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ABSTRACT: The modulation of topological polarization singularities in momentum space in photonics has attracted much attention due to
their relations with bound states in the continuum (BICs), unidirectional guided resonances, and chirality. Current modulation strategies
that rely on structural symmetry breaking or phase-change materials are challenging to achieve dynamic and flexible modulation of
polarization singularities. Recently, magneto-optical (MO) modulation of light provides a promising theoretical strategy for the dynamic
modulation of polarization singularities. However, the dynamics of transverse electric (TE)/transverse magnetic (TM)-mode singularities
under varying magnetic fields remain elusive in the MO photonic crystal (PhC) slab. Herein, we systematically investigate the dynamic
modulation of topological polarization singularities in the PhC slabs with square arrays of square air holes and deformed square air
holes based on the MO effect. In-plane (x/y) magnetic fields have no effect on the TE mode of the MO PhC slab. However, the fields
induce splitting and separation of vortex polarization singularity (V point) of the TM mode into a pair of circular polarization points
(C points), enabling extrinsic chirality without breaking the structural symmetry. A magnetic field along the z direction enables near-
unity circular dichroisms (CDs) over a broad angular range when circular polarizations are formed at off-I" points for the TE and TM
modes. Furthermore, by introducing single symmetry breaking (in-plane symmetry breaking for TE, out-of-plane symmetry breaking for
TM) with magnetic field tuning, one of the C points can be shifted to the I' point, resulting in intrinsic chiral quasi-BICs (QBICs) with
ultrahigh Q-factors and near-unity CDs. This study provides a dynamic and flexible modulation approach for polarization singularities,
which enhances light-matter interactions for applications in advanced chiral photonic devices and tunable optoelectronic devices.
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1. INTRODUCTION

singularity refers to a special point where physical quan-

tities exhibit singularity or are undefined. In the field of
optics, singularities can be classified into intensity, phase, and
polarization singularities based on different levels of light de-
scription [1-3]. Among them, topological polarization singu-
larities in momentum space have attracted much attention due
to their close connection with topological phenomena such as
bound states in the continuum (BICs), unidirectional guided
resonances (UGRs), and chirality [4—12]. These singularities
play a crucial role in enhancing light-matter interactions and in
the field of topological photonics [13—17].

These singularities are categorized into three types: vortex
polarization singularities (V points) carrying integer topolog-
ical charges, circular polarization points (C points) carrying
half-integer charges, and lines where the polarization is lin-
ear (L lines) [7]. In lossless infinite structures or in structures
with infinite or zero permittivity, V points usually correspond
to ideal BICs with infinite quality factors (Q-factors) [18, 19].
It has been proven that BIC is the vortex center characterized
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by polarization vectors [20,21]. Different from V points, the
eigenmodes at C points have finite ) factors and only cou-
ple with circularly polarized light of a specific chirality, di-
rectly causing chiroptical effects [6, 16,22-24]. The topolog-
ical properties of these singularities provide a theoretical ba-
sis for the design of applications such as directional radia-
tion devices, ultrahigh-Q guided resonances, and optical vortex
lasers [25-30].

Current approaches for manipulating topological polariza-
tion singularities mainly rely on structural symmetry breaking
or phase-change materials. Breaking the in-plane C; symmetry
of the structures allows the V point to be decomposed into a pair
of C points [31]. Recently, several flexible mechanisms have
been proposed to generate and tune C points [7,31,32]. For
example, the generation, merging, and annihilation of pairs of
C points in two misaligned stacked dielectric gratings are con-
strained by the conservation of global topological charge [7].
Similarly, breaking mirror symmetry enables tilted gratings to
transform accidental BICs into UGRs, accompanied by the sep-
aration and merging of V points [8, 12]. However, the evolu-
tion trajectories of singularities are strictly constrained by de-
signed structural parameters, making dynamic modulation of
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FIGURE 1. (a) Schematic of the MO PhC slab, with the insets showing the unit cell with C4, symmetry (top) and C, symmetry breaking (bottom).
(b) Band structures of the MO PhC slab without structural perturbation, where the I" points of the TE-like and TM-like bands are both BICs. Far-
field polarization states of the (c¢) TE and (d) TM bands with C4, symmetry, with the background color representing the magnitude of the Q-factor.
Far-field polarization states and )-factors of the (e) TE and (f) TM bands with C, symmetry breaking. The white lines represent the intrinsic linear
polarization states, and the red (blue) ellipses represent right- (left-) handed polarization states. The red (blue) dots represent RCP and LCP states,

corresponding to C+ and C— points, respectively.

singularity trajectories challenging. On the other hand, modu-
lation strategies based on phase-change materials like SbsSes
are constrained by the intrinsic phase-change dynamics of these
materials [33]. The existing passive modulation mechanisms
are inadequate for achieving real-time and dynamic manipula-
tion of polarization singularities. It is very necessary to propose
new dynamic modulation strategies.

