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Can we go beyond Maxwell’s eqs? 

Some physics without an electronic equivalent?
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FIG. 1. (a) Schematic of the 2D array of ring resonators, with site-rings A and B (shown in blue and red, respectively) coupled using link-rings
(grey). The input and the output waveguides are shown in black. Top-left inset: microscope image of the device. Top-right inset: the ring
resonators support a pseudospin degree of freedom, up and down, which correspond to the clockwise and the counterclockwise circulation of
photons in the site rings, respectively. The choice of the input and the output ports allows us to selectively excite and measure the pseudospin
up/down and the corresponding topological edge states travel in opposite directions (pink and brown arrows, respectively). Bottom inset:
schematics for nearest-neighbor hopping (left) and next-nearest-neighbor hoppings (center and right) for the pseudospin-up. (b) Schematic
of the 2D lattice describing the resonator array. Red and blue circles indicate A and B lattice sites respectively. Solid lines denote nearest-
neighbor hoppings between A and B sites, with hopping phases indicated. Dashes indicate next-nearest neighbor hoppings. The gauge flux is
±⇡ in a single plaquette, and zero over a unit cell of 2 plaquettes (shaded yellow). (c)–(d) Band diagram of the semi-infinite lattice for M = 0
and M = 3J , respectively, where J is the coupling strength between the lattice sites and k⇤ is the phase between neighboring site rings. For
M < 2J , the lattice is topological and exhibits edge states. The lattice is topologically trivial when M > 2J .

that can be dynamically reconfigured via optical, electrical,
or thermal pumping [33, 34]. Reconfigurability of topologi-
cal systems has been demonstrated at microwave frequencies
[13], but is yet to be achieved in the optical regime.

Our system, shown in Fig. 1(a), consists of two interposed
square lattices of ring resonators, with respective sites labelled
A and B [33]. These site-ring resonators are coupled to their
neighbors and also next-nearest neighbors using another set
of rings, the link rings. The resonance frequencies of the
link rings are detuned from those of the site-rings by one half
free-spectral range by introducing an extra path-length such
that the round-trip phase at site-ring frequencies is ⇡ [5, 6].
Therefore, the link rings introduce a direction-dependent hop-
ping phase ±⇡/4 when the photons hop from one lattice site
to their nearest neighbors, while the hopping phase for next-
nearest neighbors is zero (Fig.1(a)). As a result, the local ef-
fective magnetic flux (gauge flux) threading a plaquette (of
two A and two B site rings) is ±⇡, whereas the net flux thread-
ing a unit cell (of two plaquettes) is zero (Fig.1(b)). This stag-
gered flux arrangement, originally conceived by Haldane, ef-
fectively breaks time-reversal symmetry and gives rise to an
anomalous quantum Hall phase without Landau levels [31].

The photonic lattice is time-reversal invariant, and supports
a pseudospin (up or down) degree of freedom associated with
the circulation direction (clockwise or counter-clockwise) of
photons in the site-ring resonators (Fig.1(a)). The two pseu-
dospins are time-reversed partners, and thus identical in terms
of their coupling constants and resonance frequencies. There-
fore, they realize two copies of the anomalous Hall phase [32].
However, they differ in the hopping phase between nearest-

neighbors, which indicates that time-reversal symmetry is ef-
fectively broken for each pseudospin. Specifically, if the hop-
ping phase for the pseudospin-up is +⇡/4, the corresponding
phase for the pseudospin-down is �⇡/4. The tight-binding
Hamiltonian describing the system is [33]

H =
X

i,j,�

(!0 �M) a†i,�ai,� + (!0 +M) b†i,�bi,� (1)

� J

⇣
a
†
j,�ai,� + b

†
j,�bi,� + a

†
j,�bi,�e

�i��i,j + h.c.
⌘
.

Here, ai,�, bi,� are the annihilation operators corresponding to
site rings A and B, respectively, at lattice site index i = (x, y).
� = ±1 is the pseudospin index for the up/down spins, re-
spectively. J is the coupling strength between nearest and the
next-nearest neighbor sites, and �i,j = ±⇡/4 is the direction-
dependent hopping phase between sites A and B, as shown
in Fig. 1(a). We include a frequency detuning M between
the A and B site rings. When M < 2J , the lattice band
structure hosts a topological band gap, occupied by unidirec-
tional, topologically-robust edge states (Fig. 1(c)). By con-
trast, when M > 2J , the lattice is topologically trivial and the
edge states are absent (Fig. 1(d)). Furthermore, because of the
spin-dependent hopping phase, the edge states corresponding
to the two spins propagate around the lattice in opposite di-
rections. With the two pseudospins decoupled, this is similar
to the Kane-Mele model of the quantum spin Hall effect [32].
We note that in our system the nearest and next-nearest neigh-
bor couplings have the same strength J . Because the width of
the topological band gap is dictated by the next-nearest neigh-
bor couplings, the topological band width in our system is of

trivial domain. As a further test of robustness, we delib-
erately removed one site-ring resonator from the edge of the
topologically nontrivial domain, as indicated in Figs. 4(a)
and 4(c). The edge state routes around the defect, without
scattering into the bulk. We emphasize that this topological
protection is superior to recently demonstrated crystalline
symmetry-protected and valley-Hall topological edge
states, which are sensitive to symmetry-breaking disorder
[17,18,20,42,43].
To summarize, we demonstrated topologically robust

edge states in a nanophotonic analogue of the anomalous
quantum Hall effect, using a periodic 2D lattice of ring
resonators with zero net gauge flux. We showed a topo-
logical-to-trivial phase transition, induced by relatively
small detunings of the ring resonance frequencies. In the
future, this phase transition can be utilized for robust
routing and switching of light in integrated photonic
devices [38]. Specifically, the silicon photonics platform
can easily include active components, such as metal heaters
[37] or electro-optic modulators [44] to dynamically
tune the ring resonances. Moreover, the large Kerr non-
linearity of silicon could be leveraged for robust, optically

reconfigurable light routing, and to explore the behavior of
topological states in a nonlinear regime. Our design can
also be implemented using other material platforms, such
as silicon nitride, aluminum nitride, etc., to work near the
visible wavelength region.
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Joint Quantum Institute, the Institute for Basic Science in
Korea (IBS-R024-Y1), the Singapore MOE Academic
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FIG. 4. (a) Schematic of device with an interface between
topological (M ¼ 0) and trivial (M > 2J) domains. The topo-
logical domain also hosts a defect in the form of a missing site-
ring resonator. (b) Measured transmission (T) spectrum from
input to the two output ports, for the pseudospin-down excitation.
The light follows the interface, leading to negligible output at the
trivial domain coupler. (c) Measured spatial intensity profile. The
inset shows a 2D plot of the intensity distribution along the left
edge with the defect.
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FIG. 1. (a) Schematic of the 2D array of ring resonators, with site-rings A and B (shown in blue and red, respectively) coupled using link-rings
(grey). The input and the output waveguides are shown in black. Top-left inset: microscope image of the device. Top-right inset: the ring
resonators support a pseudospin degree of freedom, up and down, which correspond to the clockwise and the counterclockwise circulation of
photons in the site rings, respectively. The choice of the input and the output ports allows us to selectively excite and measure the pseudospin
up/down and the corresponding topological edge states travel in opposite directions (pink and brown arrows, respectively). Bottom inset:
schematics for nearest-neighbor hopping (left) and next-nearest-neighbor hoppings (center and right) for the pseudospin-up. (b) Schematic
of the 2D lattice describing the resonator array. Red and blue circles indicate A and B lattice sites respectively. Solid lines denote nearest-
neighbor hoppings between A and B sites, with hopping phases indicated. Dashes indicate next-nearest neighbor hoppings. The gauge flux is
±⇡ in a single plaquette, and zero over a unit cell of 2 plaquettes (shaded yellow). (c)–(d) Band diagram of the semi-infinite lattice for M = 0
and M = 3J , respectively, where J is the coupling strength between the lattice sites and k⇤ is the phase between neighboring site rings. For
M < 2J , the lattice is topological and exhibits edge states. The lattice is topologically trivial when M > 2J .

that can be dynamically reconfigured via optical, electrical,
or thermal pumping [33, 34]. Reconfigurability of topologi-
cal systems has been demonstrated at microwave frequencies
[13], but is yet to be achieved in the optical regime.

