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Spin-momentum locking is a direct consequence of bulk topological order and provides a basic concept
to control a carrier’s spin and charge flow for new exotic phenomena in condensed matter physics.

However, up to date the research on spin-momentum locking solely focuses on its in-plane transport
properties. Here, we report an emerging out-of-plane radiation feature of spin-momentum locking in a non-
Hermitian topological photonic system and demonstrate a high performance topological vortex laser based

on it. We find that the gain saturation effect lifts the degeneracy of the paired counterpropagating spin-
momentum-locked edge modes enabling lasing from a single topological edge mode. The near-field spin
and orbital angular momentum of the topological edge mode lasing has a one-to-one far-field radiation

correspondence. The methodology of probing the near-field topology feature by far-field lasing emission
can be used to study other exotic phenomena. The device can lead to applications in superresolution
imaging, optical tweezers, free-space optical sensing, and communication.

DOI: 10.1103/PhysRevLett.125.013903

Introduction.—The surface of topological insulators
hosts a new class of carriers of helical Dirac fermions
with spin-momentum locking, where the carrier spin is
locked at right angles to the carrier momentum [1,2].
Spin-momentum locking prevents backscattering between
states of opposite momenta with opposite spins [3-5].
These exotic carriers are also great candidates for potential
quantum computing and spintronic applications when
superconductivity and magnetism are introduced to them
via the proximity effect [6—12]. In 2008, Haldane and
Raghu introduced band topology to the realm of photonics
[13,14]. In the past decade, topological photonics has
drawn substantial research attention, where spin-momen-
tum locking also plays an essential role and has overturned
some of the conventional views on light generation,
propagation, and manipulation in both quantum and
classical electromagnetic regimes [15—19]. In the quantum
regime, a quantum emitter can efficiently couple to topo-
logical edge states and correlate its spin to the propagation
direction via spin-momentum locking [20], which could
lead to exotic photonic phenomena such as large-scale
superradiant states [21,22], chiral spin networks [23,24],
and topologically protected biphoton states [25]. In
classical regimes, spin-momentum locking has been used
to construct robust photonic waveguides immune to bend-
ing and defects [26-29], high quality optical cavities with
arbitrary geometries [30-32], and novel laser devices with
large area coherence and flexible reconfiguration [33-35].
However, to date the research on spin-momentum locking
solely focuses on its in-plane transport properties. Yet the
out-of-plane radiation property of spin-momentum locking
has remained unexplored. In contrast to electronic system, a
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photonic system is naturally non-Hermitian because of the
existence of gain and/or loss. The non-Hermitian gives
another degree of freedom for manipulating light and
endorses topological photonics’ unique properties to its
electronic counterpart [36—41].

Here, we use a topological photonic crystal to construct a
band structure distinct in topology and demonstrate a high
performance topological vortex laser boosted by spin-
momentum locking. We reveal that spin-momentum lock-
ing not only protects in-plane unidirectional wave propa-
gation for effective resonance, but also decouples the
radiation direction from the resonant plane for directionally
surface emitting. The immune of backscattering is verified
by the identical lasing emission wavelength of the two
topological edge modes with opposite spin. We find that the
gain saturation effect enables individual lasing from a
single topological edge mode resulting in a flow of pure
photonic spin. The near-field spin and orbital angular
momentum of the topological edge mode can be probed
via the circularly polarized vortex beam of far-field lasing
radiation. The high-performance lasing is featured with
single mode operation with a high side-mode suppression
ratio, compact footprint, low threshold, narrow emission
linewidth, and vertical emission directionality [42].

