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The quantum Hall effect involves electrons confined to a 
two-dimensional plane subject to a perpendicular magnetic 
field, but it also has a photonic analogue1–6. Using hetero-
structures based on structured semiconductors on a magnetic 
substrate, we introduce compact and integrated coherent 
light sources of large orbital angular momenta7 based on 
the photonic quantum Hall effect1–6. The photonic quantum 
Hall effect enables the direct and integrated generation of 
coherent orbital angular momenta beams of large quan-
tum numbers from light travelling in leaky circular orbits at 
the interface between two topologically dissimilar photonic 
structures. Our work gives direct access to the infinite num-
ber of orbital angular momenta basis elements and will thus 
enable multiplexed quantum light sources for communication 
and imaging applications.

In 1879, Edwin Hall discovered the classical Hall effect, a conse-
quence of the motion of charged particles in a magnetic field8. The 
quantum Hall effect was discovered almost exactly a century later 
in 1980 by Klaus von Klitzing by applying a transverse magnetic 
field to a two-dimensional electron gas confined in semiconduc-
tor heterojunctions9. Since then, the quantum Hall effect has con-
tinuously intrigued due to its non-trivial transport properties and 
exotic topological phases10. The quantum Hall effect was extended 
to photonic systems to implement robust quantum Hall topologi-
cal waveguides, cavities, thermal photon spin and light sources1–6. 
Topological effects have been successfully investigated in photonics 
using various platforms that implement synthetic gauge fields in dif-
ferent regimes11–14, Floquet topological insulators15,16, bianisotropic 
metacrystals17 and the valley Hall effect18,19. Using heterostructures 
based on structured semiconductors on a magnetic substrate, we 
propose compact and integrated coherent light sources of large 
orbital angular momenta (OAM) based on the photonic quantum 
Hall effect. Orbital angular momentum is a fundamental degree of 
freedom of photons characterized by the quantum number ℓ (ref. 7). 
The unbounded nature of the quantum number is a unique attribute 
that enables high-capacity communication, quantum cryptography 
or increased resolution in classical and quantum imaging20. The 
proposed sources give direct access to the infinite number of OAM 
basis elements and can thus enable applications in spintronics, 
microscopy and metrology. Previous methods to directly generate 
OAM from lasers are either more suited for small quantum numbers 
or non-integrated when large quantum numbers are considered21–24. 
Compact and integrated sources capable of directly multiplexing 
and generating arbitrarily large ℓ have remained elusive. We dem-
onstrate quantum numbers as large as 276. The generated beams are 

experimentally characterized using self-interference and the coher-
ence of beams is confirmed using a Hanbury Brown–Twiss inter-
ferometer. Furthermore, we demonstrate the natural integration of 
three coherent OAM sources sharing the same aperture, a principle 
that can be used to integrate multiple light sources. Our experimen-
tal results constitute coherent topological light sources that can gen-
erate topological light on demand and enable novel quantum light 
sources for communication and imaging.

