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Bound states in the continuum (BICs) are exotic optical topological singularities that defy the typical
radiation within the continuum of radiative modes and carry topological polarization vortices in momentum
space. Enabling ultrahigh quality factors, BICs have been applied in realizing lasing and Bose-Einstein
condensation, and their momentum-space vortex topologies have been exploited in passive systems,
revealing novel spin-orbit photonic effects. Here, we demonstrate the inherent spin-orbit locking in
topological BIC lasing. Utilizing C4, and Cg, photonic crystal slabs, we achieve distinct spin-orbit locking
combinations in BIC lasing of 4-1 and —2 topological charges. Spin-orbit locking phenomena are directly
observed by momentum-space spin-dependent self-interference patterns. Real-space spin separations, as a

counterpart of the momentum-space spin-orbit locking, are also revealed. Our results reveal new spin-orbit
locking phenomena in BIC lasing, presenting significant potential for advancements in topological

photonic source applications.
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Bound states in the continuum (BICs), initially proposed
in quantum mechanics, have since established themselves
as pivotal phenomena in modern photonics due to their rich
physical implications [1-4]. With infinite quality factors,
BICs stand as topological optical singularities that remain
perfectly confined within the continuum of radiative modes
[5,6]. Especially in periodic structures like photonic crystal
(PhC) slabs, BICs are found to carry complex topological
polarization vortices in momentum space [7-9]. These
properties of BICs have been utilized to enhance versatile
applications in various areas such as sensors [10,11], lasers
[12—-16], Bose-Einstein condensation [17,18], light-matter
interaction [19-21], and spin-orbit interaction of light
[22,23]. In particular, the momentum-space vectorial top-
ology of BICs, out of the well-known topological band
theory for scalar fields, gives rise to new perspectives of
topological photonics in the far field.

For optical fields in free space, the spin angular
momentum and orbital angular momentum (OAM) of light
are two crucial indices of light, being related to circular
polarizations (o) and the winding number (/) of the spiral
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phase [24-26]. Exploring the relation and interaction
between the spin angular momentum and OAM of light
has attracted great attention in photonics. In vectorial opti-
cal fields, spin and orbit are inherently connected, under-
lying unique phenomena in spin-orbit photonics [27-30].
From this perspective, novel topological spin-orbit phe-
nomena are anticipated in momentum-space vectorial
polarization vortex configurations of BICs. On the one
hand, spin-orbit interactions of light have been explored in
resonance-induced modulations for incident light. The
incident-polarization-dependent effects like spin-to-vortex
conversion and the photonic spin Hall effect are proposed
and demonstrated via polarization vortices around BICs
[22,23]. On the other hand, radiations based on BICs will
inherit properties of BICs, and polarization vortices are
observed in BIC-modulated emission such as lasing and
Bose-Einstein condensation [12—18]. Further explorations
of spin-orbit properties in BIC lasing hold great importance
for basic research and practical applications. However, to
date, lasing phenomena of BICs with spin-orbit properties
have not been explored.

In this work, we demonstrate the inherent spin-orbit
locking in topological BIC lasing. Spin-orbit locking lasing
behaviors are inherent from topological polarization con-
figurations of BICs. By taking advantage of various
momentum-space topological configurations of BICs, we
can realize different spin-orbit locking combinations in BIC

© 2025 American Physical Society
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FIG. 1. (a) Schematic of a photonic band and momentum-space
polarization vortex. Vortex polarization configuration underlies
inherent spin-orbit locking of BICs, corresponding to spin-
dependent phase winding numbers /,,. (b) Poincaré sphere
representation for spin-dependent phase vortices. (¢) Schematic
view of the proposed spin-orbit locking |o., [) in topological BIC
lasing.

lasing. C,, and Cg, PhC slabs were applied to demonstrate
various spin-orbit locking properties in BIC lasing. Both
vortex and high-order antivortex polarization configura-
tions were realized in BIC microlasers with +1 and -2
topological charges. By momentum-space spin-dependent
self-interference patterns of lasing profiles, the inherent
spin-orbit locking in BIC lasing was directly identified.
Corresponding real-space spin separations were also
observed.