Recently, the magneto-optical (MO) modulation has
emerged as a novel approach for dynamically manipulating
polarization singularities [34-39].  Applying a magnetic
field to an MO photonic crystal (PhC) slab can enable the
robust generation of intrinsic C points as MO BICs [35].
This approach can also achieve the modulation of arbitrary
polarizations of the transverse electric (TE) mode around the
BIC and intrinsic chirality at the I" point [36]. MO modulation
can break the in-plane C'; symmetry while preserving inversion
spatial symmetry in an MO grating, resulting in the splitting
of the V point into a pair of C points [37]. The movement of
C points in momentum space can be controlled by adjusting
the magnetic field strength. Additionally, MO modulation
can induce the splitting of degenerate BICs, resulting in
spin-orbit-locking chiral BICs in the MO PhC slab [38]. The
MO modulation has demonstrated remarkable advantages.
However, for practical applications enabled by V points and
C points in momentum space, the dynamics of singularities in
TE and transverse magnetic (TM) modes in the MO PhC slab
under magnetic fields of varying directions and magnitudes
remain elusive.

In this work, we investigate the dynamic modulation of topo-
logical polarization singularities in the MO PhC slabs with
square arrays of square air holes (C, symmetry protection) and
deformed square air holes (symmetry breaking). The modula-
tion is studied under magnetic fields with different directions
and strengths. Under the C; symmetry of the MO PhC slab,
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in-plane (z/y) magnetic fields lead to the far-field polarization
states of the TE mode unchanged, but introduce extrinsic chi-
rality in TM mode by splitting the V point into two C points
that separate with increasing field strength. Control over ar-
bitrary polarization states at off-I" points in both TE and TM
modes can be achieved under the z direction magnetic field,
rather than being limited to the TE mode alone. The circu-
lar polarization states at off-I" points can enable near-unity cir-
cular dichroisms (CDs) over a broad angular range in TE and
TM modes. By introducing symmetry breaking of the MO PhC
slab (in-plane symmetry breaking for TE, out-of-plane symme-
try breaking for TM) with magnetic tuning one of the C points
can be shifted to the I' point, thereby realizing intrinsic chiral
quasi-BICs (QBICs) with ultra-high Q-factors and near-unity
CDs. This study provides a flexible strategy to effectively ma-
nipulate V and C points, and is useful for applications of topo-
logical photonics in enhancing light-matter interactions.

2. STRUCTURE AND MODEL

Figure 1(a) shows a schematic of a two-dimensional PhC slab
composed of MO materials. The unit cell of the MO PhC slab
is with C4, symmetry, featuring a period ¢ = 400 nm, a thick-
ness h = 370 nm, and a square air hole width [ = 280 nm. In
our calculations, the finite element method is employed. Peri-
odic boundary conditions are applied in the = and y directions,
and perfectly matched layers are set in the z direction. The fi-
nite thickness of the PhC slab results in the absence of pure TE
and TM modes. Therefore, the modes mentioned in this paper
are TE-like and TM-like modes. As shown in Fig. 1(b), the
TE-like and TM-like band structures in momentum space are
calculated. Two symmetry-protected BICs (SP-BICs) carrying
integer topological charges can be identified at the I" points of
the TE and TM bands, denoted as BIC; and BIC,, respectively.
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BIC is the vortex center of the far-field radiation polarization,
carrying an integer topological charge. The topological charge
describes the winding number of the polarization vector around
the polarization singularity and is defined as [5]

1
1= 5= § ko). (1)

where ¢(k) represents the orientation angle between the long
axis of polarization and the z-axis, and L is a closed loop ro-
tating counterclockwise around the polarization singularity in
momentum space. When the polarization vector cannot be con-
tinuously defined, a non-zero topological charge emerges, re-
sulting in the formation of polarization singularities [7]. Topo-
logical singularities correspond to combinations of Stokes pa-
rameters. The V point carries an integer topological charge,
where S; = S, = S3 = 0 [40,41], whereas the C point car-
ries a half-integer topological charge with S| = S, = 0 and
S3 = 41 [6]. To confirm the existence of SP-BICs, we calcu-
late the distributions of the far-field polarization states and Q-
factors around the I" points for the TE and TM modes, as shown
in Figs. 1(c) and (d). The far-field polarization vectors form
vortices, and the ultra-high Q-factors at the I" points confirm
the existence of two BICs. The distributions of the polarization
vectors around the BIC; and BIC, are given by ¢(k) o k, —ik,
and ¢(k) o kg +ik, [15], respectively. From Eq. (1), the topo-
logical charge carried by the BICs is +1.