Our system, shown in Fig. 1(a), consists of two interposed
square lattices of ring resonators, with respective sites labelled
A and B [33]. These site-ring resonators are coupled to their
neighbors and also next-nearest neighbors using another set
of rings, the link rings. The resonance frequencies of the
link rings are detuned from those of the site-rings by one half
free-spectral range by introducing an extra path-length such
that the round-trip phase at site-ring frequencies is ⇡ [5, 6].
Therefore, the link rings introduce a direction-dependent hop-
ping phase ±⇡/4 when the photons hop from one lattice site
to their nearest neighbors, while the hopping phase for next-
nearest neighbors is zero (Fig.1(a)). As a result, the local ef-
fective magnetic flux (gauge flux) threading a plaquette (of
two A and two B site rings) is ±⇡, whereas the net flux thread-
ing a unit cell (of two plaquettes) is zero (Fig.1(b)). This stag-
gered flux arrangement, originally conceived by Haldane, ef-
fectively breaks time-reversal symmetry and gives rise to an
anomalous quantum Hall phase without Landau levels [31].

The photonic lattice is time-reversal invariant, and supports
a pseudospin (up or down) degree of freedom associated with
the circulation direction (clockwise or counter-clockwise) of
photons in the site-ring resonators (Fig.1(a)). The two pseu-
dospins are time-reversed partners, and thus identical in terms
of their coupling constants and resonance frequencies. There-
fore, they realize two copies of the anomalous Hall phase [32].
However, they differ in the hopping phase between nearest-

neighbors, which indicates that time-reversal symmetry is ef-
fectively broken for each pseudospin. Specifically, if the hop-
ping phase for the pseudospin-up is +⇡/4, the corresponding
phase for the pseudospin-down is �⇡/4. The tight-binding
Hamiltonian describing the system is [33]

H =
X

i,j,�

(!0 �M) a†i,�ai,� + (!0 +M) b†i,�bi,� (1)

� J

⇣
a
†
j,�ai,� + b

†
j,�bi,� + a

†
j,�bi,�e

�i��i,j + h.c.
⌘
.

Here, ai,�, bi,� are the annihilation operators corresponding to
site rings A and B, respectively, at lattice site index i = (x, y).
� = ±1 is the pseudospin index for the up/down spins, re-
spectively. J is the coupling strength between nearest and the
next-nearest neighbor sites, and �i,j = ±⇡/4 is the direction-
dependent hopping phase between sites A and B, as shown
in Fig. 1(a). We include a frequency detuning M between
the A and B site rings. When M < 2J , the lattice band
structure hosts a topological band gap, occupied by unidirec-
tional, topologically-robust edge states (Fig. 1(c)). By con-
trast, when M > 2J , the lattice is topologically trivial and the
edge states are absent (Fig. 1(d)). Furthermore, because of the
spin-dependent hopping phase, the edge states corresponding
to the two spins propagate around the lattice in opposite di-
rections. With the two pseudospins decoupled, this is similar
to the Kane-Mele model of the quantum spin Hall effect [32].
We note that in our system the nearest and next-nearest neigh-
bor couplings have the same strength J . Because the width of
the topological band gap is dictated by the next-nearest neigh-
bor couplings, the topological band width in our system is of

trivial domain. As a further test of robustness, we delib-
erately removed one site-ring resonator from the edge of the
topologically nontrivial domain, as indicated in Figs. 4(a)
and 4(c). The edge state routes around the defect, without
scattering into the bulk. We emphasize that this topological
protection is superior to recently demonstrated crystalline
symmetry-protected and valley-Hall topological edge
states, which are sensitive to symmetry-breaking disorder
[17,18,20,42,43].
To summarize, we demonstrated topologically robust

edge states in a nanophotonic analogue of the anomalous
quantum Hall effect, using a periodic 2D lattice of ring
resonators with zero net gauge flux. We showed a topo-
logical-to-trivial phase transition, induced by relatively
small detunings of the ring resonance frequencies. In the
future, this phase transition can be utilized for robust
routing and switching of light in integrated photonic
devices [38]. Specifically, the silicon photonics platform
can easily include active components, such as metal heaters
[37] or electro-optic modulators [44] to dynamically
tune the ring resonances. Moreover, the large Kerr non-
linearity of silicon could be leveraged for robust, optically

reconfigurable light routing, and to explore the behavior of
topological states in a nonlinear regime. Our design can
also be implemented using other material platforms, such
as silicon nitride, aluminum nitride, etc., to work near the
visible wavelength region.
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FIG. 4. (a) Schematic of device with an interface between
topological (M ¼ 0) and trivial (M > 2J) domains. The topo-
logical domain also hosts a defect in the form of a missing site-
ring resonator. (b) Measured transmission (T) spectrum from
input to the two output ports, for the pseudospin-down excitation.
The light follows the interface, leading to negligible output at the
trivial domain coupler. (c) Measured spatial intensity profile. The
inset shows a 2D plot of the intensity distribution along the left
edge with the defect.
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FIG. 1. (a) Schematic of the 2D array of ring resonators, with site-rings A and B (shown in blue and red, respectively) coupled using link-rings
(grey). The input and the output waveguides are shown in black. Top-left inset: microscope image of the device. Top-right inset: the ring
resonators support a pseudospin degree of freedom, up and down, which correspond to the clockwise and the counterclockwise circulation of
photons in the site rings, respectively. The choice of the input and the output ports allows us to selectively excite and measure the pseudospin
up/down and the corresponding topological edge states travel in opposite directions (pink and brown arrows, respectively). Bottom inset:
schematics for nearest-neighbor hopping (left) and next-nearest-neighbor hoppings (center and right) for the pseudospin-up. (b) Schematic
of the 2D lattice describing the resonator array. Red and blue circles indicate A and B lattice sites respectively. Solid lines denote nearest-
neighbor hoppings between A and B sites, with hopping phases indicated. Dashes indicate next-nearest neighbor hoppings. The gauge flux is
±⇡ in a single plaquette, and zero over a unit cell of 2 plaquettes (shaded yellow). (c)–(d) Band diagram of the semi-infinite lattice for M = 0
and M = 3J , respectively, where J is the coupling strength between the lattice sites and k⇤ is the phase between neighboring site rings. For
M < 2J , the lattice is topological and exhibits edge states. The lattice is topologically trivial when M > 2J .

that can be dynamically reconfigured via optical, electrical,
or thermal pumping [33, 34]. Reconfigurability of topologi-
cal systems has been demonstrated at microwave frequencies
[13], but is yet to be achieved in the optical regime.

Our system, shown in Fig. 1(a), consists of two interposed
square lattices of ring resonators, with respective sites labelled
A and B [33]. These site-ring resonators are coupled to their
neighbors and also next-nearest neighbors using another set
of rings, the link rings. The resonance frequencies of the
link rings are detuned from those of the site-rings by one half
free-spectral range by introducing an extra path-length such
that the round-trip phase at site-ring frequencies is ⇡ [5, 6].
Therefore, the link rings introduce a direction-dependent hop-
ping phase ±⇡/4 when the photons hop from one lattice site
to their nearest neighbors, while the hopping phase for next-
nearest neighbors is zero (Fig.1(a)). As a result, the local ef-
fective magnetic flux (gauge flux) threading a plaquette (of
two A and two B site rings) is ±⇡, whereas the net flux thread-
ing a unit cell (of two plaquettes) is zero (Fig.1(b)). This stag-
gered flux arrangement, originally conceived by Haldane, ef-
fectively breaks time-reversal symmetry and gives rise to an
anomalous quantum Hall phase without Landau levels [31].

The photonic lattice is time-reversal invariant, and supports
a pseudospin (up or down) degree of freedom associated with
the circulation direction (clockwise or counter-clockwise) of
photons in the site-ring resonators (Fig.1(a)). The two pseu-
dospins are time-reversed partners, and thus identical in terms
of their coupling constants and resonance frequencies. There-
fore, they realize two copies of the anomalous Hall phase [32].
However, they differ in the hopping phase between nearest-

neighbors, which indicates that time-reversal symmetry is ef-
fectively broken for each pseudospin. Specifically, if the hop-
ping phase for the pseudospin-up is +⇡/4, the corresponding
phase for the pseudospin-down is �⇡/4. The tight-binding
Hamiltonian describing the system is [33]

H =
X

i,j,�

(!0 �M) a†i,�ai,� + (!0 +M) b†i,�bi,� (1)

� J

⇣
a
†
j,�ai,� + b

†
j,�bi,� + a

†
j,�bi,�e

�i��i,j + h.c.
⌘
.