Operation principle.—Figures 1(a) and 1(b) show the
SEM images of a topological vortex laser with a $3-shaped
topological interface which is fabricated by a standard
nanofabrication process on a InGaAsP multiple quantum
wells (MQWs) membrane [42]. We choose the complicated
cavity geometry with bends for demonstrating the immune
of backscattering of the topological edge states. The immune
of backscattering is protected by spin-momentum locking,
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FIG. 1. Operation principle of the topological vortex laser. (a) SEM image of a topological vortex laser with a $3-shaped cavity
indicated by the red line and arrows. The corresponding spin direction of the cavity mode is indicated by the out-of-plane arrows.
(b) Zoomed-in SEM image of the topological interface. The red line represents the topological interface, the blue hexagon indicates a
unit cell in the topological photonic crystal, and the orange hexagon indicates a unit cell in the trivial photonic crystal. (c) Calculated
discrete cavity modes of the topological vortex laser (red and green dots). Gray curves are the calculated bulk bands of the topological
photonic crystal. Black lines indicate the Dirac cone of an infinite long topological interface. (d) Schematic of the dispersion curves of
the topological edge modes and conventional whispering gallery modes. Topological edge state lasing requires no in-plane momentum
in principle, which decouples the radiation direction from the resonant plane. In contrast, the dominant radiation field of the
conventional whispering gallery modes is in plane and omnidirectional due to momentum conservation. (e) Schematic of the topological
vortex laser with circularly polarized vortex beam far-field radiation. The near-field spin and orbital angular momentum have a one-to-

one far-field radiation correspondence.

which provides a more flexible and robust way to construct
a nanophotonics platform. We construct the two photonic
crystals aside of topological interface distinct in topology
but with acommon bulk bandgap via deformed honeycomb
lattices [42]. It is well known that such a topological
interface supports two spin-momentum-locked edge states
of opposite momenta with opposite spins [72—75]. The two
edge states lying in the bulk band gap are with dispersion
of a Dirac cone centered at the I" point in the Brillouin
zone [42].

In the topological vortex laser cavity, the edge states
become discrete due to the finite cavity side length
[Fig. 1(c)]. These discrete edge states propagate along
the topological interface and are immune to bending and
defects, which forms an effective cavity resonance indi-
cated by the red line and arrows in Fig. 1(a). Such a
topologically protected cavity resonance requires no large
in-plane momentum, which decouples the radiation direc-
tion from the resonant plane resulting in directional surface
emitting. As shown in Fig. 1(d), the edge modes locate in
the center of the light cone with near zero in-plane wave
vector. This is in stark contrast to conventional cavities
where the dominant wave vector is in the resonant plane to

acquire effective feedback. Figure 1(d) also shows the
dispersion curve of a conventional whispering gallery mode
resonator. Because of the requirement of total internal
reflection, the in-plane wave vectors of the resonant modes
are larger than free space wave vectors, thereby, the
dominant radiation field of these modes is in plane and
omnidirectional due to momentum conservation.

A spin-momentum-locked edge state is a propagating
wave free from coupling to its counterpropagating counter-
part, which results in a uniform intensity distribution along
the resonance loop. When pumped for lasing, such a mode
will experience no spatial hole burning and can saturate
gain to prevent other modes from lasing, which lifts
degeneracy of the paired counterpropagating spin-momen-
tum-locked edge modes. The properties of a lasing single
spin-momentum-locked edge mode can be probed via its
far field radiation. Because of the conservation of angular
momentum, the circular polarization and vortex of the far
field radiation represent the near-field spin and orbital
angular momentum of the edge mode respectively [Fig. 1(e)].

Lasing evidences of the topological vortex laser.—
Figure 2(a) shows the spontaneous and lasing emission
spectra of a topological vortex laser under optical pumping
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FIG. 2. Lasing evidences of the topological vortex laser.
(a) Upper: Spontaneous emission spectrum obtained from a bulk
photonic crystal region. The spectrum shows a clear suppressed
intensity gap induced by a photonic band gap indicated by the
orange region. Middle: Spontaneous emission spectrum of the
topological interface, showing pronounced resonant peaks within
the band gap. Bottom: lasing spectrum of the vortex laser under a
pump power of 545 kW cm~2. (b) Spontaneous emission pattern.
(c) Lasing emission pattern. In (b) and (c), dashed green line
indicates the $3-shaped topological interface. (d) Integrated out-
put power as a function of pump intensity in log scale. The slope
in the spontaneous emission state and lasing state is 1.13 and
1.18, respectively. Dots, data; curve, fitting.

at room temperature [42]. At a spontaneous emission state,
four pronounced resonant peaks appear inside the photonic
bandgap. At each cavity resonance wavelength, the edge
state modes are twofold degenerate with two spin-momen-
tum locked modes of |/, +) and | — [, —), where [ denotes
orbital angular momentum, + and — denote spin-up and
spin-down, respectively [42]. In contrast, when only a bulk
photonic crystal region is pumped, the spectrum shows a
band gap modulated MQWs spontaneous emission with a
bandwidth of about 50 nm, and there is no resonant peak
inside the photonic band gap [42]. Above the lasing
threshold, single mode lasing occurs at the wavelength
of 1510.5 nm. The linewidth of the lasing mode is only
about 0.4 nm, much narrower than the same mode at
spontaneous emission state (~3.1 nm) [42].