Additionally, in order to convert BIC to QBIC, a geomet-
ric perturbation Al = [ — [; is introduced, which can break
the in-plane C, symmetry of the MO PhC slab. As shown in
Fig. 1(a), the squares are transformed into isosceles trapezoids,
where 11 denotes the upper base of each trapezoid. Here, we set
Iy = 260 nm (Al = 20nm). As shown in Figs. 1(e) and (f), the
V point splits into a pair of C points. Each C point has a topolog-
ical charge of 1/2, symmetrically distributed on the two sides of
the I' point. The C+ and C— points correspond to left-handed
circular polarization (LCP) and right-handed circular polariza-
tion (RCP) states, respectively. For TE and TM modes, the
C points are located at (kya/2m, kya/2m) = (+0.012,0) and
(kya/27m, kya/2m) = (£0.008,0), respectively.

3. RESULTS AND DISCUSSIONS

When an external magnetic field is applied to the MO PhC
slab, the time-reversal symmetry (TRS) of the system is bro-
ken. The magnetic field induces spin-orbit-coupling within the
material, and introduces off-diagonal elements into the permit-
tivity tensor of the MO material. The external magnetic field
results in the emergence of optical anisotropy of the MO PhC
slab. Up to the first order of magnetization, symmetry argu-
ments and Onsager’s relations indicate that for the permittivity
€;5(B) (i # j), each pair of symmetric components is propor-
tional to the & components of magnetic field induction B [42].
For MO materials, the magnetic linear birefringence is gener-
ally very weak. The Cotton-Mouton effect is not considered
in the permittivity tensor. Therefore, under an external mag-
netic field, the optical response of the MO PhC slab takes the
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following relative permittivity tensor [42,43]:

e —ib, —idy
=i e —idy |, @
10, 10 €

where ¢ in the diagonal elements is the dielectric constant
and set to 5 in the spectral region of interest in our calcula-
tions [39,44]. By adjusting the bismuth doping concentration,
this value falls within the permittivity range of bismuth-doped
yttrium iron garnet (Bi: YIG) [44]. The oft-diagonal elements
0z, 0y, and &, are the components of the Voight vector, which
describe the results induced by magnetic fields applied along
the z, y, and z directions, respectively. Their magnitudes are
proportional to strength of the external magnetic field induc-
tion B. The MO PhC slab will be placed in an electromagnetic
coil, which can provide the required external magnetic field for
the slab. Experimental results have shown that when a feasi-
ble magnetic field (B =~ 1T) is applied, the magnitudes |J|,
|6,], and |0,]| for the off-diagonal elements of the permittivity
tensor can reach 0.5 [11,44]. The all-dielectric MO materi-
als exhibit low optical absorption at visible wavelengths and
lossless optical response at the infrared range [45]. Therefore,
the intrinsic dispersion and absorption losses of the MO mate-
rial are neglected for the theoretical prediction. The MO ma-
terial used here can be practically realized by employing low-
loss MO materials, such as cerium-doped YIG (Ce : YIG) [46],
Bi: YIG [44,45], and bismuth-iron-garnet (BIG) [47].

When a magnetic field is applied in the z direction, 6, =
0y = 0and 0, # 0. Negative d,, d,, and §, represent the
applied magnetic field directions along the —z, —y, and —z
directions, respectively. When § # 0, €* # &, the TRS is bro-
ken. The wave equation of the MO PhC slab can be expressed
as [48,49]

-1 2(=_JO
V x p. (VxE) —kj <s w50>EO’

A3)

where o represents the electrical conductivity, u., the rela-
tive magnetic permeability, E the electric field vector, k¢ the
wavevector in free space, w the frequency, and j represents the
imaginary unit. o is set to 0 and .. set to 1 in calculations. In
practice, when the absorption loss is considered into the MO
materials, the diagonal elements ¢ in Eq. (2) are replaced by
the complex permittivity € = & + ¢/, where ¢’ represents finite
losses. This introduces a complex propagation constant, which
affects the propagation of RCP and LCP waves and causes en-
ergy to dissipate.

