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Optical bound states in the continuum (BICs) are exotic topological defects in photonic crystal slabs,
carrying polarization topological vortices in momentum space. The topological vortex configurations not
only topologically protect the infinite radiation lifetime of BICs, but also intrinsically contain many
unexploited degrees of freedom for light manipulation originating from BICs. Here, we theoretically
propose and experimentally demonstrate the spin Hall effect of light in photonic crystal slabs via
momentum-space topological vortices around BICs. The strong spin-orbit interactions of light are induced
by using the topological vortices around BICs, introducing both wave-vector-dependent Pancharatnam-
Berry phase gradients and cross-polarized resonant phase gradients to the spinning light beam, which lead
to spin-dependent in-plane-oblique lateral light beam shifts. Our work reveals intriguing spin-related
topological effects around BICs, opening an avenue toward applications of BICs in integrated spin-optical
devices and information processing.
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Optical bound states in the continuum (BICs) in photonic
crystal (PhC) slabs [1,2], being recently found as topo-
logical defects [3] in momentum space, have aroused great
interest and been widely explored. Around BICs, the states
of polarization (SOPs) of radiative modes form vortices in
momentum space [4–8]. Being the vortex singularity, each
BIC carries a topological charge, which is characterized by
the winding number of SOPs around the BIC [5]. Many
BIC-related topological properties in momentum space
have been reported in various research, e.g., the momen-
tum-space dynamic evolution of topological charges [9–14]
and the multipolar origin of BICs [15,16], with various
applications in ultrahigh-Q cavities [17–22], unidirectional
radiation [23], zero-index materials [24,25], vortex lasers
[26], etc. Furthermore, recent research shows that the
topological vortices around BICs have the ability to
generate optical vortex beams [27,28]. This intriguing
finding achieves the transformation from momentum-space
polarization vortex of PhC slabs to phase vortex of light
beams, showing that topological vortices can provide a new
form of spin-orbit interactions (SOIs) of light in PhC slabs.
SOIs of light are inherent in all basic optical processes,

underlying many unique physical properties of light
[29–35]. In PhC slabs, the SOI effects emerge during
the resonance process between light in free space and
radiative modes. At this point, the topological vortices
around BICs can offer new degrees of freedom to manipu-
late the SOIs of light. The polarization anisotropy in
momentum space can introduce strong SOIs via mode

conversion. For instance, the lower panel of Fig. 1 shows
the topological vortex in momentum space with a central
BIC of −1 topological charge. Ensured by the nontrivial
topological configuration of the BIC, the orientations of
SOPs of radiative modes rapidly vary around the BIC.
When the spinning light in free space propagates onto PhC
slabs and couples with these radiative modes, the caused
responses of the induced SOI in PhC slabs can be divided
into two parts: on the one hand, the polarization anisotropy
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FIG. 1. Lower panel: topological vortex around the BIC in
momentum space. Middle panel: cross-polarized phase distribu-
tion in momentum space under circularly polarized incidence.
Green line shows the cross-polarized resonant phase along the kx
direction; cyan line shows the PB phase along the ky direction.
Upper panel: schematic view of the spin Hall effect of light.
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induces Pancharatnam-Berry (PB) phase [27,36,37] to the
cross-polarized converted light via the mode conversion.
The induced PB phases are directly associated with the
orientations of SOPs and the spin of the incident light.
On the other hand, the cross-polarized conversion via the
resonance between the incident light and the radiative
mode would also induce a wave-vector-dependent cross-
polarized resonant phase, offering a larger degree of free-
dom for affecting the spinning light. As a manifestation at
a single wavelength, the middle panel of Fig. 1 shows the
SOI-introduced phase distribution in momentum space for
the cross-polarized converted light. Accompanied by the
shown wave-vector-dependent momentum-space phase
distribution, the spin Hall effect of light is expected.
The general spin Hall effects of light include spin-

dependent lateral beam shifts [38–41], angular deflection
[41,42], and near-field propagation[43,44]. Among them,
spin-dependent beam shifts have attracted much attention
for both the fundamental science and potential applications
in manipulating the spinning light [45,46]. Because of
weak SOI at normal optical interfaces, spin Hall shifts are
usually small, making them hard to observe. Recently, a
few approaches have been proposed to enhance the spin
Hall shifts, such as using metasurfaces [41,47,48], uniaxial
crystals [49–51], or BIC in epsilon near-zero materials [52],
while for conventional spin Hall shifts, shift directions are
almost limited to be transverse to the incident plane.
Here, we theoretically propose and experimentally dem-

onstrate that momentum-space topological vortices around
BICs result in a novel spin Hall effect of light (spin-related
in-plane-oblique lateral beam shifts) in which lateral
shift directions can be distributed in all four quadrants.