Here, ai,�, bi,� are the annihilation operators corresponding to
site rings A and B, respectively, at lattice site index i = (x, y).
� = ±1 is the pseudospin index for the up/down spins, re-
spectively. J is the coupling strength between nearest and the
next-nearest neighbor sites, and �i,j = ±⇡/4 is the direction-
dependent hopping phase between sites A and B, as shown
in Fig. 1(a). We include a frequency detuning M between
the A and B site rings. When M < 2J , the lattice band
structure hosts a topological band gap, occupied by unidirec-
tional, topologically-robust edge states (Fig. 1(c)). By con-
trast, when M > 2J , the lattice is topologically trivial and the
edge states are absent (Fig. 1(d)). Furthermore, because of the
spin-dependent hopping phase, the edge states corresponding
to the two spins propagate around the lattice in opposite di-
rections. With the two pseudospins decoupled, this is similar
to the Kane-Mele model of the quantum spin Hall effect [32].
We note that in our system the nearest and next-nearest neigh-
bor couplings have the same strength J . Because the width of
the topological band gap is dictated by the next-nearest neigh-
bor couplings, the topological band width in our system is of

trivial domain. As a further test of robustness, we delib-
erately removed one site-ring resonator from the edge of the
topologically nontrivial domain, as indicated in Figs. 4(a)
and 4(c). The edge state routes around the defect, without
scattering into the bulk. We emphasize that this topological
protection is superior to recently demonstrated crystalline
symmetry-protected and valley-Hall topological edge
states, which are sensitive to symmetry-breaking disorder
[17,18,20,42,43].
To summarize, we demonstrated topologically robust

edge states in a nanophotonic analogue of the anomalous
quantum Hall effect, using a periodic 2D lattice of ring
resonators with zero net gauge flux. We showed a topo-
logical-to-trivial phase transition, induced by relatively
small detunings of the ring resonance frequencies. In the
future, this phase transition can be utilized for robust
routing and switching of light in integrated photonic
devices [38]. Specifically, the silicon photonics platform
can easily include active components, such as metal heaters
[37] or electro-optic modulators [44] to dynamically
tune the ring resonances. Moreover, the large Kerr non-
linearity of silicon could be leveraged for robust, optically

reconfigurable light routing, and to explore the behavior of
topological states in a nonlinear regime. Our design can
also be implemented using other material platforms, such
as silicon nitride, aluminum nitride, etc., to work near the
visible wavelength region.
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FIG. 4. (a) Schematic of device with an interface between
topological (M ¼ 0) and trivial (M > 2J) domains. The topo-
logical domain also hosts a defect in the form of a missing site-
ring resonator. (b) Measured transmission (T) spectrum from
input to the two output ports, for the pseudospin-down excitation.
The light follows the interface, leading to negligible output at the
trivial domain coupler. (c) Measured spatial intensity profile. The
inset shows a 2D plot of the intensity distribution along the left
edge with the defect.
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Physical systems exhibiting topological invariants are naturally endowed with robustness
against perturbations, as manifested in topological insulators—materials exhibiting robust
electron transport, immune from scattering by defects and disorder. Recent years have
witnessed intense efforts toward exploiting these phenomena in photonics. Here we
demonstrate a nonmagnetic topological insulator laser system exhibiting topologically
protected transport in the cavity. Its topological properties give rise to single-mode lasing,
robustness against defects, and considerably higher slope efficiencies compared to the
topologically trivial counterparts.We further exploit the properties of active topological
platforms by assembling the system from S-chiral microresonators, enforcing predetermined
unidirectional lasing without magnetic fields.This work paves the way toward active topological
devices with exciting properties and functionalities.

T
opological insulators are a phase of matter
that feature an insulating bulk while support-
ing conducting edge states (1–3). Notably,
the transport of edge states in topological
insulators is granted topological protec-

tion, a property stemming from the underlying
topological invariants (2). For example, in two-
dimensional (2D) systems, the ensued one-way
conduction along the edge of a topological in-
sulator is, by nature, scatter free—a direct out-
come of the nontrivial topology of the bulk
electronic wave functions (3). Although topo-
logical protection was initially encountered in
the integer quantum Hall effect (4), the field
of topological physics developed rapidly after
it was recognized that topologically protected
transport can also be observed even in the ab-
sence of a magnetic field (5, 6). This, in turn,
spurred a flurry of experimental activities in a
number of electronic material systems (7). The
promise of robust transport inspired studies
in many and diverse fields beyond solid-state
physics, such as optics, ultracold atomic gases,
mechanics, and acoustics (8–25). Along these
lines, unidirectional topological states were ob-
served in microwave settings (9) in the pres-
ence of a magnetic field (the electromagnetic
analog of the quantum Hall effect), and, more
recently, topologically protected transport phe-
nomena have been successfully demonstrated in
optical passive all-dielectric environments by
introducing artificial gauge fields (14, 15).

In photonics, topological concepts could lead
to new families of optical structures and devices
by exploiting robust, scatter-free light propaga-
tion. Lasers, in particular, could directly benefit
from such attributes [see the accompanying theo-
retical paper (26)]. In general, laser cavities are
prone to disorder, which inevitably arises from
fabrication imperfections, operational degrada-
tion, and malfunction. Specifically, the presence
of disorder in a laser gives rise to spatial light
localizationwithin the cavity, ultimately resulting
in a degraded overlap of the lasingmodewith the

gain profile. This implies lower output coupling,
multimode lasing, and reduced slope efficiency.
These issues become acute in arrays of coupled
laser resonators (used to yield higher power), in
which a large number of elements is involved.
Naturally, it would be of interest to exploit topo-
logical features in designing laser systems that
are immune to disorder. In this spirit, several
groups have recently studied edge-mode lasing
in topological 1D Su-Schrieffer-Heeger resonator
arrays (27–29). However, being one-dimensional,
they lase in a zero-dimensional defect state, which
inherently cannot provide protected transport.
Conversely, 2D laser systems can directly benefit
from topological protection. Indeed, it was shown
theoretically that it is possible to harness the
underlying features of topological insulators in
2D laser arrays, when lasing in an extended topo-
logical state (26, 30, 31). As indicated there, such
systems can operate in a single-mode fashion
with high slope efficiencies, in spite of appreciable
disorder. In a following development, unidirec-
tional edge-mode lasing was demonstrated in a
topological photonic crystal configuration involv-
ing a yttrium iron garnet (YIG) substrate under
the action of amagnetic field (32). In that system,
lasing occurred within a narrow spectral band
gap induced by magneto-optic effects. Clearly, it
would be of interest to pursue magnet-free ap-
proaches that are, by nature,more compatiblewith
fabrication procedures and photonic integration
involving low-loss components. In addition, such
all-dielectric systems can prove advantageous
in substantially expanding the topological band
gap and, in doing that, bring the topological
protection of photon transport to the level at
which lasing is immune to defects and disorder.
Here we report the first observation of topolog-

ically protected edge-mode lasing innonmagnetic,
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Fig. 1. Topological
insulator laser: Lattice
geometry. (A) Micro-
scope image of an active
InGaAsP topological
10 unit cell–by–10 unit
cell microresonator array.
(B) Scanning electron
microscopy (SEM) image
of the outcoupling
grating structures used
to probe the array at
the orange-outlined
locations indicated in (A).
(C) Magnification of
the blue-outlined area
indicated in (A), showing
a SEM micrograph
of a unit cell comprised
of a primary ring site
surrounded by four
identical intermediary
racetrack links. (D) A
schematic of the
topological array when
pumped along the perimeter to promote lasing of the topological edge mode.
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FIG. 1. (a) Schematic of the 2D array of ring resonators, with site-rings A and B (shown in blue and red, respectively) coupled using link-rings
(grey). The input and the output waveguides are shown in black. Top-left inset: microscope image of the device. Top-right inset: the ring
resonators support a pseudospin degree of freedom, up and down, which correspond to the clockwise and the counterclockwise circulation of
photons in the site rings, respectively. The choice of the input and the output ports allows us to selectively excite and measure the pseudospin
up/down and the corresponding topological edge states travel in opposite directions (pink and brown arrows, respectively). Bottom inset:
schematics for nearest-neighbor hopping (left) and next-nearest-neighbor hoppings (center and right) for the pseudospin-up. (b) Schematic
of the 2D lattice describing the resonator array. Red and blue circles indicate A and B lattice sites respectively. Solid lines denote nearest-
neighbor hoppings between A and B sites, with hopping phases indicated. Dashes indicate next-nearest neighbor hoppings. The gauge flux is
±⇡ in a single plaquette, and zero over a unit cell of 2 plaquettes (shaded yellow). (c)–(d) Band diagram of the semi-infinite lattice for M = 0
and M = 3J , respectively, where J is the coupling strength between the lattice sites and k⇤ is the phase between neighboring site rings. For
M < 2J , the lattice is topological and exhibits edge states. The lattice is topologically trivial when M > 2J .

that can be dynamically reconfigured via optical, electrical,
or thermal pumping [33, 34]. Reconfigurability of topologi-
cal systems has been demonstrated at microwave frequencies
[13], but is yet to be achieved in the optical regime.