3.1. Square Air Holes with C> Symmetry Protection

3.1.1. Magnetic Field along the x /y Direction

We first study the modulation of the polarization singularities
when the MO PhC slab possesses the C; symmetry. Due to
the application of a magnetic field along the x/y direction to
the MO PhC slab, the up-down mirror (o) symmetry is bro-
ken, resulting in an asymmetry in the upward and downward

WWwWw.jpier.org
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FIGURE 2. (a) Far-field polarization states of the TE band with 6, = 0.05 and d, = 0.1. (b) Distribution of the Q-factors for the TE band at different
0. (c) Far-field polarization states of the TM band with §, = 0.05 and §,, = 0.1. (d) Distribution of the Q-factors for the TM band at different §,.

(e) Transmission and CD spectra when the TM mode has extrinsic chirality at (kza/27, kya/27) =

radiation. For simplicity of analysis, we primarily investigate
the far-field polarization states distribution of the upward radia-
tion. Additionally, because the structure possesses Cy, Symme-
try protection, we only analyze the effect of the magnetic field
applied along the x direction on the far-field polarization states.
It should be noted that the distribution of far-field polarization
states under the y direction magnetic field can be obtained by
rotating the distribution of far-field polarization states under the
x direction magnetic field clockwise by 90 degrees. The far-
field polarization states of the TE mode are unaffected by the x
direction magnetic field, as shown in Figs. 2(a) and (b). A vor-
tex and ultra-high @Q-factor consistently form at the I" point of
the Brillouin zone, indicating the presence of the V point (BIC).
As the strength of the x direction magnetic field increases, the
Q@-factor of the I point in the TE band shows a slight decrease.

Unlike TE mode, TM mode exhibits different characteristics
under the x direction magnetic field. As shown in Fig. 2(c),
the = direction magnetic field causes the V point to split into
a pair of C points, with the polarization states distribution sim-
ilar to that found in Fig. 1(f) when the C, symmetry is bro-
ken. As the magnetic field strength increases, the C+ and C—
points gradually move apart. It should be noted that the loca-
tion of the C point does not exhibit a mere linear variation with
the increase of the §, due to the coupling between the TE and
TM modes (see S1 in the Supplementary Material for details).
The @Q-factor distribution of the TM mode in Fig. 2(d) shows
the evolution of the BIC at the I" point into a QBIC under the
influence of §,.. Additionally, the Q-factor exhibits a decreas-
ing trend as J, increases. Existing research has demonstrated
that in-plane/out-of-plane symmetry breaking can cause the V
points in both TE and TM modes to split into two C points [24].
As shown in Figs. 1(e) and (f), the results of breaking the in-
plane symmetry also support this statement. The nature of MO
modulation does not fundamentally alter the topological char-
acteristics based on parameter tuning. However, considering
the MO effect, the electric fields perpendicular to the applied
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(0.008, 0) with &, = 0.05.

magnetic field can result in the significant effect. The manip-
ulation of the V point by the magnetic field along the x/y di-
rection shows polarization sensitivity, a property that differs
from the modulation method associated with structural symme-
try breaking.

The emergence of the C points enables the realization of ex-
trinsic chirality without breaking the Cy, structural symmetry.
As shown in the transmission and CD spectra in Fig. 2(e), a chi-
ral QBIC with CD > 0.99 and a @-factor of 67501 is achieved
at (kya/2m, kya/2m) = (0.008,0) in momentum space. It
should be noted that in lossy systems, the total Q-factor Q. is
defined by the relation Q! = Q; + Q. [18, 19], where Qraq
and @) 4;s are the radiative and dissipative quality factors, respec-
tively. Consequently, Q)-factor in this paper is Q.. Here, the
CD is defined as the transmission difference under LCP and
RCP incidence and can be expressed as [24]

CD = (Trr + T'lr) - (Trl + ’Ih)
(Trr + nr) + (Trl + ﬂl),

“)

where T;; = |t;;]* (i = r,l; j = r,1; r indicates RCP; [ indi-
cates LCP) represents the transmission of the output polariza-
tion ¢ from the input polarization j. The TE and TM modes ex-
hibit distinct modulation behaviors under the = direction mag-
netic field, primarily due to their different responses to Eq. (3).
The TE mode and TM mode are affected differently by Eq. (3)
(see S2 in the Supplementary Material for details).