Figure 1(a) schematically depicts a photonic band with a
BIC. This BIC carries +1 topological charge, embodying
the momentum-space polarization vortex. The spin-orbit
related properties are inherent in the topological configu-
ration of BICs. For example, surrounding this BIC along
the magenta circle, the orientation of the polarization state
rotates anticlockwise as the azimuth angle 6 increases.
The 4 1 topological charge of the BIC corresponds to a
total accumulated winding angle of +2z. When consider-
ing two spin components of these polarization states (o..),
we can see that opposite spiral phase windings exist along
the magenta circle in momentum space. In other words, the
phase distributions of two spin components form phase
vortices with opposite phase winding numbers (orbit, /).
Each spin is locked with a specific OAM [. In the case
shown in Fig. 1(a), the left-handed circular polarization
(o_) carries a positive phase optical vortex (I = 1), and the
right-handed circular polarization (¢, ) carries a negative
phase optical vortex (I = —1).

The origin of this spin-orbit locking can be understood
using the Poincaré sphere representation, as shown in
Fig. 1(b). We consider linear polarization state |E(¢))

for an example, which can be decomposed by two poles
(lo4)) of the Poincaré sphere as

E($)) = o) + e”]o.),

Q1 — @, A
¢ 5 : (1)

Here, ¢ is defined as the polarization orientation angle of
the linear polarization state, and ¢, ¢, are phases of the
spin basis. The polarization orientation angle ¢ is equal to
half of the phase difference Ag of two spin components. As
exhibited in the right panel of Fig. 1(b), winding along the
equator of the Poincaré sphere, A¢ varies continuously
with ¢p. We can project polarization vortices carried by
BICs onto the Poincaré sphere, and then the topological
charge g of the BIC can be written as

1 [op . 1 [[op 0p, I, -1,
b ( o)

:471' C

1 20~ 90

Here, C is a loop around the BIC in momentum space, such
as the magenta circle in Fig. 1(a), and /,, is the accumu-
lated phase winding number of the ¢, component. We can
see that the spin-orbit locking |6, [) properties are inherent
in topological charges of BICs. For the mostly discussed
symmetry-protected BICs, we consider the existence of one
mirror symmetry; then [, is equal to —/, . We can simplify
Eq. (2) as

q = lrr_ = _lonr' (3)

From this perspective, various spin-orbit locking |o, )
exist in BICs with different topological charges. The
allowed topological charge of BICs are constrained by
the symmetries of PhC slabs. For the relations between
symmetries and topological charges, see Supplemental
Material [31].

As the significant application of BICs, BIC lasing has
inherent spin-orbit locking properties. Figure 1(c) exhibits
schematics of two examples of BIC lasing with distinct
spin-orbit locking behaviors. The first one utilizes the
BIC of +1 topological charge in a C4, PhC slab. The
total lasing profile is a vortex-polarization-configuration
vectorial beam, and inherent spin-orbit locking relations are
|64, F 1). This means that the o_ lasing component is a
vortex beam with 42z spiral phase winding and the o
lasing component is a vortex beam with —2z spiral phase
winding. The second one utilizes the BIC of —2 topological
charge in a Cg, PhC slab. The total lasing profile is an
antivortex-polarization-configuration vectorial beam, and
inherent spin-orbit locking relations are |o.., £2).

To demonstrate spin-orbit locking phenomena in BIC
lasing, we designed two types of PhC slabs with different
symmetries (C4, and Cg,). PhC structures are composed
of silicon nitride (Si3Ny, refractive index ~2) in an
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FIG. 2.

(a) Unit cell of the designed C,, PhC slab and the simulated photonic bands. (b) Momentum-space polarization vortex on the

cyan-colored photonic band in (a), in which the topological charge of the BIC is +1. (c¢) Spin-dependent phase distributions in
momentum space for the +1 BIC. (d) Unit cell of the designed Cg, PhC slab and the simulated photonic bands. (¢) Momentum-space
polarization vortex on the cyan-colored photonic band in (d), in which the topological charge of the BIC is —2. () Spin-dependent phase

distributions in momentum space for the —2 BIC.