The platform shown in Fig. 1 is made of circular boundar-
ies between topologically dissimilar photonic crystals forming 
two-dimensional cavities referred to as photonic quantum Hall rings 
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Fig. 1 | Photonic QH rings and integrated OAM of large quantum numbers. 
Schematic of the integrated leaky QH ring lasers (lasers 1, 2 and 3) emitting 
OAM beams with quantum numbers ℓ1, ℓ2 and ℓ3. ħ is the reduced Planck 
constant. Each QH ring laser has a length mλeff, where m is an integer 
representing the azimuthal order of the one-way whispering gallery mode 
and λeff is the guided wavelength in the mode. The propagation phase 
offsets at different points of the travelling wave around a leaky ring result 
in far-field interference and the formation of OAM beams with quantum 
numbers equal to the azimuthal resonant order of the ring (ℓ = m). The 
quantum number of the emitted OAM beam can thus be made large, 
a unique attribute of the proposed platform. Integrated concentric QH 
rings are formed by alternating circular boundaries between topologically 
dissimilar photonic bandgap materials. The photonic crystal with a square 
lattice (PhC1) has a non-trivial bandgap. The photonic crystal with a 
triangular lattice (PhC2) has a trivial bandgap. The photonic crystals are 
patterned in InGaAsP multiple quantum wells. The non-trivial topology is 
obtained by bonding InGaAsP on a flat yttrium iron garnet substrate under a 
static magnetic field normal to the surface of the photonic crystals, B = B0ez.
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(QH rings). The dissimilar topologies of the photonic structures 
inside and outside the QH ring ensures the existence of one-way cir-
culating edge states at their boundary. While our original topologi-
cal laser was intended to generate non-reciprocal light on a chip via 
a waveguide3, here, for an edge state above the light cone, QH rings 
made of 2.5D photonic structures in the XY plane are leaky-wave 
vertical emitters (topological antennas) designed to deliver light 
out of the chip. They thus radiate in the third dimension (Z direc-
tion) out of the plane, as shown in Fig. 1. The propagation phase 
offsets at different points of the travelling wave around the leaky 
ring result in the formation of OAM beams in the far field where 
the quantum number is equal to the azimuthal resonant order of 
the ring. The quantum number of the OAM beam can, therefore, 
be made large with the radii of the rings. By alternating concentric 
circular boundaries between the two topologically dissimilar pho-
tonic crystals, multiple orthogonal OAM beams of alternating chi-
rality can be integrated in a planar manner using a single aperture. 
This is shown in Fig. 1, where three QH rings—patterned in the 
same aperture—emit three concentric OAM beams. The structure 
shown in Fig. 1 contains two photonic crystals. Photonic crystal one 
(PhC1) is formed by a four-armed star-shaped unit cell and has a 
non-trivial bandgap (Supplementary Information). Photonic crystal 
two (PhC2) has a triangular lattice with a cylindrical air-hole unit 
cell and a trivial bandgap (Supplementary Information). The topo-
logically non-trivial photonic crystal is obtained by bonding the 
structured InGaAsP multiple quantum wells on a flat and unstruc-
tured yttrium iron garnet substrate, as shown in Fig. 1. The yttrium 
iron garnet substrate is used to break the time-reversal symmetry 
in the system under a static external magnetic field perpendicular 
to the substrate that opens the non-trivial gap of PhC1. The size of  
the bandgap can be further increased by using a bismuth iron gar-
net substrate or structuring the magnetic material to increase its  

overlap with the optical mode. However, this would make the fab-
rication process more complex and also increase optical losses. 
Circular boundaries between PhC1 and PhC2 are leaky-wave QH 
rings (QH ring 1, QH ring 2 and QH ring 3), as shown in Fig. 1.

Figure 2 shows the theoretical prediction of the far-field emission 
from QH ring 1 (Fig. 2a), QH ring 2 (Fig. 2b), QH ring 3 (Fig. 2c) 
and the superposition of these three rings (Fig. 2d). The one-way 
edge state is modelled by its dominating in-plane field components 
(Supplementary Information). The three rings are designed for the 
quantum numbers ℓ1 = 100, ℓ2 = 156 and ℓ3 = 276, and they are 
naturally orthogonal states. It is worth noting that there is a mini-
mum number of unit cells needed to create a bandgap. The finite 
size of the nanostructures thus signifies that ring n and ring n + 1 
cannot be infinitely close. Since a minimum number of unit cells are 
needed to create a bandgap in periodic structures25,26, the smallest 
OAM mode depends on the photonic crystal used. In our case, if the 
trivial photonic crystal (with periodicity ptrivial = 361.3 nm) is placed 
between two non-trivial photonic crystals, the distance between the 
two rings would be Δr = 3ptrivial = 1,083.9 nm (number of trivial cells 
needed for an edge state). Thus, based on the formula r/λeff = ℓ/2π, 
the topological charge difference between rings n and n + 1 would 
be Δℓ = 9. For the same reason, by using the trivial photonic crystal 
at the centre, the minimum topological charge that can be generated 
by our platform would be ℓ = 5.