Our system, shown in Fig. 1(a), consists of two interposed
square lattices of ring resonators, with respective sites labelled
A and B [33]. These site-ring resonators are coupled to their
neighbors and also next-nearest neighbors using another set
of rings, the link rings. The resonance frequencies of the
link rings are detuned from those of the site-rings by one half
free-spectral range by introducing an extra path-length such
that the round-trip phase at site-ring frequencies is ⇡ [5, 6].
Therefore, the link rings introduce a direction-dependent hop-
ping phase ±⇡/4 when the photons hop from one lattice site
to their nearest neighbors, while the hopping phase for next-
nearest neighbors is zero (Fig.1(a)). As a result, the local ef-
fective magnetic flux (gauge flux) threading a plaquette (of
two A and two B site rings) is ±⇡, whereas the net flux thread-
ing a unit cell (of two plaquettes) is zero (Fig.1(b)). This stag-
gered flux arrangement, originally conceived by Haldane, ef-
fectively breaks time-reversal symmetry and gives rise to an
anomalous quantum Hall phase without Landau levels [31].

The photonic lattice is time-reversal invariant, and supports
a pseudospin (up or down) degree of freedom associated with
the circulation direction (clockwise or counter-clockwise) of
photons in the site-ring resonators (Fig.1(a)). The two pseu-
dospins are time-reversed partners, and thus identical in terms
of their coupling constants and resonance frequencies. There-
fore, they realize two copies of the anomalous Hall phase [32].
However, they differ in the hopping phase between nearest-

neighbors, which indicates that time-reversal symmetry is ef-
fectively broken for each pseudospin. Specifically, if the hop-
ping phase for the pseudospin-up is +⇡/4, the corresponding
phase for the pseudospin-down is �⇡/4. The tight-binding
Hamiltonian describing the system is [33]

H =
X

i,j,�

(!0 �M) a†i,�ai,� + (!0 +M) b†i,�bi,� (1)

� J

⇣
a
†
j,�ai,� + b

†
j,�bi,� + a

†
j,�bi,�e

�i��i,j + h.c.
⌘
.

Here, ai,�, bi,� are the annihilation operators corresponding to
site rings A and B, respectively, at lattice site index i = (x, y).
� = ±1 is the pseudospin index for the up/down spins, re-
spectively. J is the coupling strength between nearest and the
next-nearest neighbor sites, and �i,j = ±⇡/4 is the direction-
dependent hopping phase between sites A and B, as shown
in Fig. 1(a). We include a frequency detuning M between
the A and B site rings. When M < 2J , the lattice band
structure hosts a topological band gap, occupied by unidirec-
tional, topologically-robust edge states (Fig. 1(c)). By con-
trast, when M > 2J , the lattice is topologically trivial and the
edge states are absent (Fig. 1(d)). Furthermore, because of the
spin-dependent hopping phase, the edge states corresponding
to the two spins propagate around the lattice in opposite di-
rections. With the two pseudospins decoupled, this is similar
to the Kane-Mele model of the quantum spin Hall effect [32].
We note that in our system the nearest and next-nearest neigh-
bor couplings have the same strength J . Because the width of
the topological band gap is dictated by the next-nearest neigh-
bor couplings, the topological band width in our system is of

trivial domain. As a further test of robustness, we delib-
erately removed one site-ring resonator from the edge of the
topologically nontrivial domain, as indicated in Figs. 4(a)
and 4(c). The edge state routes around the defect, without
scattering into the bulk. We emphasize that this topological
protection is superior to recently demonstrated crystalline
symmetry-protected and valley-Hall topological edge
states, which are sensitive to symmetry-breaking disorder
[17,18,20,42,43].
To summarize, we demonstrated topologically robust

edge states in a nanophotonic analogue of the anomalous
quantum Hall effect, using a periodic 2D lattice of ring
resonators with zero net gauge flux. We showed a topo-
logical-to-trivial phase transition, induced by relatively
small detunings of the ring resonance frequencies. In the
future, this phase transition can be utilized for robust
routing and switching of light in integrated photonic
devices [38]. Specifically, the silicon photonics platform
can easily include active components, such as metal heaters
[37] or electro-optic modulators [44] to dynamically
tune the ring resonances. Moreover, the large Kerr non-
linearity of silicon could be leveraged for robust, optically

reconfigurable light routing, and to explore the behavior of
topological states in a nonlinear regime. Our design can
also be implemented using other material platforms, such
as silicon nitride, aluminum nitride, etc., to work near the
visible wavelength region.
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FIG. 4. (a) Schematic of device with an interface between
topological (M ¼ 0) and trivial (M > 2J) domains. The topo-
logical domain also hosts a defect in the form of a missing site-
ring resonator. (b) Measured transmission (T) spectrum from
input to the two output ports, for the pseudospin-down excitation.
The light follows the interface, leading to negligible output at the
trivial domain coupler. (c) Measured spatial intensity profile. The
inset shows a 2D plot of the intensity distribution along the left
edge with the defect.
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Physical systems exhibiting topological invariants are naturally endowed with robustness
against perturbations, as manifested in topological insulators—materials exhibiting robust
electron transport, immune from scattering by defects and disorder. Recent years have
witnessed intense efforts toward exploiting these phenomena in photonics. Here we
demonstrate a nonmagnetic topological insulator laser system exhibiting topologically
protected transport in the cavity. Its topological properties give rise to single-mode lasing,
robustness against defects, and considerably higher slope efficiencies compared to the
topologically trivial counterparts.We further exploit the properties of active topological
platforms by assembling the system from S-chiral microresonators, enforcing predetermined
unidirectional lasing without magnetic fields.This work paves the way toward active topological
devices with exciting properties and functionalities.

T
opological insulators are a phase of matter
that feature an insulating bulk while support-
ing conducting edge states (1–3). Notably,
the transport of edge states in topological
insulators is granted topological protec-

tion, a property stemming from the underlying
topological invariants (2). For example, in two-
dimensional (2D) systems, the ensued one-way
conduction along the edge of a topological in-
sulator is, by nature, scatter free—a direct out-
come of the nontrivial topology of the bulk
electronic wave functions (3). Although topo-
logical protection was initially encountered in
the integer quantum Hall effect (4), the field
of topological physics developed rapidly after
it was recognized that topologically protected
transport can also be observed even in the ab-
sence of a magnetic field (5, 6). This, in turn,
spurred a flurry of experimental activities in a
number of electronic material systems (7). The
promise of robust transport inspired studies
in many and diverse fields beyond solid-state
physics, such as optics, ultracold atomic gases,
mechanics, and acoustics (8–25). Along these
lines, unidirectional topological states were ob-
served in microwave settings (9) in the pres-
ence of a magnetic field (the electromagnetic
analog of the quantum Hall effect), and, more
recently, topologically protected transport phe-
nomena have been successfully demonstrated in
optical passive all-dielectric environments by
introducing artificial gauge fields (14, 15).