3.1.2. Magnetic Field along the = Direction

When the magnetic field is applied along the z direction, the
TRS of the MO PhC slab is broken whereas C, and o, symme-
tries are maintained, allowing the existence of SP-BIC at the
T point. In this case, the upward and downward radiations are
identical. By adjusting the direction and strength of the mag-
netic field, the polarization states around the V points in both
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FIGURE 3. Far-field polarization states for the (a) TE band with §, = 0.5 and the (b) TM band with . = 0.4. The inset shows the phase distributions
of ¢, (k) and ¢, (k) in momentum space. Transmission and CD spectra of the MO PhC slab at k,, = 0 for the (c) TE band with §. = 0.5 and the (d)

TM band with §, = 0.4.

TE and TM bands can be arbitrarily controlled across the entire
Poincaré sphere.

Previous study has shown that only the TE mode responds
to the magnetic field in the z direction in an MO PhC slab
consisting of a square array of circular air holes [36]. Herein,
we show that the MO PhC slab with square air holes en-
ables the simultaneous modulation of the polarization states of
both TE and TM modes. Interestingly, the far-field polariza-
tion states of the TE and TM modes exhibit opposite behav-
iors under the z direction magnetic modulation. As shown
in Figs. 3(a) and (b), when §, = 0.5 and §, = 0.4, RCP
and LCP states are found around the V points of TE and TM
modes, respectively. The left-right handedness of the far-field
polarization state can be characterized by the Stokes parame-
ter S3, where S3 > 0 and S; < 0 correspond to the right-
handed and the left-handed states, respectively. S3 can be ex-
pressed as S3 = 2Im[c (k)cy (k)] [7, 16,31], where ¢, (k) and
¢y (k) denote the z and y components of the Bloch modes for
the far-field polarization vector ¢(k) projected onto the x-y
plane, respectively. ¢, (k) and ¢, (k) can be further expressed
as c; (k) = |c.(k)[e*?®), and ¢, (k) = |c,(k)|e"*™), where
o(z) = argle,(K)] and p(y) = arg[c, (k)]. Therefore, S3 can
be simplified as S3 = 2|c,(K)| |cy(K)|sin(Agp), with Ap =
arg[c, (k)] — arg[c, (K)]. Figs. 3(a) and (b) show the phase dis-
tributions of ¢, (k) and ¢, (k) for the TE mode at 6, = 0.5 and
TM mode at §, = 0.4, respectively. It can be found that the
TE and TM modes exhibit phase distributions with opposite
winding directions, which leads to opposite signs of S3. Con-
sequently, the TE and TM modes show opposite circular polar-
ization states in the presence of .

Figure 3(c) shows the variation of transmission and CD spec-
tra of the TE mode along k, at k, = 0. Because the momen-
tum space is dominated by RCP states, resonances in the trans-

36

mission spectra occur under RCP incidence, whereas no reso-
nance is excited under LCP incidence, resulting in near-unity
CDs (< —0.99) over a wide angular range. The CD at the
T point is nearly zero because the eigenstate at the I" point is
BIC, which is completely decoupled from the incident wave.
The TM mode exhibits the opposite trend to the TE mode. As
shown in Fig. 3(d), the distribution of LCP states in momen-
tum space leads to near-unity CDs (> 0.99) over a wide an-
gular range. The distribution of circular polarization states in
momentum space provides a new approach to achieving chiral
emission over a broad range of incident angles. Under the mag-
netic field applied along the z direction, the evolutions of the
far-field polarization states of the TE and TM modes are shown
in S3 in the Supplementary Material.

3.2. Deformed Square Air Holes with Symmetry Breaking

3.2.1. Magnetic Field along the x /y Direction

The modulation of the magnetic field on C points under the in-
plane C, symmetry breaking is studied. The structure param-
eters are consistent with those in Fig. 1(a), with [; = 260 nm
and Al = 20nm. Here, we only study the far-field polariza-
tion states of the upward radiation. As shown in Fig. 4(a),
when the magnetic field is applied along the x direction, the
far-field polarization states of the TE mode are unaffected by
the magnetic field. The C points are only influenced by break-
ing the C; symmetry. Therefore, their locations remain un-
changed, same as those in Fig. 1(e), consistently located at
(kga/2m, kya/2m) = (£0.012,0). In contrast, the pair of C
points of the TM mode gradually separates as the magnetic
field strength increases. Interestingly, as shown in Fig. 4(b),
when Al = 20nm and §, = 0.05, the C points are located
at (kya/2m, kya/2m) = (£0.016,0). This phenomenon is
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due to that the C points are located at (kya/2m, kya/2m) =
(£0.008,0) when Al = 20nm and ¢, = 0, and they are also
located at (kya/2m, kya/2m) = (+0.008,0) when Al = 0 nm
and 6, = 0.05.