environment of optical silica (refractive index ~1.45).
Figure 2(a) shows the schematic of the C,, PhC slab. The
unit cell consists of a circular SizN, pillar with lattice con-
stant a; of 560 nm, pillar diameter d; of 420 nm, and slab
thickness #; of 240 nm. The corresponding photonic band
structure, depicted in the right panel of Fig. 2(a), demon-
strates a symmetry-protected BIC at the I" point with a +1
topological charge. Figure 2(b) shows the momentum-
space polarization distribution around the BIC. Then, by
decomposing eigen polarization distributions using circular
polarization bases based on Eq. (1), we calculated momen-
tum-space phase distributions of two spin components, as
shown in Fig. 2(c). The results show that the 6_ component
carries a positive phase vortex (I =+1) and the o,
component carries a negative phase vortex (I = —1),
agreeing well with Eq. (3). Similarly, Fig. 2(d) illustrates
the schematic of the Cg, PhC slab, composed of a triangular
array of etched circular holes in a SisN, film. The lattice
constant a, is 634 nm, hole diameter d, is 320 nm, and slab
thickness #, is 120 nm. The right panel of Fig. 2(d) shows
the corresponding photonic band structure, in which the
arrow marks the required symmetry-protected BIC at the I"
point with a —2 topological charge. Figure 2(e) shows the
antivortex polarization configuration around the BIC. The
calculated momentum-space phase distributions in Fig. 2(f)
show that the 6_ component carries a positive phase vortex
(I = —2) and the ¢, component carries a negative phase
vortex (I = +2).

To experimentally implement the proposed spin-orbit
locking in BIC lasing, we then fabricated the designed two
types of PhC slabs. Figures 3(a) and 3(d) show the scanning
electron microscopy images and corresponding measured
momentum-resolved transmittance spectra of fabricated
C4, and Cg4, samples, respectively. Black arrows mark
the designed two types of BICs in Fig. 2.

To realize BIC lasing, we chose IR-140 dye molecules as
the gain and dissolved them in dimethyl sulfoxide to match
the refractive index of the optical silica. The experimental
setup is shown in Supplemental Material [31]. Figures 3(b)
and 3(e) exhibit the measured above-threshold integrated
lasing spectra and input-output integrated photolumines-
cence curves (insets) corresponding to samples shown in
Figs. 3(a) and 3(b). Obvious lasing features were observed
including characteristic threshold behaviors and sharp
peaks. Figures 3(c) and 3(f) show momentum-space BIC
lasing profiles of +1 and —2 topological charges.
Momentum-space topological polarization configurations
of the BIC lasing were examined by taking polarization-
resolved images. For the lasing profile via BIC of +1
topological charge, there are two nodes for certain linear
polarization; as the polarization direction rotates anticlock-
wise, the nodes rotate along the same direction. For the
lasing profile via BIC of —2 topological charge, there are
four nodes for certain linear polarization; as the polarization
direction rotates anticlockwise, the nodes rotate along the
opposite direction.

To directly observe the spin-orbit locking in BIC lasing,
we performed self-interference experiments [32,38], shown
in Fig. 4. In self-interference patterns of the 6 compo-
nents, fork-shaped interference fringes were observed.
Dashed lines marked the fringe splitting. For lasing profiles
via BIC of +1 topological charge [Fig. 4(a)], one fringe is
split into two in the centers of the lasing profiles, indicating
that the absolute OAM || is equal to 1. When changing
from o_ to 6., we can see that the direction of the fork-
shaped fringes reverses, corresponding to reversed signs
of the OAM [. The o_ lasing profile carries an OAM of +1,
and the o, lasing profile carries an OAM of —1. For details
about the sign of the OAM [, see Supplemental Material [31].
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(a),(d) Scanning electron microscopy images of the fabricated PhC slabs and corresponding measured momentum-resolved

transmittance spectra. (a) C4, PhC slab. (d) C¢, PhC slab. (b),(e) Measured above-threshold integrated lasing spectra and momentum-
resolved lasing spectra via PhC slabs of (a) and (d). Insets shows input-output integrated photoluminescence curves. a.u., arbitrary units.
(c),(f) Measured polarization-resolved lasing images in momentum space via PhC slabs of (a) and (d). Double arrows show directions of

analyzed polarizations.

For lasing profiles via the BIC of —2 topological charge
[Fig. 4(b)], one fringe is split into three in the centers of the
lasing profiles, indicating that the absolute OAM /| is equal
to 2. The spin-orbit locking was also observed where the o_
lasing profile carries an OAM of —2 and the o, lasing
profile carries an OAM of +2. Notably, for the same spin
components (o_ or o) of lasing profiles via BICs of +1
and —2 topological charges, the directions of fork-shaped
fringes are opposite to each other, demonstrating different
spin-orbit locking behaviors governed by topological
charges of BICs [Eq. (3)]. Furthermore, we analyze the
purity of these lasing profiles to exhibit a relatively high
OAM purity (Supplemental Material [31]).