In photonics, topological concepts could lead
to new families of optical structures and devices
by exploiting robust, scatter-free light propaga-
tion. Lasers, in particular, could directly benefit
from such attributes [see the accompanying theo-
retical paper (26)]. In general, laser cavities are
prone to disorder, which inevitably arises from
fabrication imperfections, operational degrada-
tion, and malfunction. Specifically, the presence
of disorder in a laser gives rise to spatial light
localizationwithin the cavity, ultimately resulting
in a degraded overlap of the lasingmodewith the

gain profile. This implies lower output coupling,
multimode lasing, and reduced slope efficiency.
These issues become acute in arrays of coupled
laser resonators (used to yield higher power), in
which a large number of elements is involved.
Naturally, it would be of interest to exploit topo-
logical features in designing laser systems that
are immune to disorder. In this spirit, several
groups have recently studied edge-mode lasing
in topological 1D Su-Schrieffer-Heeger resonator
arrays (27–29). However, being one-dimensional,
they lase in a zero-dimensional defect state, which
inherently cannot provide protected transport.
Conversely, 2D laser systems can directly benefit
from topological protection. Indeed, it was shown
theoretically that it is possible to harness the
underlying features of topological insulators in
2D laser arrays, when lasing in an extended topo-
logical state (26, 30, 31). As indicated there, such
systems can operate in a single-mode fashion
with high slope efficiencies, in spite of appreciable
disorder. In a following development, unidirec-
tional edge-mode lasing was demonstrated in a
topological photonic crystal configuration involv-
ing a yttrium iron garnet (YIG) substrate under
the action of amagnetic field (32). In that system,
lasing occurred within a narrow spectral band
gap induced by magneto-optic effects. Clearly, it
would be of interest to pursue magnet-free ap-
proaches that are, by nature,more compatiblewith
fabrication procedures and photonic integration
involving low-loss components. In addition, such
all-dielectric systems can prove advantageous
in substantially expanding the topological band
gap and, in doing that, bring the topological
protection of photon transport to the level at
which lasing is immune to defects and disorder.
Here we report the first observation of topolog-

ically protected edge-mode lasing innonmagnetic,
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Fig. 1. Topological
insulator laser: Lattice
geometry. (A) Micro-
scope image of an active
InGaAsP topological
10 unit cell–by–10 unit
cell microresonator array.
(B) Scanning electron
microscopy (SEM) image
of the outcoupling
grating structures used
to probe the array at
the orange-outlined
locations indicated in (A).
(C) Magnification of
the blue-outlined area
indicated in (A), showing
a SEM micrograph
of a unit cell comprised
of a primary ring site
surrounded by four
identical intermediary
racetrack links. (D) A
schematic of the
topological array when
pumped along the perimeter to promote lasing of the topological edge mode.
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each other, becoming topologically chiral and
carrying two different pseudospins (Fig. 2C). The
new topological interface state emerges via non-
Hermitian control, which is biased to the gain
domain and dominant over that on the loss side.
With a large value of Dg/t (such as >5 in our study,
sufficiently above the EP), the non-Hermitian
chiral state possesses nearly the same modal
characteristics as the original topological edge
state, leading to efficient coupling between them
when the pathway turns from the edge into the
bulk of the lattice (30).
The photonic topological lattice (Fig. 3A) was

fabricated on the InGaAsP multiple–quantum
well platform by using electron beam lithogra-
phy (30). We intentionally implemented shal-
low nanoholes on top of site rings (Fig. 3B) to
sample the in-plane circulation of guided light
in the far field. A uniform 200-nm edge-to-edge
separation between the site rings and their ad-
jacent link rings (Fig. 3C) opens two 70-GHz-wide
bandgaps (Fig. 2, A and C). Part of the photonic
topological lattice was optically pumped and
can be flexibly patterned to form any arbitrary
topological pathway inside the bulk of the lat-
tice via a spatial light modulator (SLM) (30).
The intensity of the pumping beam was pre-
cisely tuned just below the lasing threshold,
offering a sufficient gain–loss contrast at the
boundary of the pumping area to form the chi-
ral non-Hermitian topological interface state
while avoiding nonlinear gain saturation in
each ring. To validate the new topological route
along the non-Hermitian heterojunction, a uni-
form square pattern was created that margin-
ally covers a 5-by-5 subarea of site rings (Fig.
3D). Owing to the intrinsic amplification nature,
another advantage of our InGaAsP platform is
that each site ring can also act as an on-chip
light source, feeding light into the topological
lattice. To make full use of this advantage, the
lightwave to probe thenon-Hermitian–controlled
topological edge states was launched from the
periphery site ring next to the square pumping
area, with a separate synchronized pumping
beam above lasing threshold (30). Owing to
the time-reversal symmetry of a single ring, both
clockwise and counterclockwise modes lase in
the site ring. Because the twomodes correspond
to two pseudospins of the topological lattice,
they couple along the two edges of the pump-
ing region according to their synthetic mag-
netic fields, respectively, topologically turning
around the pump-defined (instead of structural)
corners without any scattering loss (Fig. 3, E and
F). The existence of the edge states is guaranteed
by the topological protection, despite imperfect
fabrication leading to slight discrepancy between
simulations and experiments.
The virtue of the non-Hermitian–controlled

topological light path is the convenient re-
configuration along any arbitrary shape to steer
topological light within the entire footprint of
the lattice. To demonstrate such versatile topo-
logical light steering, the pumping pattern was
switched from a square shape to an L shape
(Fig. 4, A to C), enabling the input beam prop-

agation along the newly formed topological
domain boundaries despite the increase of
turning corners in the reconfigured pumping
area. Our non-Hermitian–controlled reconfig-
urable light-transport scheme is inherently of
topological robustness against defects. Even
though a defect is intentionally created along
the structural edge by a notched square pump-
ing pattern (Fig. 4, D to F), the incident light
detours around the defect ring without notice-
able intensity drop and back reflection. Fur-
thermore, because the pumping can locate the
transport channel anywhere in the bulk, the
light signal is allowed to take place at any site
ring and be topologically guided. Such a fea-
ture was demonstrated by moving the excita-
tion to an interior site ring (Fig. 4, G and H),
where the generated lasing beam was coupled

with the topological states and guided along
the pumping-defined perimeters. This is in stark
contrast to the prior passive photonic topological
insulators, in which the topological edge states
can only be accessedwhen probed from the edge,
owing to the insulating bulk.
We have demonstrated active topological

light steering along any arbitrary route in a
photonic integrated circuit via non-Hermitian
control of patterned gain–loss distribution.
The non-Hermitian manipulation redefines
the topological domain wall without alter-
ing the topological order of the structure,
which would be otherwise static. The ultra-
flexible nature of non-Hermitian topological
light control is general and applies to other
photonic topological insulators with the size of
the unit cell at the wavelength scale (9, 13, 16).

Zhao et al., Science 365, 1163–1166 (2019) 13 September 2019 2 of 4

Fig. 1. Non-Hermitian control of light propagation in a topological microring lattice.
(A) Scheme of the pump-induced local non-Hermitian symmetry breaking, which creates new
topological edge channels along the gain–loss interface in the bulk of the photonic lattice with
uniform global topology defined by the same geometric phase ϕ in the gain (red) and loss (black)
plaquettes. (B) Topological edge states can be dynamically reconfigured to steer light along any
boundaries defined by the arbitrarily patterned pump beam.
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FIG. 5. Simulated similarity, for moderately disordered (V = 0.5J)
2D and 1D systems, as a function of the number of resonators trav-
elled from input to the output port. Because of topological protec-
tion, the 2D system achieves much higher similarity than the trivial
1D system. The results are averaged over 50 realization of disorder.
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We show how to realize two-component fractional quantum Hall phases in monolayer graphene by
optically driving the system. A laser is tuned into resonance between two Landau levels of graphene
and acts as a e↵ective tunneling term between these states. We study systems with small number
of electrons for filling factor 2/3 using exact-diagonalization. When the lower state is the first
Landau level, we find that tuning the e↵ective tunneling amplitude causes the system to undergo
a phase transition from a spin-singlet phase to a particle-hole conjugate 1/3 Laughlin phase of
the antisymmetric optical dressed states. This phase transition can be traced to the presence of
additional cross interaction terms that arise in the rotating wave approximation. These results pave
the way towards the realization of new phases, as well as the control of phase transitions, in graphene
quantum Hall systems using optical fields and integrated photonic structures.

The fractional quantum Hall (FQH) e↵ect is a fasci-
nating phenomena in condensed matter physics, whereby
electron-electron interaction fully determine the behav-
ior of the system [1–3]. While initial considerations fo-
cused on systems with no internal degrees of freedom,
later it was realized that the electron spin plays an im-
portant role for several filling factors [4–7], which was
confirmed experimentally [8, 9]. More generally, mul-
ticomponent FQH phases [10] occur in numerous sys-
tems, where the role of the internal degree of freedom
is ascribed to subbands, such as in wide quantum wells
[11–14], layers, such as in double quantum wells [15, 16],
or the valley quantum number, such as in AlAs quan-
tum well [17] and graphene [18–20]. In particular, there
has been much e↵ort towards engineering various system
parameters, such as tunneling, to realize di↵erent FQH
states. However, these approaches can add unwanted side
e↵ects, and therefore, it is desirable to investigate other
control methods.