Furthermore, the variations in the location of the pair of C
points are investigated for the TM mode under the pure sym-
metry breaking (Al, ¢, = 0), pure magnetic field (Al = 0, ¢,.),
and their superposition effect (Al,d,.). As shown in Figs. 5(a)
and (b), the fitted relationships under the pure symmetry break-
ing and the pure magnetic field are given by |k,a/27| = 4 X
10~Al and |k,a/27| = 0.1935, — 0.0013, respectively. It
can be found that within the presented parameter range, the lo-
cation of C points increases linearly with the increase of Al or
0. When considering their superposition effect, the overall fit-
ted relationship is |k, a/27| = 4 x 1074 Al +0.1935, —0.0013
(black line), which is in good agreement with the calculated
locations of C points (dots) presented in Fig. 5(c). It can be
inferred that the location Loc (Al, ¢,,) of the C point satisfies
the relationship Loc(Al, d,) = Loc(Al,§, = 0) + Loc(Al =
0,6,), indicating that the location of the C point in the TM
mode is influenced by both symmetry breaking and the mag-
netic field.
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When the magnetic field is applied along the y direction, the
far-field polarization states of the TE mode remain unchanged
in Fig. 4(c), and the locations of the C points stay constant —
similar to the behavior observed under the x direction magnetic
field. However, for the TM mode, the pair of C points no longer
distributes symmetrically with respect to the k, = 0 axis. In-
stead, they are centrally symmetric about the I' point. As shown
in Fig. 4(d), the C+ point is located at (kya/27, kya/2m)
(—0.01,0.015) at 6, = 0.05, whereas the C— point is located
at (kya/2m, kya/2m) = (0.01, —0.015). The pair of C points
gradually separates as the magnetic field strength increases.
The modulation of C point by the magnetic field along the z/y
direction exhibits polarization sensitivity similar to that of the
V point.

3.2.2. Magnetic Field along the = Direction

The magnetic field applied along the z direction exhibits in-
teresting behaviors in modulating the singularities of both TE
and TM modes under the C; symmetry breaking. As shown
in Fig. 6(a), for the TE mode, the z direction magnetic field
induces changes in the relative locations of the two C points.
With increasing ¢, the C+ point gradually moves toward the
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FIGURE 6. Far-field polarization states of the (a) TE and (b) TM bands under the z direction magnetic fields with different strengths. Distributions
of (c) orientation angles and (d) @)-factors of the far-field polarization states for the TE mode with 6. = 0.5. (e) Transmission and CD spectra when
the TE mode exhibits intrinsic chirality at I" point with 6, = 0.5. (f) Electric and (g) magnetic near-field distributions of the MO PhC slab under
LCP and RCP incidence at 474.19 THz of the TE mode extracted from the z-z and z-y plane, respectively.

I' point, whereas the C— point remains nearly unchanged at
(kya/2m, kya/2m) = (0.0138,0). As shown in Fig. 6(b), un-
like the TE mode, the location of the C+ point of the TM mode
remains nearly unchanged at (k,a /27, kya/2m) = (—0.006,0)
when ¢, increases.

Because one of the C points in the TE mode can be moved
to the I point by adjusting the magnetic field, this leads to the
emergence of a chiral QBIC. Figs. 6(c) and (d) show the distri-
butions of the orientation angles and )-factors of the TE mode
at J, = 0.5, respectively. It can be found from Fig. 6(c) that the
total winding orientation angle is 7 along a counterclockwise
loop surrounding the I" point. This indicates that the topologi-
cal charge of the singularity at the I point is 1/2, confirming the
existence of a circular polarization state. As shown in Fig. 6(d),
the chiral QBIC at the I' point has a high Q-factor of 9036.
Fig. 6(e) shows the transmission and CD spectra of the TE mode
under normal incidence at 6, = 0.5. Under RCP incidence, a
strong resonance at 474.19 THz occurs, whereas no resonance
is excited under LCP incidence. This confirms the presence of
an intrinsic right-handed chiral QBIC with a near-unity CD at
the I" point. The distinct responses to LCP and RCP incidence
can be represented by the distributions of electric and magnetic
fields. Figs. 6(f) and (g) show the electromagnetic field distri-
butions of the chiral QBIC in the TE mode. The chiral QBIC
strongly couples with RCP incidence and strong near-field en-
hancement distributions can be found, whereas the chiral QBIC
is decoupled from LCP incidence.