The structures are fabricated by electron-beam lithography, etch-
ing and bonding (Supplementary Information). Figure 2e–h shows 
the top-view scanning electron micrographs of the QH rings, show-
ing the quality of nanofabrication. The circular boundary encloses 
PhC1 in QH ring 1 (Fig. 2e), PhC2 in QH ring 2 (Fig. 2f) and PhC1 
again in QH ring 3 (Fig. 2g); further, the three concentric rings 
are clearly visible, as shown in Fig. 2h. The integrated QH rings  
(Fig. 2h), realized using one-step lithography, consist of the planar 
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Fig. 2 | Simulation, fabrication and luminescence of photonic QH rings. a–d, Theoretical prediction of the far field for QH ring 1 (a), ring 2 (b),  
ring 3 (c) and their superposition (d). The one-way edge state is modelled by its dominating in-plane field components (Supplementary Information).  
e–h, Top-view scanning electron micrographs of the QH rings formed by the non-trivial (PhC1) and trivial (PhC2) photonic crystals. e–g, The circular 
boundary encloses PhC1 in QH ring 1 (e), PhC2 in QH ring 2 (f) and PhC1 again in QH ring 3 (g), resulting in edge states propagating clockwise in rings 1 
and 3 and anticlockwise in ring 2. The quantum numbers of the fabricated rings are |ℓ1| = 100, |ℓ2| = 156 and |ℓ3| = 276. The structures are fabricated on 
InGaAsP by electron-beam lithography followed by dry etching and then bonded on an yttrium iron garnet substrate. h, Integrated QH rings corresponding 
to the planar superposition of QH ring 1, ring 2 and ring 3. Scale bars are 10 μm, and the unit cells of PhC1 and PhC2 have a periodicity of p = 1,084 nm and 
p/3, respectively. i–l, Luminescence, under B0 = 100 Oe and uniform pumping with a pump wavelength of 1,064 nm, from QH ring 1 (i), ring 2 (j), ring 3 (k) 
and their superposition (l). These images are taken from the surface of each device.
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integration of ring 1, ring 2 and ring 3 in a single aperture. The cavi-
ties are characterized by optically pumping the entire surface of the 
crystals in the presence of a static external magnetic field B = +B0ez 
(B0 is the magnitude of the magnetic field and ez is the unit vec-
tor perpendicular to the photonic crystals plane) that saturates the 
yttrium iron garnet material. The micro-photoluminescence setup 
pumps the sample from the top with a pulsed laser (λpump = 1,064 nm 
and T = 6 ns pulse at a repetition rate of 290 kHz) using an objective 
lens. The emission from the devices, as shown in Fig. 2, is collected 
using the same objective lens and directed to a monochromator for 
spectrum analysis or to an infrared camera for imaging. The images 
shown in Fig. 2i–l are collected when the surface of the lasers coin-
cides with the focal plane of the objective lens that forms an image 
of the aperture (surface of the QH rings) at infinity on the infra-
red camera. The rings thus undergo the same magnification, and 
the ratios of the distances between the bright rings are the same  
as the ratios of their physical separation. Far-field intensity patterns 
of the beams generated by QH rings 1, 2, 3 and their superposition 
exhibit light localization in the QH rings.

To further characterize the emission from the devices, Fig. 3a–c 
shows the photoluminescence spectrum of optically pumped QH 
ring 2 in the presence of B0 in three different regimes. The ampli-
fication and selection of a single mode at wavelength λ = 1,575 nm 
can be observed with increasing pump power. Similar results were 
observed for other QH rings. Figure 3d shows the log-scale output 
power as a function of the pump power density (light–light curve) 
and shows a characteristic lasing behaviour. To further investigate 
the coherent character and lasing characteristic of the QH ring, 
we measured the second-order intensity correlation function of its 
emission, g2 τð Þ ¼ I tð ÞI tþτð Þ