At the same time, there has been many theoretical [21–
24] and experimental [25–28] studies of the interaction of
light with quantum Hall states of graphene. In particu-
lar, due the linear dispersion in graphene, the Landau
levels (LL) are not equidistant, unlike semiconductors
with a parabolic dispersion [29]. This makes it possi-
ble to selectively couple LLs with resonant light. More
recently, FQH phases in integrated GaAs quantum well-
cavity structures have also been explored experimentally
[30].

In this Letter, we explore the possibility of using light
to control multicomponent FQH phases of graphene.
Resonant excitation by light results in an e↵ective tun-
neling between two LL, with a rate proportional to the
amplitude of the electric field. The optical driving results
in the formation of dressed states of LL orbits. Conse-

FIG. 1: (a) A single layer of of graphene driven by a light
with Rabi frequency coupling ⌦. (b) LL structure with partial
filling and optical transitions between 0� 1 and 1� 2 states.
(c) Formation of the dressed states due to the light coupling
between two LLs.

quently, the Coulomb interaction terms between di↵er-
ent LLs, which are usually ignored due to the negligible
population of the higher LLs, become important. These
terms come in two categories: (1) direct terms, which
are the counterpart of inter-layer interaction in bilayer
systems [31–33], and (2) cross terms, which are absent
in conventional bilayer systems. The latter terms further
turn out to be crucial in understanding how our system
deviates from the usual bilayer systems. We numerically
study the case of ⌫ = 2/3 filling on a torus and find
that, when the e↵ective tunneling rate is large, the sys-
tem forms a Laughlin state out of the dressed LL orbitals.
This is the case for all values of tunneling we considered
for LL0�LL1 transitions. In contrast, for the LL1�LL2

transition with a small e↵ective tunneling rate, the cross
terms in the Coulomb interaction compete with the en-
ergy separation of the dressed states and force the system
into a many-body singlet state. This state is the result
of the cross Coulomb interaction terms, and therefore,
has infinitesimal overlap with the usual bilayer singlet
[31, 34, 35].
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We show how to realize two-component fractional quantum Hall phases in monolayer graphene by
optically driving the system. A laser is tuned into resonance between two Landau levels of graphene
and acts as a e↵ective tunneling term between these states. We study systems with small number
of electrons for filling factor 2/3 using exact-diagonalization. When the lower state is the first
Landau level, we find that tuning the e↵ective tunneling amplitude causes the system to undergo
a phase transition from a spin-singlet phase to a particle-hole conjugate 1/3 Laughlin phase of
the antisymmetric optical dressed states. This phase transition can be traced to the presence of
additional cross interaction terms that arise in the rotating wave approximation. These results pave
the way towards the realization of new phases, as well as the control of phase transitions, in graphene
quantum Hall systems using optical fields and integrated photonic structures.

The fractional quantum Hall (FQH) e↵ect is a fasci-
nating phenomena in condensed matter physics, whereby
electron-electron interaction fully determine the behav-
ior of the system [1–3]. While initial considerations fo-
cused on systems with no internal degrees of freedom,
later it was realized that the electron spin plays an im-
portant role for several filling factors [4–7], which was
confirmed experimentally [8, 9]. More generally, mul-
ticomponent FQH phases [10] occur in numerous sys-
tems, where the role of the internal degree of freedom
is ascribed to subbands, such as in wide quantum wells
[11–14], layers, such as in double quantum wells [15, 16],
or the valley quantum number, such as in AlAs quan-
tum well [17] and graphene [18–20]. In particular, there
has been much e↵ort towards engineering various system
parameters, such as tunneling, to realize di↵erent FQH
states. However, these approaches can add unwanted side
e↵ects, and therefore, it is desirable to investigate other
control methods.

At the same time, there has been many theoretical [21–
24] and experimental [25–28] studies of the interaction of
light with quantum Hall states of graphene. In particu-
lar, due the linear dispersion in graphene, the Landau
levels (LL) are not equidistant, unlike semiconductors
with a parabolic dispersion [29]. This makes it possi-
ble to selectively couple LLs with resonant light. More
recently, FQH phases in integrated GaAs quantum well-
cavity structures have also been explored experimentally
[30].

In this Letter, we explore the possibility of using light
to control multicomponent FQH phases of graphene.
Resonant excitation by light results in an e↵ective tun-
neling between two LL, with a rate proportional to the
amplitude of the electric field. The optical driving results
in the formation of dressed states of LL orbits. Conse-

FIG. 1: (a) A single layer of of graphene driven by a light
with Rabi frequency coupling ⌦. (b) LL structure with partial
filling and optical transitions between 0� 1 and 1� 2 states.
(c) Formation of the dressed states due to the light coupling
between two LLs.

quently, the Coulomb interaction terms between di↵er-
ent LLs, which are usually ignored due to the negligible
population of the higher LLs, become important. These
terms come in two categories: (1) direct terms, which
are the counterpart of inter-layer interaction in bilayer
systems [31–33], and (2) cross terms, which are absent
in conventional bilayer systems. The latter terms further
turn out to be crucial in understanding how our system
deviates from the usual bilayer systems. We numerically
study the case of ⌫ = 2/3 filling on a torus and find
that, when the e↵ective tunneling rate is large, the sys-
tem forms a Laughlin state out of the dressed LL orbitals.
This is the case for all values of tunneling we considered
for LL0�LL1 transitions. In contrast, for the LL1�LL2

transition with a small e↵ective tunneling rate, the cross
terms in the Coulomb interaction compete with the en-
ergy separation of the dressed states and force the system
into a many-body singlet state. This state is the result
of the cross Coulomb interaction terms, and therefore,
has infinitesimal overlap with the usual bilayer singlet
[31, 34, 35].
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We show how to realize two-component fractional quantum Hall phases in monolayer graphene by
optically driving the system. A laser is tuned into resonance between two Landau levels of graphene
and acts as a e↵ective tunneling term between these states. We study systems with small number
of electrons for filling factor 2/3 using exact-diagonalization. When the lower state is the first
Landau level, we find that tuning the e↵ective tunneling amplitude causes the system to undergo
a phase transition from a spin-singlet phase to a particle-hole conjugate 1/3 Laughlin phase of
the antisymmetric optical dressed states. This phase transition can be traced to the presence of
additional cross interaction terms that arise in the rotating wave approximation. These results pave
the way towards the realization of new phases, as well as the control of phase transitions, in graphene
quantum Hall systems using optical fields and integrated photonic structures.

The fractional quantum Hall (FQH) e↵ect is a fasci-
nating phenomena in condensed matter physics, whereby
electron-electron interaction fully determine the behav-
ior of the system [1–3]. While initial considerations fo-
cused on systems with no internal degrees of freedom,
later it was realized that the electron spin plays an im-
portant role for several filling factors [4–7], which was
confirmed experimentally [8, 9]. More generally, mul-
ticomponent FQH phases [10] occur in numerous sys-
tems, where the role of the internal degree of freedom
is ascribed to subbands, such as in wide quantum wells
[11–14], layers, such as in double quantum wells [15, 16],
or the valley quantum number, such as in AlAs quan-
tum well [17] and graphene [18–20]. In particular, there
has been much e↵ort towards engineering various system
parameters, such as tunneling, to realize di↵erent FQH
states. However, these approaches can add unwanted side
e↵ects, and therefore, it is desirable to investigate other
control methods.

At the same time, there has been many theoretical [21–
24] and experimental [25–28] studies of the interaction of
light with quantum Hall states of graphene. In particu-
lar, due the linear dispersion in graphene, the Landau
levels (LL) are not equidistant, unlike semiconductors
with a parabolic dispersion [29]. This makes it possi-
ble to selectively couple LLs with resonant light. More
recently, FQH phases in integrated GaAs quantum well-
cavity structures have also been explored experimentally
[30].