Furthermore, to better understand the resonant nature of the
intrinsic chiral QBIC, the scattered powers are analyzed based
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on multipole decomposition (see S4 in the Supplementary Ma-
terial for details). The multipole decomposition can be divided
into electric dipole (ED), magnetic dipole (MD), toroidal dipole
(TD), electric quadrupole (EQ), and magnetic quadrupole (MQ)
modes [50,51]. As shown in Figs. 7(a) and (b), for LCP and
RCP incidence, the dominant multipole at the resonant fre-
quency of 474.19 THz is MQ for both cases. Moreover, it is
found that the MQ scattered power for RCP incidence is over
three orders of magnitude greater than that for LCP incidence.
This is because the eigenstate under consideration is a right-
handed C point, which exhibits strong coupling with RCP inci-
dence while decoupling from LCP incidence.

As aforementioned, the TE mode can achieve an intrinsic
chiral QBIC through the combination of a single in-plane C,
symmetry breaking and a z direction magnetic field. To realize
an intrinsic chiral QBIC in the TM mode under magnetic field
modulation, a single out-of-plane symmetry breaking is intro-
duced here. As shown in Fig. 8(a), a slant-perturbation Ad is
introduced, transforming the original vertical square air holes
into slanted square air holes and breaking out-of-plane symme-
try. The slanted structure can be fabricated by placing the MO
PhC slab on a wedged substrate and using etching technology
with an ion collimator [22]. Fig. 8(b) shows the evolution of
the distribution of far-field polarization states of the TM mode
with geometric perturbation Ad at §,, = 0.03. By introducing a
non-zero 4., a pair of half-charge C points distributes symmet-
rically on two sides of the I' point. Furthermore, if a non-zero
Ad is introduced simultaneously, the entire polarization map
undergoes a change, with the pair of C points shifting to the
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left. When ¢, and Ad are properly combined (e.g., 6, = 0.03
and Ad = 20nm), the C— point can be precisely located at
the I" point, thereby realizing an intrinsic chiral QBIC. If Ad is
further increased, the pair of C points continues to shift to the
left.

Figures 8(c) and (d) show the distributions of the orienta-
tion angles and @)-factors of the TM mode at 6, = 0.03 and
Ad = 20 nm, respectively. It can be found from Fig. 8(c) that
the topological charge of the polarization singularity at the I"
point is 1/2. As shown in Fig. 8(d), the chiral QBIC at the I"
point has an ultra-high @Q-factor of 154000. Based on the as-
sumption of no losses, we obtain a chiral QBIC with an ultra-
high @-factor in the TM mode. However, when considering
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the absorption losses ¢’ in actual MO materials, the Q-factor
is significantly affected. When ¢’ = 0.001, the calculated Q-
factor is 5460; when ¢/ = 0.005, the Q-factor is 1124. It can
be found that absorption loss leads to a rapid decrease in the
Q-factor. The transmission and CD spectra of the TM mode
under normal incidence at 6, = 0.03 and Ad = 20nm are
shown in Fig. 8(e). Under LCP incidence there is a strong reso-
nance at 465.123 THz. However, no resonance is excited under
RCP incidence. This confirms the presence of an intrinsic left-
handed chiral QBIC with a near-unity CD at the I" point. As
shown in Fig. 8(f), the electric field of the chiral QBIC exhibits
strong coupling with LCP incidence, whereas the field has no
coupling with RCP incidence, thereby resulting in intrinsic chi-
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rality. Figs. 8(g) and (h) show the multipole decomposition of
the scattered powers at the resonant QBIC states. The domi-
nant multipole at the resonant frequency of 465.123 THz is TD
for LCP and RCP incidence. The MQ scattered power for LCP
incidence is over three orders of magnitude greater than that for
RCP incidence, indicating strong coupling with LCP incidence
and decoupling from RCP incidence. Furthermore, the angle-
resolved transmission spectra of a slant-perturbation MO PhC
slab (6, = 0.03, Ad = 20nm) under RCP and LCP incidence
are calculated, as shown in Figs. 9(a) and (b). It can be found
that the TM mode is excited at the I" point under LCP incidence,
and the C+ point is identified at k,a/2m = —0.01. In contrast,
under RCP incidence, the C— point represented by a vanishing
point in the TM mode appears at the I" point.