I tð Þ2

I

, using a Hanbury Brown–Twiss interfer-
ometer, where τ is the delay-time intervals between adjacent pulses 
(Supplementary Information). Here I(t) represents the expectation 

value of the intensity at time t. Figure 3e shows the zero delay of the 
normalized second-order intensity correlation function g2(0); further, 
three different regimes, namely, spontaneous emission (SpE), ampli-
fied spontaneous emission (ASE) and stimulated emission (StE), are 
evidenced. We observe the suppression of the photon bunching peak 
(visible in the ASE regime) in the StE regime, that is, lasing action. 
Furthermore, the full-width at half-maximum (FWHM) of the 
zero-delay g2(τ) pulse shrinks in the SpE regime, reaches a minimum 
in the ASE regime and broadens in the StE regime (Fig. 3f). Such 
variations in the g2(τ) pulse width are related to a nonlinear effect 
called the delayed threshold phenomenon or dynamical hysteresis, 
which occurs in a laser only when the peak intensity of a pump pulse 
is larger than the threshold intensity. The distinct behaviours of the 
g2(τ) width in the SpE and StE regimes signify that the suppression 
of the photon bunching peak (Fig. 3e) at high pump intensity indeed 
originates from lasing instead of SpE27. It is worth noting that the 
unity g2(0) in the SpE regime is due to the limited time resolution of 
the detection system (Supplementary Information).

Figure 4a,b shows the far-field interference patterns of the emis-
sion from QH ring 2 of quantum number ℓ2 with the opposite 
quantum number –ℓ2 obtained theoretically (Fig. 4a) and experi-
mentally (Fig. 4b). The opposite quantum number is experimen-
tally achieved by reflecting the beam in a mirror. The interference 
patterns evidence fringes that are characteristic of beams carrying 
OAM. These fringes are observed both theoretically and experi-
mentally, as shown in Fig. 4. QH ring 2 is designed for |ℓ2| = 156, 
and the total number of measured fringes is two times |ℓ2|, that is, 
312. The interference patterns of the other QH rings, measured in a 
similar manner, confirm the successful implementation of photonic 
quantum Hall effect–based OAM lasers of large quantum numbers.

We reported compact and integrated QH rings capable of emit-
ting coherent beams carrying OAM of large quantum numbers. 
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Fig. 3 | Lasing characteristics and photon statistics of photonic QH rings. a–c, Photoluminescence spectrum of optically pumped QH ring 2 in the 
presence of an external magnetic field B0 = 100 Oe in the SpE (a), ASE (b) and StE (c) regimes. The surface of the laser is uniformly pumped with a pump 
laser at 1,064 nm. The amplification and selection of a single mode are observed when the pump power is increased. d, Output power as a function of 
the pump power (light–light curve). The threshold pump power density (average power) is about 1 µW µm–2. e,f, Second-order intensity correlation at 
zero-delay g2(0) (e) and its FWHM (f). Clearly, the photon bunching peak (in the ASE regime of g2(0)) is suppressed in the StE regime and the FWHM of 
g2(τ) shrinks, reaches a minimum in the ASE regime and broadens in the StE regime, unambiguously demonstrating the lasing action of the QH ring.
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The QH rings are formed by circular interfaces between topologi-
cally dissimilar photonic structures with edge states above the light 
cone, constituting leaky-wave circular orbits that naturally radiate 
orthogonal OAM. While a large separation between the quantum 
numbers of OAM modes decreases their crosstalk, it also consti-
tutes a challenge that puts constraints on the type of media in which 
such modes can propagate. We demonstrated the coherence of the 
proposed QH ring lasers by measuring their second-order intensity 
correlation. These results demonstrate that topological nanostruc-
tures based on the quantum Hall effect can be used to uniquely gen-
erate topological light. The principle described here could be used 
to develop quantum light sources based on parametric processes 
to directly generate OAM states and increase the photon flux via 
multiplexing. Recent results have shown that the quantum number 
of certain OAM sources can be dynamically controlled28,29. Similar 
dynamic control could be implemented using our platform. Our 
work opens the way to novel classical and quantum sources with 
applications in communication, sensing and imaging.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
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Fig. 4 | Far-field interference pattern of beams emitted from photonic 
QH ring lasers. a,b, Interference pattern of the emission from QH ring 2 
of quantum number ℓ2 with the opposite quantum number –ℓ2 obtained 
theoretically (a) and experimentally (b). The interference patterns 
evidence fringes that are characteristic of beams carrying OAM. QH ring 2 
is designed for |ℓ2| = 156, and the total number of fringes is two times |ℓ2|, 
that is, 312. The interference patterns of QH rings 1 and 3, measured in a 
similar manner, exhibit the same characteristics.
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