In this Letter, we explore the possibility of using light
to control multicomponent FQH phases of graphene.
Resonant excitation by light results in an e↵ective tun-
neling between two LL, with a rate proportional to the
amplitude of the electric field. The optical driving results
in the formation of dressed states of LL orbits. Conse-

FIG. 1: (a) A single layer of of graphene driven by a light
with Rabi frequency coupling ⌦. (b) LL structure with partial
filling and optical transitions between 0� 1 and 1� 2 states.
(c) Formation of the dressed states due to the light coupling
between two LLs.

quently, the Coulomb interaction terms between di↵er-
ent LLs, which are usually ignored due to the negligible
population of the higher LLs, become important. These
terms come in two categories: (1) direct terms, which
are the counterpart of inter-layer interaction in bilayer
systems [31–33], and (2) cross terms, which are absent
in conventional bilayer systems. The latter terms further
turn out to be crucial in understanding how our system
deviates from the usual bilayer systems. We numerically
study the case of ⌫ = 2/3 filling on a torus and find
that, when the e↵ective tunneling rate is large, the sys-
tem forms a Laughlin state out of the dressed LL orbitals.
This is the case for all values of tunneling we considered
for LL0�LL1 transitions. In contrast, for the LL1�LL2

transition with a small e↵ective tunneling rate, the cross
terms in the Coulomb interaction compete with the en-
ergy separation of the dressed states and force the system
into a many-body singlet state. This state is the result
of the cross Coulomb interaction terms, and therefore,
has infinitesimal overlap with the usual bilayer singlet
[31, 34, 35].
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We show how to realize two-component fractional quantum Hall phases in monolayer graphene by
optically driving the system. A laser is tuned into resonance between two Landau levels of graphene
and acts as a e↵ective tunneling term between these states. We study systems with small number
of electrons for filling factor 2/3 using exact-diagonalization. When the lower state is the first
Landau level, we find that tuning the e↵ective tunneling amplitude causes the system to undergo
a phase transition from a spin-singlet phase to a particle-hole conjugate 1/3 Laughlin phase of
the antisymmetric optical dressed states. This phase transition can be traced to the presence of
additional cross interaction terms that arise in the rotating wave approximation. These results pave
the way towards the realization of new phases, as well as the control of phase transitions, in graphene
quantum Hall systems using optical fields and integrated photonic structures.

The fractional quantum Hall (FQH) e↵ect is a fasci-
nating phenomena in condensed matter physics, whereby
electron-electron interaction fully determine the behav-
ior of the system [1–3]. While initial considerations fo-
cused on systems with no internal degrees of freedom,
later it was realized that the electron spin plays an im-
portant role for several filling factors [4–7], which was
confirmed experimentally [8, 9]. More generally, mul-
ticomponent FQH phases [10] occur in numerous sys-
tems, where the role of the internal degree of freedom
is ascribed to subbands, such as in wide quantum wells
[11–14], layers, such as in double quantum wells [15, 16],
or the valley quantum number, such as in AlAs quan-
tum well [17] and graphene [18–20]. In particular, there
has been much e↵ort towards engineering various system
parameters, such as tunneling, to realize di↵erent FQH
states. However, these approaches can add unwanted side
e↵ects, and therefore, it is desirable to investigate other
control methods.

At the same time, there has been many theoretical [21–
24] and experimental [25–28] studies of the interaction of
light with quantum Hall states of graphene. In particu-
lar, due the linear dispersion in graphene, the Landau
levels (LL) are not equidistant, unlike semiconductors
with a parabolic dispersion [29]. This makes it possi-
ble to selectively couple LLs with resonant light. More
recently, FQH phases in integrated GaAs quantum well-
cavity structures have also been explored experimentally
[30].

In this Letter, we explore the possibility of using light
to control multicomponent FQH phases of graphene.
Resonant excitation by light results in an e↵ective tun-
neling between two LL, with a rate proportional to the
amplitude of the electric field. The optical driving results
in the formation of dressed states of LL orbits. Conse-

FIG. 1: (a) A single layer of of graphene driven by a light
with Rabi frequency coupling ⌦. (b) LL structure with partial
filling and optical transitions between 0� 1 and 1� 2 states.
(c) Formation of the dressed states due to the light coupling
between two LLs.

quently, the Coulomb interaction terms between di↵er-
ent LLs, which are usually ignored due to the negligible
population of the higher LLs, become important. These
terms come in two categories: (1) direct terms, which
are the counterpart of inter-layer interaction in bilayer
systems [31–33], and (2) cross terms, which are absent
in conventional bilayer systems. The latter terms further
turn out to be crucial in understanding how our system
deviates from the usual bilayer systems. We numerically
study the case of ⌫ = 2/3 filling on a torus and find
that, when the e↵ective tunneling rate is large, the sys-
tem forms a Laughlin state out of the dressed LL orbitals.
This is the case for all values of tunneling we considered
for LL0�LL1 transitions. In contrast, for the LL1�LL2

transition with a small e↵ective tunneling rate, the cross
terms in the Coulomb interaction compete with the en-
ergy separation of the dressed states and force the system
into a many-body singlet state. This state is the result
of the cross Coulomb interaction terms, and therefore,
has infinitesimal overlap with the usual bilayer singlet
[31, 34, 35].
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We show how to realize two-component fractional quantum Hall phases in monolayer graphene by
optically driving the system. A laser is tuned into resonance between two Landau levels of graphene
and acts as a e↵ective tunneling term between these states. We study systems with small number
of electrons for filling factor 2/3 using exact-diagonalization. When the lower state is the first
Landau level, we find that tuning the e↵ective tunneling amplitude causes the system to undergo
a phase transition from a spin-singlet phase to a particle-hole conjugate 1/3 Laughlin phase of
the antisymmetric optical dressed states. This phase transition can be traced to the presence of
additional cross interaction terms that arise in the rotating wave approximation. These results pave
the way towards the realization of new phases, as well as the control of phase transitions, in graphene
quantum Hall systems using optical fields and integrated photonic structures.

The fractional quantum Hall (FQH) e↵ect is a fasci-
nating phenomena in condensed matter physics, whereby
electron-electron interaction fully determine the behav-
ior of the system [1–3]. While initial considerations fo-
cused on systems with no internal degrees of freedom,
later it was realized that the electron spin plays an im-
portant role for several filling factors [4–7], which was
confirmed experimentally [8, 9]. More generally, mul-
ticomponent FQH phases [10] occur in numerous sys-
tems, where the role of the internal degree of freedom
is ascribed to subbands, such as in wide quantum wells
[11–14], layers, such as in double quantum wells [15, 16],
or the valley quantum number, such as in AlAs quan-
tum well [17] and graphene [18–20]. In particular, there
has been much e↵ort towards engineering various system
parameters, such as tunneling, to realize di↵erent FQH
states. However, these approaches can add unwanted side
e↵ects, and therefore, it is desirable to investigate other
control methods.

At the same time, there has been many theoretical [21–
24] and experimental [25–28] studies of the interaction of
light with quantum Hall states of graphene. In particu-
lar, due the linear dispersion in graphene, the Landau
levels (LL) are not equidistant, unlike semiconductors
with a parabolic dispersion [29]. This makes it possi-
ble to selectively couple LLs with resonant light. More
recently, FQH phases in integrated GaAs quantum well-
cavity structures have also been explored experimentally
[30].

In this Letter, we explore the possibility of using light
to control multicomponent FQH phases of graphene.
Resonant excitation by light results in an e↵ective tun-
neling between two LL, with a rate proportional to the
amplitude of the electric field. The optical driving results
in the formation of dressed states of LL orbits. Conse-

FIG. 1: (a) A single layer of of graphene driven by a light
with Rabi frequency coupling ⌦. (b) LL structure with partial
filling and optical transitions between 0� 1 and 1� 2 states.
(c) Formation of the dressed states due to the light coupling
between two LLs.

quently, the Coulomb interaction terms between di↵er-
ent LLs, which are usually ignored due to the negligible
population of the higher LLs, become important. These
terms come in two categories: (1) direct terms, which
are the counterpart of inter-layer interaction in bilayer
systems [31–33], and (2) cross terms, which are absent
in conventional bilayer systems. The latter terms further
turn out to be crucial in understanding how our system
deviates from the usual bilayer systems. We numerically
study the case of ⌫ = 2/3 filling on a torus and find
that, when the e↵ective tunneling rate is large, the sys-
tem forms a Laughlin state out of the dressed LL orbitals.
This is the case for all values of tunneling we considered
for LL0�LL1 transitions. In contrast, for the LL1�LL2

transition with a small e↵ective tunneling rate, the cross
terms in the Coulomb interaction compete with the en-
ergy separation of the dressed states and force the system
into a many-body singlet state. This state is the result
of the cross Coulomb interaction terms, and therefore,
has infinitesimal overlap with the usual bilayer singlet
[31, 34, 35].
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2