In addition, we investigate the modulation of far-field polar-
ization states and normalized Stokes parameter S3/Sy by the
combination of geometric perturbation and an external mag-
netic field at the I" point. As shown in Figs. 10(a) and (b), for
the TE mode, a series of RCP states with S5/S5; > 0.99 are
generated by tuning (Al, §,). The region with S3/Sy = +1
in Fig. 10(b) indicates that the C point corresponds to a pure
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RCP state (C+). The relationship between geometric pertur-
bation and magnetic field magnitude for maximizing the CD
of TE mode is studied when intrinsic chirality is realized. As
shown in Fig. 10(c), the condition for CD maximization for the
TE mode is Al/d, = 100 nm. For the TM mode, tuning (Ad,
d.) can generate a series of LCP states with S5/S5p < —0.99, as
shown in Fig. 10(d). The region with S3/Sy = —1 in Fig. 10(e)
indicates that the C point corresponds to a pure LCP state (C—).
As shown in Fig. 10(f), the condition for maximum CD for the
TM mode is Ad/d, = 621nm. This provides a straightfor-
ward strategy for choosing proper combinations of Al(Ad) and
0, (0, ) to achieve TE (TM) intrinsic chiral QBICs. By cooper-
atively reducing Al(Ad) and 6, (4, ), the Q-factor of TE (TM)
chiral BIC can be continuously enhanced with a near-unity CD.
It should be noted that the chiral characteristics are reversed
when the magnetic field is reversed (see S3 and S5 in the Sup-
plementary Material for details). Consequently, flexible ma-
nipulation of polarization singularities in the MO PhC slab can
be achieved by adjusting the magnitude and direction of the ex-
ternal magnetic field.
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Relevant studies have shown that geometric reconfiguration
enables flexible distribution of C points in momentum space
by modifying the parameters of complex structures [52,53].
However, such singularities modulation is typically one-time
and irreversible. In contrast, MO modulation shows dynamic
and reversible control of polarization singularities by tuning
the magnetic field. Nevertheless, C point manipulation free-
dom appears limited in our MO modulation research, with ma-
nipulation trajectories mostly confined to a single axis. This
is mainly because, under the action of a single axial magnetic
field, the manipulation trajectory of C points in the MO PhC
slab is strongly restricted by the direction of the magnetic field.
In fact, if the magnetic field is applied no longer along a single
axis, more non-zero off-diagonal elements are introduced into
the permittivity tensor of the MO PhC slab, which leads to flex-
ible motion trajectories of C points in momentum space (see S6
in the Supplementary Material for details).

4. CONCLUSIONS

We investigate the dynamic modulation of topological polar-
ization singularities in the MO PhC slab under magnetic fields
with varying directions and strengths. The magnetic fields ap-
plied along different directions (z, y, z) can effectively modu-
late the topological singularities of TE and TM modes. The far-
field polarization states of the TE mode remain unaffected by
in-plane (z/y) magnetic fields. However, the V point of the TM
mode splits into two C points that separate with increasing field
strength under z(y)-direction fields, thereby enabling extrinsic
chirality without breaking €, symmetry. Under the z direc-
tion magnetic field, circular polarization distributions at off-I"
points are achieved for TE and TM modes, leading to near-unity
CDs over a broad angular range.

Furthermore, by introducing in-plane C, symmetry break-
ing, one C point of the TE mode can be moved to the I' point
under the z direction magnetic field, resulting in an intrin-
sic chiral QBIC. For the TM mode, an intrinsic chiral QBIC
can be achieved by combining out-of-plane symmetry break-
ing with magnetic field tunning. We find that the conditions for
maximum CD follow Al/é, = 100nm for the TE mode and
Ad/é, = 621 nm for the TM mode. The conditions provide a
straightforward strategy to enhance ()-factors of chiral QBICs
with near-unity CDs by simultaneously reducing geometric per-
turbation and field strength. This study provides flexible engi-
neering of topological polarization singularities in momentum
space in the MO PhC slab, significantly broadening the appli-
cation of topological photonics in light-matter interactions.
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