For example, as exhibited in the upper panel of Fig. 1, when
a right-handed circularly polarized (RCP) paraxial light
beam shines onto the PhC slab along the X direction,
the cross-polarized converted reflection light beam (left-
handed circularly polarized, LCP) would be dragged by the
PhC slab with a lateral shift. This lateral shift originates
from SOI-induced phase gradients in momentum space, in
which PB phase gradients lead to the Y-direction transverse
shift and cross-polarized resonant phase gradients lead to
the X-direction longitudinal shift.
To start, using coupled mode theory, we can describe the

reflection via topological vortices around BICs from
momentum-space perspective. Considering that the electro-
magnetic wave of a certain in-plane kk shines onto a PhC
slab, we can formulate the reflection as

jEouti ¼ SjEini

¼
� rllðkjjÞ rlrðkjjÞe2iθðkjjÞ
rrlðkjjÞe−2iθðkjjÞ rrrðkjjÞ

�
jEini ð1Þ

on a helical basis, where the subscripts lðrÞ refer to the LCP
and RCP. Here, S is the general scattering matrix of the
reflection; jEini, jEouti are Jones vectors of the incident and
reflected light; rll, rlr, rrl, rrr are reflection coefficients;
and θðkjjÞ is defined as the azimuthal angle of the SOP of
corresponding resonant radiative mode, as shown in the
bottom inset of Fig. 2(b). Frommatrix S, we can see that the
off-diagonal elements are with additional phase factors
e�2iθðkjjÞ, originating from the geometric phase, i.e., a PB
phase. The nontrivial phases are carried by cross-polarized
converted parts of the reflected light and have opposite

FIG. 2. (a) Upper panel: diagram of the PhC slab. Lower panel: calculated band structure along the Γ-X direction. (b) Momentum-
space polarization map of the TE5 band and the induced PB phase (from the RCP to LCP). (c) Momentum-space cross-polarized
resonant phase distribution at a single wavelength. (d) PB phase gradients in the ky direction at different kx (ky ¼ 0), which leads to the
Y shift. The PB phase gradient from the RCP to LCP (marked as blue color) is opposite to that from the LCP to RCP (marked as
red color). (e) Cross-polarized resonant phase gradients in the kx direction at different kx (ky ¼ 0) from Fig. 2(c), which leads to the
X shift. (f) Top view of the realized spin Hall effect of light by simulation.
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signs for two different cross-polarized converted parts. As a
manifestation, when an RCP light shines on the PhC slab,
the reflection phase of the cross-polarized converted light
can be further written as

φlrðkkÞ ¼ angle½rlrðkkÞ� þ 2θðkkÞ: ð2Þ

Besides the PB phase, there is an additional cross-polarized
resonant phase, being an accompanying result of SOIs in
PhC slabs due to the nonlocal resonance. These two wave-
vector-variant phases lead to large momentum-space phase
gradients and hence result in real-space lateral shifts with
the relative shift R ¼ −½∂φðkkÞ=∂k�, based on the fact that
the momentum space and the real space are a pair of
reciprocal spaces [53–56]. Various spin-related phase
gradients exist in topological vortices around BICs, offer-
ing large degrees of freedom to realize spin Hall shifts.
Considering a simple case in Fig. 1, with the incident

RCP light with a in-plane kk along Γ-X direction, the beam
shift for the cross-polarized converted light RL can be
described as

RL ¼ 2αvgγ

4γ2 þ ðjkkj − k0Þ2
x̂ −

2∂θðkkÞ
∂ky

ŷ ¼ X þ Y; ð3Þ

where x̂ and ŷ are unit vectors along the X and Y directions,
respectively. Here, k0 is the wave vector of the resonant
radiative mode along the kx direction, γ refers to the
radiation loss, and αvg is the group velocity factor of the
radiative mode [αvg ¼ 1ð−1Þ for the positive (negative)
group velocity]. The second term corresponds to the PB
phase gradient, leading to a Y-direction transverse shift
similar to conventional spin Hall shifts. The first term
corresponds to the cross-polarized resonant phase gradient,
leading to the X-direction longitudinal shift. This additional
cross-polarized resonant phase term enables the spin Hall
shift direction to have a new combination of X direction.
A detailed explanation of the coupled mode theory is
provided in Supplemental Material [57].
To give a specific example for our proposed theory, we