The lasing effect is also evidenced by the transition of
the emission patterns below and above the lasing threshold.
As shown in Figs. 2(b) and 2(c), although pumped by the
same laser beam, the lasing emission pattern is well defined
and predominantly locates near the topological interface,
while the spontaneous emission pattern is nearly uniform as
the superposition of all available optical modes. Interestingly,

in the lasing pattern, the emission at the topological interface
is strongly suppressed appearing as a dark “¢3”, which is due
to a destructive interference between the emissions from the
topological region and the trivial region aside [42]. We also
measure the light-light curve of the device, which shows a
clearly “S”-shaped in log scale indicating a phase transition
from spontaneous emission to lasing emission as shown in
Fig. 2(d). The threshold power density of the device is
~120 kW cm™2 [42].

Out-of-plane radiation feature of the lasing spin-
momentum-locked edge mode.—Topological edge state
lasing requires no in-plane momentum in principle, which
decouples the radiation direction from the resonant plane.
The directionally surface emitting feature of the topological
vortex laser is shown in the momentum space image of the
lasing beam [Fig. 3(a)], which is a donut-shaped pattern
centered at zero in-plane wave vector point (I" point in the
Brillouin zone). The donut is with a radius of ~3.39° [42].
Figure 3(b) shows the full wave simulated pattern of the
| —2,+) mode, which matches well with the experimental
one [42].

The near-field spin and orbital angular momentum of the
topological vortex laser have a one-to-one far-field radia-
tion correspondence as shown in the schematic of Fig. 3(c).
For a spin-momentum-locked edge mode, all the unit cells
share the same spin direction. Because of the subwave-
length scale of the unit cell, the spin in each unit cell acts as
an emission source with circular polarization [76], the
superposition of which leads to a circularly polarized far
field radiation. For the mode with [ = 0, the phase shift
between neighboring cells is zero and all the cells oscillate
with the same spin, leading to a pure circularly polarized
radiation without orbital angular momentum. Otherwise,
due to the traveling phase, spins between neighboring cells
have a certain phase shift, which gives a spiral-shaped
gradient phase front of the emission beam along the closed
resonance loop. In the far field, such a gradient phase front
forms the vortex radiation of the spin-momentum-locked
edge mode. We note that the lasing emission could also
be used to probe other exotic phenomena with topology
origin [77].

Figure 3(d) shows the lasing emission intensity after a
linear polarizer with varied polarization angles, which
indicates that the intensity is insensitive to the polarization
angle. Adding a quarter-wave plate before the linear
polarizer, the polarization dependent intensity distribution
indicates that the emission beam becomes linearly polar-
ized. Based on these experiments, we confirm that the laser
emission is a left-handed circularly polarized | —2,+)
mode [42].

We then measure the orbital angular momentum of the
lasing beam by self-interference utilizing a shearing inter-
ferometer. The interference pattern exhibits two fork-
shaped patterns as shown in Fig. 3(e), where the two red
stars at the dislocation indicate the phase singularities of the
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FIG. 3.

