presence of the V-point, leading to a unidirectional radiation.
As for experimental verifications, the authors used a grating
consisting of bars with an obtuse-trapezoid cross section situ-
ated on a substrate. With the proper tilting angles of side walls,
a unidirectional guided resonance was found. This mode can-
not couple with modes in the lower radiation half-space. How-

ever, it can be excited and observed in the upper half-space.

(c)

(d)

+1/2

@

42 7-0.2

Fig. 7. Realization of unidirectional guided resonances by merging C-points in gratings without up—down mirror symmetry. (a) Grating consisting
of dielectric bars with a right-angled trapezoid cross section and (b) charge evolutions with the basing angle 6. (c) Bilayer grating and (d) charge

evolutions with the misalignment. [7273]

A double-layer grating structure was adopted by
Zeng et al.'” to realize unidirectional radiations, as shown
in Fig. 7(c). The two layers have the same structural and ma-
terial parameters but are misaligned to perturb the C, and up—
down mirror symmetries. The inversion symmetry remains so
that the momentum-space polarization fields in the upper and
lower radiation half-spaces are inversion-symmetric. With the
misalignment & changed from 0 to 0.11a (a is the period), the
momentum-space polarization field defined on the fourth TE-
like photonic band in the lower radiation half-space will evolve
accordingly. The trajectories of C-points near the I" point are
shown in Fig. 7(d). The evolution starts from the spawning of
two pairs of C-points which are mirror-symmetric about the

ky = 0 axis with opposite handedness. For each pair of C-

points, the total topological charge should be 0 as they spawn
from scratch. With  increasing, the C-points with charges
—1/2 and +1/2 will move towards different directions. In-
terestingly, two of the four C-points, with topological charges
—1/2, will regroup and merge into one V-point twice during
the evolution. Imposed by the mirror symmetry, the emerg-
ing V-points are always located on the k, = 0 axis. The first
merging occurs when = 0.0674a, leading to a unidirectional
guided resonance with non-zero wavevector, whereas the sec-
ond merging occurs when 6 = 0.0924 at the I" point. Because
of the inversion symmetry, such a V-point at the inversion-
invariant I" point produces a truly accidental BIC.

Other schemes for realizing unidirectional guided reso-

nances and increasing their robustness were proposed.!’#! Uni-

104211-7



Chin. Phys. B 31, 104211 (2022)

directional radiations caused by unidirectional guided reso-
nance can have important applications in case that scattering
of a guided mode towards one specific half-space needs to be
maximized or prohibited, e.g., the design of augmented reality
glasses. Moreover, based on unidirectional guided resonances,
exotic applications such as unidirectional luminescence and
fluorescence, and mirrorless lasing could be realized.

4.3. Non-local meta-surfaces

Meta-surfaces are structures which can modulate

electromagnetic waves within a deep-sub-wavelength
dimension.!>~8Y1 Conventional meta-surfaces are composed
of space-varied resonators acting as building units and can
used to redistribute the intensity profile, reshape the wave-
front, and convert the polarization field of incident waves.
Moreover, singular beams with intensity singularities (e.g.,
Airy beams!3!!), phase singularities (e.g., vortex beams!82-831),
and polarization singularities (e.g., vector beams[+331) can be
generated.

Physically, modes supported in PhC slabs can be viewed
as resonances in momentum space. Similar to conventional
meta-surfaces, different momentum-space resonances can be
combined to construct a new type of meta-surfaces: non-
local meta-surfaces.!3¢-31 Obviously, these non-local meta-
surfaces can perform optical functionality as a whole, relying
on momentum-space-varied resonances rather than real-space-
varied resonators. In this sense, they can be called non-local.
PhC slabs can provide with rich optical features in momen-
tum space for constructing non-local meta-surfaces, leading to
many interesting phenomena and novel applications, e.g, free-
space squeezing based on resonant phase changes induced by
a PhC slab.[89-90-921

Guo et al.'¥871 reported that arbitrary polarization con-
versions from arbitrarily polarized incidence light can be real-
ized by a PhC slab as a non-local meta-surface in the reflective
mode, as shown in Fig. 8(a), based on a V-point at the center
of momentum space defined on the second TE-like photonic
band. For a frequency in the range of the band, there exist
wavevectors to guarantee that a linear polarization state can
be completely converted into the orthogonal polarization state.
Such wavevectors also appear to be topological singularities in
momentum-space vector fields formed by the real and imagi-
nary parts of the cross-polarization reflection coefficient. The
topological nature of these wavevectors ensures that polariza-
tion conversions from linear to arbitrary polarization states can
be achieved. The authors further proved the arbitrary polariza-
tion conversion from elliptical polarizations. Note that such
a polarization converter is angle-dependent. A PhC slab as
a non-local meta-surface can also be applied to modulate the

polarization of photon emission. [94-96]

Fig. 8. Non-local meta-surfaces based on 2D PhC slabs. (a) Arbitrary po-
larization conversion. An incident polarization state can be converted into a
desired polarization state simply by changing the incident angle. (b) Optical
vortex beam generated non-locally. (c) Transverse beam shifting at normal
incidence. The outgoing light beam will undergo a transverse shift after
traversing, [36-88931

Cross-polarization conversions of light by an optical
element can give rise to a geometric phase, namely, a

97-1011 Thys, conventional

Pancharatnam-Berry (P-B) phase.!
meta-surfaces can be designed to modulate wavefronts using
P-B phases.[7885102.103] The same principle can also be ap-
plied to non-local meta-surfaces made of PhC slabs.[383] In
momentum space, wavevector-varied resonances with differ-
ent polarization states play a role of momentum-space polar-
ization converters. As a result, a momentum-space polariza-
tion field will result in a distribution of momentum-space P-B
phases, which could offer new perspectives for light manipu-
lations.