consider a PhC slab with C4v symmetry. The PhC structure
consists of a freestanding silicon nitride (refractive
index ¼ 2) slab with a square lattice of cylindrical holes.
As shown in Fig. 2(a), the thickness t is 100 nm, the period
a is 700 nm, and the diameter d is 470 nm. Figure 2(a) also
shows calculated transverse electric (TE)-like band struc-
tures along the Γ-X direction. For the second TE-like (TE2)
band and the fifth TE-like (TE5) band, the symmetry-
protected BIC is centred at Γ point. Here, we focus on the
TE5 band, in which the topological charge of the central
BIC is −1. Figure 2(b) exhibits a part of the topological
vortex around the BIC in the TE5 band, with SOPs marked
by dark short lines. Around the BIC, the orientations θ of
SOPs decrease along the counterclockwise loop, with the
total winding angle being −2π.

The color map in Fig. 2(b) shows the induced PB phase
distribution for cross-polarized conversion from the RCP to
LCP. Along the Γ-X direction, there are negative PB phase
gradients in the ky direction [blue line in Fig. 2(d)], leading
to positive Y-direction shifts. For the other case from the
LCP to RCP, PB phase gradients change to be positive [red
line in Fig. 2(d)], leading to negative Y-direction shifts. The
absolute values of PB phase gradients decrease along with
the increasing wave vector, making the Y-direction beam
shifts to also be wave-vector-dependent.
The nonlocally resonant behaviors of the radiative modes

around BICs allow us to further induce cross-polarized
resonant phases. Figure 2(c) presents the cross-polarized
resonant phase distribution from the RCP to LCP at 796 nm
[the dashed line in Fig. 2(a)], where the dashed curve
corresponds to the isofrequency contour of the TE5 band.
Because of the positive dispersion of the TE5 band
(αvg ¼ 1), the corresponding cross-polarized resonant
phase gradients are negative from Eq. (3), referring to
positive X-direction shifts. As expected, the cross-polarized
resonant phase decreases rapidly in the vicinity of radiative
modes [Fig. 2(c)] and along the Γ-X direction there are
negative cross-polarized resonant phase gradients in the kx
direction [green line in Fig. 2(e)]. The absolute phase
gradient approaches the maximumwhen the incidence is on
resonance (kx ¼ k0), in accordance with Eq. (3). Note that,
for the other case from the LCP to RCP, the cross-polarized
resonant phase gradients remain the same.
The spin Hall effect of light induced by the topological

vortex around the BIC is then confirmed by simulations
upon a finite-sized PhC slab consisting of 136 × 136 unit
cells. A circularly polarized Gaussian beam is shined at the
center (x ¼ 0, y ¼ 0) of the sample, with the wavelength of
796 nm and the incidence on resonance. The divergence
angle of the beam is about 1.3° and the beam waist radius is
10 μm. Figure 2(f) exhibits the top view of the cross-
polarized converted reflected light. As shown in the upper
panel, when the incidence is RCP, the reflected LCP light
beam is shifted with a positive X and a positive Y. For the
other case from the LCP to RCP, the cross-polarized
converted light beam is shifted with a positive X and a
negative Y. The results agree with the predication from the
phase gradients. We also give similar discussions on the
topological vortex around the BIC ofþ1 topological charge
in the TE2 band. Details are in Supplemental Material [57].
To confirm the spin Hall effect of light experi-

mentally, we fabricated the designed PhC slab (sample
size 200 × 200 μm2). For optical measurements, we built a
homemade Fourier-optics-based [62] measurement sys-
tem, which could work in two modes: an angle-resolved
spectrometer mode and a real-space imaging mode. Details
are in Supplemental Material [57].
First, using the angle-resolved spectrometer mode, we

measured the angle-resolved reflectance spectra of fabri-
cated samples. Figure 3(a) shows measured angle-resolved
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reflectance spectra of the TE5 band of the fabricated sample
with designed parameters in Fig. 2. The spectra are along
the Γ-X direction and with s-polarized incidence, which
agrees well with the simulated band structure of the TE5

band in Fig. 2(a). We also measured angle-resolved
reflectance spectra of the TE2 band along the Γ-X direction,
as shown in Fig. 3(c). Note that, to make the TE2 band suit
the tunable range of the laser, another sample was fab-
ricated by changing the period a and diameter d to be 620
and 430 nm, respectively. The vanishing point marked by
the cyan arrow corresponds to the central BIC, which
cannot be excited by the far-field incidence.
Then, by switching the system to the real-space imaging