Out-of-plane radiation feature of the lasing spin-momentum-locked edge mode. (a)-(b) Momentum space patterns of the

lasing beam obtained from experiment (a) and full wave simulation (b). The white dashed circles in (a) and (b) indicate the numerical
aperture of the collection objective. (c) Schematic of the laser emission from a spin-momentum-locked topological edge mode. The near-
field spin and orbital angular momentum has a one-to-one far-field radiation correspondence. (d) Lasing emission intensity after a linear
polarizer with varied polarization angles. Adding a quarter-wave plate before the linear polarizer, the emission beam will become
linearly polarized. (e) Off-center self-interference of the lasing beam, showing two fork-shaped patterns located near two phase
singularities (marked with red stars), which indicates that the laser emission is a vortex beam with a topological charge of -2,

corresponding to the azimuthal order of the cavity mode.

two split laser emission beams, respectively. At each
singularity, the intensity of the interference pattern
decreases to zero, and there is a transition of two fringes
becoming four, which indicates that the laser emission is a
vortex beam with a topological charge of —2, correspond-
ing to the azimuthal order of the cavity mode [42]. We have
also observed a topological vortex laser emitting vortex
radiation with a topological charge of 1, the results of
which are shown in the Supplemental Material Part 15 [42].

Direct evidence of backscattering free and high side-
mode suppression ratio.—In our topological cavity, the
immunity of coupling between the two degenerate spin-
momentum locked edge states is protected by Cg, sym-
metry. Experimentally, we verify this distinct feature of
topological edge states by measuring the lasing emission
wavelengths of the two spin-momentum locked edge states
of opposite momenta with opposite spins. The coupling
strength of the two modes is proportional to the split of their
lasing wavelengths.

Figure 4(a) shows the lasing spectra of the two edge
states of opposite momenta with opposite spins. They have
exactly the same emission wavelength, which indicates that
there is no coupling between the two edge states despite the
strongly irregular cavity shape. Figure 4(b) shows the self-
interference pattern of the |2, —) mode measured by the
shearing interferometer in the momentum space. The pattern
is similar to the one of | — 2, 4) shown in Fig. 3(e) but with
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FIG. 4. Direct evidence of backscattering free and high side-
mode suppression ratio. (a) Lasing spectra of the two edge states
of opposite momenta with opposite spins. The identical emission
wavelength indicates that there is no coupling between the two
modes despite the strongly irregular cavity shape. (b) Self-
interference pattern of the |2,—) mode [bottom panel in (a)]
measured by the shearing interferometer in the momentum space.
The pattern is similar to the one of | — 2, +) shown in Fig. 3(e)
but with flipped fork-shaped patterns which indicate that the
signs of orbital angular momenta of the two modes are opposite.
(c) Side-mode suppression ratio (SMSR) versus the pump
intensity, where we can see that the side-mode suppression ratio
increases dramatically with the onset of lasing.
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flipped fork-shaped pattern which indicates that the signs of
orbital angular momentums of the two modes are opposite
[42]. Although the patterns of the | — 2, +) and |2, —) modes
are same, we find that they can be selectively excited by slight
modification of pump beam position, which is due to the
spontaneous emission fluctuation induced symmetry broken
in the onset of the lasing process.

The uniform intensity distribution along the resonance
loop of the traveling mode lasing experiences no spatial
hole burning effect and saturates gain to prevent other
modes from lasing. Consequently, our topological vortex
laser has a side-mode suppression ratio as high as 42 dB
[42], a record value among reported micro- and nanoscale
lasers [42]. Figure 4(c) shows the side-mode suppression
ratio versus the pump intensity, where we can see that the
side-mode suppression ratio increases dramatically with the
onset of lasing.

Conclusion.—We reveal a nontrivial out-of-plane radi-
ation feature of a topological insulator edge state. In a non-
Hermitian topological photonic system, we demonstrate
a topological vortex laser operating on a single spin-
momentum-locked edge mode. The topological edge state
lasing requires no in-plane momentum in principle, which
decouples the radiation direction from the resonant plane.
The directionally surface emitting feature is shown as a
donut-shaped pattern with a radius of ~3.39° centered at
zero in-plane wave vector point in the momentum space.
Our results indicate that the lasing process has a striking
effect to the topological insulator by lifting the degeneracy
of the paired counterpropagating spin-momentum-locked
edge modes. The topological edge state lasing experiences
no spatial hole burning and saturates gain to prevent other
modes from lasing, resulting in a side-mode suppression
ratio as high as 42 dB. The resonance mechanism can apply
to other non-Hermitian wave systems, and the methodology
of probing a near-field topology feature by far-field lasing
emission can be used to study other exotic phenomena. The
topological vortex laser device can lead to applications in
superresolution imaging, optical tweezers, free-space opti-
cal sensing, and communication.
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