Total

FIG. 4. (a) Measured self-interference patterns of the BIC
lasing profiles of 41 topological charge. (b) Measured self-
interference patterns of the BIC lasing profiles of —2 topological
charge.

In contrast, for self-interference patterns of total lasing
profiles, there are not such obvious fork-shaped interfer-
ence patterns, meaning the absence of spiral phases. Based
on previous discussions in theoretical parts, we can know
that two spin-orbit coupled components in conventional
BICs are degenerate; hence the total OAM is zero. From
this perspective, we also experimentally demonstrated the
zero total OAM in conventional BIC lasing. This inspires
the future development of BIC lasing with nonzero OAM
by introducing additional symmetry breaking to change
the distribution of two spin components or lift the spin
degeneracy [39,40].

Moreover, besides spin-related self-interference patterns
in momentum space, the spin-orbit locking can also
manifest as spin separations in real space. In discussions
of spin-orbit locking based on topological polarization
configurations, we have known that two spin components
carry opposite OAM in momentum space, i.e., opposite
tangential phase gradients. Such spin-dependent momen-
tum-space phase gradients correspond to spin-dependent
separations of real-space position (R, ) [23,29.41] as

(R,,) = —<f’<”T<l"l>>

Here, (R,,) is the lasing profile in real space, k|| is the
projected in-plane momentum, and ¢, (k||) is the phase of
the o..-component lasing profile at certain k. To observe
expected spin separations, an iris was put on the
Fourier plane relative to the sample, and only one part

4)
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FIG. 5. (a),(b) Experimental observation of spin separations in
real space for the filtered lasing profiles. (a) +1 BIC lasing.
(b) =2 BIC lasing. Scale bars: 100 pm. (c),(d) Normalized third
Stokes parameters in real space calculated from (a) and (b).

of doughnut-shaped lasing profiles was filtered to pass
through. The spin-dependent lasing profiles I, ~were
captured by a camera put on the real-image plane of the
sample, as shown in Figs. 5(a) and 5(b). To clearly exhibit
the spin separations, we further calculated the distribution
of the normalized third Stokes parameter by (S3/Sy) =
([Is, =151/, +1,_]), as shown in Figs. 5(c) and 5(d).
Clear spin separations were observed. There are opposite
spin separations for BIC lasing of +1 topological charge
[Figs. 5(a) and 5(c)] and —2 topological charge [Figs. 5(b)
and 5(d)]. The BIC lasing has spin-dependent near-field
distributions of emission profiles and manifests as spin-
orbit locking in far field.

The unique spin-orbit locking properties in BIC lasing
are important for both BICs and lasing research areas. In
previous lasing studies via BICs, high Q factors are first
explored to realize lasing [12,13,42,43], and then topo-
logical polarization configurations of BICs are applied to
realize vectorial polarization vortex lasing [14-16,44.,45].
Here, beyond topological polarization configurations,
inherent spin-orbit locking in BICs is further discovered
and utilized to realize various spin-orbit locking lasing. The
spin-orbit locking lasing, due to the potential in light-field
manipulation and information processing, has attracted
much research attention in the last decade [26,46] and
has been realized in various systems [32,33,38,47-50].
BICs offer a new nonlocal method to develop compact
spin-orbit locking microlasers, and topological charges of
BICs offer a new degree of freedom to manipulate both the
spin-orbit relations and OAM orders.

In this work, we have explored the inherent spin-orbit
locking in topological BIC lasing using PhC slabs with
different symmetries. Our findings demonstrate that spin-
orbit locking behavior of BICs can be harnessed to achieve
switchable OAM lasing by controlling spins. Experimental
results confirmed momentum-space spin-dependent phase

vortices and revealed real-space spin separations in BIC
lasing, directly tied to topological configurations of BICs.
These results not only deepen our understanding of the
interplay between spin and orbital angular momentum in
photonic systems but also pave the way for novel appli-
cations in spin-controlled photonic devices and topological
photonics.
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