mode, we performed direct measurements of the spin Hall
effect via the near-BIC radiative modes of the topological
vortices. Figure 3(b) shows the spin-dependent lateral beam
shifts via the topological vortex in the TE5 band, where the
blue (red) color map refers to the cross-polarized converted
light from the RCP (LCP) to LCP (RCP). The wavelength
of the tunable laser is set to be 797 nm, marked by orange
dashed line in Fig. 3(a), and the incident angle is set to be
on resonance. As measured light beam profiles show, the
LCP light beam is shifted with a positive X and a positive
Y, while the RCP light beam is shifted with a positive X and
a negative Y. The results are in good accordance with our
simulated results in Fig. 2(f). For comparison, Fig. 3(d)
shows spin-dependent lateral beam shifts via the topologi-
cal vortex in the TE2 band, in which the laser wavelength

was set as 772 nm [green dashed line in Fig. 3(c)]. It could
be seen that longitudinal lateral shifts are changed to the
negative X direction, which are determined by the negative
group velocity of the TE2 band. And the LCP (RCP) light
beam has a negative (positive) Y shift, being opposite to
results in Fig. 3(b). The opposite spin-dependent responses
of transverse lateral shifts can be understood by different
topological configurations of BICs for the TE2 band and the
TE5 band.
Finally, we measured the spin Hall effect at different

wavelengths (Fig. 4), showing the wavelength dependence
of the spin-dependent lateral shifts via topological vortices
around BICs ofþ1 and−1 topological charge. The incident
angle is set on resonance in each measurement. For
longitudinal lateral shifts via a specific topological vortex
around the BIC, the shift directions remain positive [upper
panel of Fig. 4(a)] or negative [upper panel of Fig. 4(b)],
which is in accordance with corresponding group velocity
factors. For transverse lateral shifts along the Y direction,
the absolute shifts depend on PB phase gradients of the on-
resonance wave vectors. Hence, for the TE5 band with a
positive dispersion [Fig. 3(a)], as the wavelength increases,
the on-resonance wave vector decreases to get closer to the
central BIC to have larger PB phase gradients, leading to a
larger absolute transverse lateral shift [lower panel of
Fig. 4(a)]. And for the TE2 band with a negative dispersion
[Fig. 3(c)], the absolute transverse lateral shift gets smaller
as the wavelength increases [lower panel of Fig. 4(b)]. In
both cases, when the excited radiative mode is far away
from the topological vortex center (the BIC), there are
nearly negligible spin-dependent transverse lateral beam
shifts. The simulations at different wavelengths are also
provided in Supplemental Material [57].
Besides the fundamental interest, the research on spin

Hall effect of light has led to many potential applications
[46]. For this work, potential applications can include the
light beam manipulation and precision sensing: on the one

FIG. 3. (a) Angle-resolved s-polarized reflectance spectra of the
TE5 band along the Γ-X direction. (b) Image of the spin-dependent
lateral shifts via the topological vortex in the TE5 band. (c) Angle-
resolved s-polarized reflectance spectra of the TE2 band along the
Γ-X direction. (d) Image of the spin-dependent lateral shifts via the
topological vortex in the TE2 band.

FIG. 4. Spin Hall effect of light at different wavelengths.
(a) Lateral shifts via the topological vortex in the TE5 band.
(b) Lateral shifts via the topological vortex in the TE2 band.
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hand, with the ultrathin structure thickness and the ability to
realize large spin-dependent shifts, the proposed spin Hall
effect can be used to develop PhC-slab-based microbeam
shifters for the spinning light. On the other hand, BICs are
sensitive to the environment; hence, the BIC-based spin
Hall effect may also be applied to environment sensing like
refractive index sensing. Certainly, more possible applica-
tions are expected in later research with deeper exploration.
In conclusion, we have exploited topological vortices

around BICs to induce the spin Hall effect of light. Because
of the strong SOI, large spin Hall shifts are realized via a
100-nm-thick PhC slab (a comparison with previous works
is exhibited in Supplemental Material [57]). The cross-
polarized resonant phase termoffers a newdegree of freedom
to realize an additional X-direction shift. Combined with the
vortex topological configurations around BICs, the spin-
dependent in-plane-oblique lateral shifts were experimen-
tally observed, with the shift directions distributed in all
four quadrants. This work opens an unexplored avenue to
realizing spin Hall effect of light via topological vortices
around BICs, giving a promising way for on-chip applica-
tions on optical manipulation and spinoptics.
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