The first non-local meta-surface based on momentum-
space P-B phases, as far as we know, was proposed and re-
alized by Wang et al.[®¥] Momentum-space polarization fields
of a 2D PhC slab with non-radiative V-points in the center
were exploited to generate beams with spiral phase fronts, as
shown in Fig. 8(b). When a para-axial and circularly-polarized
beam is normally shined on the PhC slab, the winding polar-
ization states around the V-points can induce phase vortices in
the outgoing cross-polarized beam in momentum space. The
topological charges of the phase vortices are +2¢g, where ¢ is
the charge of the V-points and the sign is determined by the
handedness of the incident light. Such phase vortices exist in
both momentum and real spaces. Consequently, the outgo-
ing beams will have spiral wavefronts. The authors confirmed
numerically the vortex generations in two 2D PhC slabs, one
with Cy, and the other with Cg, symmetry. Vortex beams
with topological charges +2 and F4 were generated by V-
points with charge +1 and —2, respectively. Generated vortex

beams were directly observed and measured experimentally.
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Note that the generated beams are quasi-Bessel beams which
are diffraction-resistant due to the momentum-space ampli-
tude modulations.

Another realization of non-local meta-surfaces based on
P-B phase was carried out by Wang et al.,[>’! based on the
momentum-space phase gradient induced by a momentum-
space polarization field rather than the phase profile itself. In
real space, an extra phase gradient d¢(r|)/dr| induced by a
conventional meta-surface will result in a displacement in mo-

40.75] given by

Ap:<&g(:)>. )

mentum space,[

This equation implies that a beam can be bent by a conven-
tional meta-surface with an extra real-space phase gradient.
Reciprocally, an extra phase-gradient d ¢ (k) /d k) in momen-
tum space will lead to a real-space displacement!“°]

Ar——<‘9g§;)>. 3

To achieve a desired phase gradient, a free-standing 2D PhC
slab with Cy;, symmetry (an array of isosceles-triangular holes
in a silicon-nitride slab) was designed, as shown in Fig. 8(c).
In the polarization field defined on the second TE-like band,
there appear a pair of C-points separated by an L-line near the
I' point. Due to the symmetry, the two C-points are mirror-
symmetric to each other about the k, = 0 line, while the L-line
lies on the mirror axis. Such a polarization field can result in
a net P-B phase gradient in the k, direction when the incom-
ing light is +45° polarized and the outgoing light is analyzed
with a F45° polarizer. Thus, if a beam with +45° polarization
is normally shined on the PhC slab, the outgoing beam with
F45° polarization will be shifted transversely owing to the in-
troduced phase gradient. Fabrications and measurements were
also conducted, confirming the proposed idea.

Non-local meta-surfaces based on P-B phase modulations
show some interesting features that conventional meta-surface
do not possess. For instance, they are periodic structures
without geometric centers since their optical functionality re-
lies totally on momentum-space resonances. In other words,
no optical alignments are needed unlike many optic devices
and conventional meta-surfaces. This shows again the non-
locality of non-local meta-surfaces. Other interesting studies
based on momentum-space P-B phase modulations were also

conducted.[104-106]

5. Conclusions and outlook

In this review, we briefly discuss the recent research
progress on momentum-space polarization fields in periodic
photonic structures with open boundaries, mainly focusing

on 2D PhC slabs. Momentum-space polarization fields dis-
play complicated configurations and patterns stemming from
the radiation polarization states of Bloch modes on photonic
bands.

Different types of polarization singularities such as V-
points, C-points, and L-lines appear in momentum-space po-
larization fields, strongly depending on structural symmetries.
Interestingly, V-points could evolve into other V-points with
different topological changes or even into C-points via sym-
metry perturbations or structural changes, and vice versa.

Momentum-space polarization fields and singularities in-
side could offer new perspectives in exploring the optical
Indeed,

by merging V-points a large region in momentum space

response of PhCs and novel applications as well.

with robust high quality factors against structural imperfec-
tions can be obtained, practically meaningful to realize low-
With

mirror-symmetry breaking, it is possible to obtain unidirec-

threshold lasing and enhanced nonlinear processes.

tional radiations based on different behaviors of V-points
in two radiation half-spaces. Momentum-space polarization
fields can also be exploited to realize non-local meta-surfaces
for beam steering such as polarization conversion, vortex beam
generation, and beam shifting.

Momentum-space polarization fields defined on photonic
bands in periodic photonic structures with open boundaries are
an emerging field. Despite many progresses made in recent
years, there remain still many interesting problems that need
further study, such as what key factors determine the config-
urations and patterns of polarization fields and singularities,
evolutions and dynamics of V- and C-points including their
creation, conversion, collision, and annihilation. Impact of
time-reversal symmetry or/and Lorentz reciprocity breaking
is also an interesting topic. Extra dimensions such as time
could be incorporated to construct more complicated polar-
ization fields in higher-dimensional parametric space, leading

likely to novel types of polarization fields and singularities.
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