System. In the vicinity of the Dirac K points, mono-
layer graphene is described by the relativistic low-energy
Hamiltonian [31], H⇠

0 = vF
�
⇠⇧x�x +⇧y�y

�
, with ⇠ = ±

the valley index, and �i Pauli matrices acting on sub-
lattice spinors. The presence of a perpendicular mag-
netic field is accounted for by minimal coupling, ⇧ =
p+eA(r)/c, with A(r) the static vector potential, giving
rise to Landau quantization. In the following we will re-
strict ourselves to a single valley, ⇠ = +, and assume that
the electron spin is fully polarized by the magnetic field.
The single-particle states are then given by spinors of the
form  �,n,j(z) = (��C�

n �n�1,j(z), C+
n �n,j(z))

T
, where

C±
n =

q�
1± �n,0

�
/2 are coe�cients, z = x� iy are spa-

tial coordinates, and �n,j(z) are the (gauge-dependent)
non-relativistic Landau level (LL) wave functions, char-
acterized by the LL index n � 0, and a second quan-
tum number j � 0. In symmetric gauge, j specifies
the z-component of angular momentum, while in Landau
gauge, it defines momentum along one direction in the
plane. In graphene, a third quantum number � = ±, dis-
tinguishes between states at positive and negative energy,
E�,n = �!c

p
n, where !c =

p
2vF/lB and lB =

p
c/eB is

the magnetic length. In what follows, we drop the index
� as we will assume � = +, without loss of generality.

For our purpose, a crucial feature of graphene is its
non-uniform LL gap which makes it possible to reso-
nantly couple between selected LLs using light. As il-
lustrated in Fig. 1(a,b), we consider a coupling between
the partially filled n = M level at the Fermi surface to
the empty LL n = M + 1, described by (~ = 1):

Hcoup =
X

j,j0

⌦j,j0(t)c
†
M+1,jcM,j0 +H.c.. (1)

Here, c†M,j and cM,j are the creation and annihila-
tion operators in LLM with the (angular) momen-
tum quantum number j. For simplicity, we as-
sume a plane wave drive, which acts uniformly on
all orbitals: ⌦j,j0(t) = 2⌦�j,j0 cos(!t), with ! the
drive frequency, and the Rabi frequency ⌦ taken to
be real. Within the rotating frame, transformed to

by U = exp
h
�

i
2!t

P
j

⇣
c†M,jcM,j � c†M+1,jcM+1,j

⌘i
, a

rotating-wave approximation (RWA) removes the time-
dependence from the coupling. The e↵ective single par-
ticle Hamiltonian then reads

Hsp =
X

j

�
�

2
⌧ (j)z + ⌦⌧ (j)x , (2)

with � the detuning of the light from the LL reso-
nance, i.e. � = EM+1 � EM � !. The notation of

Eq. (2), using Pauli operators ⌧ (j)z ⌘ |M, ji hM, j| �

|M + 1, ji hM + 1, j|, and ⌧ (j)x ⌘ |M, ji hM + 1, j| +
|M + 1, ji hM, j|, captures the analogy to a spin-1/2 sys-
tem, if the n quantum number is interpreted as the z-

component of spin, or to a bilayer system if n is as-
sociated with a layer index. The first term in Eq. (2)
corresponds to a Zeeman term (in the spin picture),
while the second term can be seen an interlayer tun-
neling (in the bilayer picture). In our approach, both
terms are widely tunable independently from each other.
The single-particle eigenstates are dressed LLs at ener-

gies ±⌦̃ = ±

q
�2

4 + ⌦2, see Fig. 1(c). While strong cou-

pling and/or far detuning lead to polarization in the lower
dressed level, both manifolds can be occupied if the gap
between dressed states becomes small compared to the
interaction strength, e2/✏lB , i.e. if both ⌦ and � are
su�ciently small. Note that we estimate below that the
thermalization of the system in the rotating frame Hamil-
tonian is valid for ⌦ > 10�4 in units of e2/~✏lB , while
the observed phase transitions occur near ⌦ ⇠ 10�2 in
these units.

Applying the RWA to the interactions, the full many-
body Hamiltonian reads H = Hsp +Hint, where

Hint =
X

{n,j}

An1,j1,n2,j2
n3,j3,n4,j4

�n1+n2,n3+n4c
†
n1,j1

c†n2,j2
cn3,j3cn4,j4 ,

(3)

where interaction matrix elements An1,j1,n2,j2
n3,j3,n4,j4

are the
same as without light, but the RWA enforces conserva-
tion of single-particle energy, i.e. �n1+n2,n3+n4 .

Results. Before numerically solving H for small sys-
tems, we gain some intuition by decomposing the inter-
actions into Haldane pseudopotentials [32]. These pseu-
dopotentials describe the interaction strength Vj of two
particles at fixed relative angular momentum j and fixed
center-of-mass angular momentum J , both being con-
served in a rotationally invariant potential. In our case,

we distinguish between intra-layer processes V (n)
j within

LLn, and inter-layer processes, V "#,#"
j and V "#,"#

j , where
the index " (#) shall denote the LLM+1 (LLM ). Clearly,

the di↵erence between V (M+1)
j and V (M)

j breaks the Z2

symmetry which is usually present in a system of two
equivalent layers, but, as seen from Fig. 2(a), this break-
ing happens to be weak. Note therefore that the strongest

n-dependence occurs in V (n)
0 , but only potentials at odd

j contribute to the intra-LL scattering of fermions. A
more important di↵erence to standard bilayer systems,
though, stems from the presence of exchange-type inter-
action V "#,"#

j where scattering particles exchange their
LL index, while in other bilayer systems inter-layer in-
teractions are restricted to the density-density-type in-
teractions V "#,#"

j . It is convenient to account for both
types of inter-LL processes using a single pseudopoten-
tial V inter

j . Therefore we switch to a singlet/triplet basis,
|±i ⇠ |"#i± |#"i, where the corresponding pseudopoten-
tials are V ±

j = (V "#,#"
j ± V "#,"#

j )/2. Since |+i is even
under exchange of particles, it requires odd j, while the
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We show how to realize two-component fractional quantum Hall phases in monolayer graphene by
optically driving the system. A laser is tuned into resonance between two Landau levels of graphene
and acts as a e↵ective tunneling term between these states. We study systems with small number
of electrons for filling factor 2/3 using exact-diagonalization. When the lower state is the first
Landau level, we find that tuning the e↵ective tunneling amplitude causes the system to undergo
a phase transition from a spin-singlet phase to a particle-hole conjugate 1/3 Laughlin phase of
the antisymmetric optical dressed states. This phase transition can be traced to the presence of
additional cross interaction terms that arise in the rotating wave approximation. These results pave
the way towards the realization of new phases, as well as the control of phase transitions, in graphene
quantum Hall systems using optical fields and integrated photonic structures.

The fractional quantum Hall (FQH) e↵ect is a fasci-
nating phenomena in condensed matter physics, whereby
electron-electron interaction fully determine the behav-
ior of the system [1–3]. While initial considerations fo-
cused on systems with no internal degrees of freedom,
later it was realized that the electron spin plays an im-
portant role for several filling factors [4–7], which was
confirmed experimentally [8, 9]. More generally, mul-
ticomponent FQH phases [10] occur in numerous sys-
tems, where the role of the internal degree of freedom
is ascribed to subbands, such as in wide quantum wells
[11–14], layers, such as in double quantum wells [15, 16],
or the valley quantum number, such as in AlAs quan-
tum well [17] and graphene [18–20]. In particular, there
has been much e↵ort towards engineering various system
parameters, such as tunneling, to realize di↵erent FQH
states. However, these approaches can add unwanted side
e↵ects, and therefore, it is desirable to investigate other
control methods.

At the same time, there has been many theoretical [21–
24] and experimental [25–28] studies of the interaction of
light with quantum Hall states of graphene. In particu-
lar, due the linear dispersion in graphene, the Landau
levels (LL) are not equidistant, unlike semiconductors
with a parabolic dispersion [29]. This makes it possi-
ble to selectively couple LLs with resonant light. More
recently, FQH phases in integrated GaAs quantum well-
cavity structures have also been explored experimentally
[30].

In this Letter, we explore the possibility of using light
to control multicomponent FQH phases of graphene.
Resonant excitation by light results in an e↵ective tun-
neling between two LL, with a rate proportional to the
amplitude of the electric field. The optical driving results
in the formation of dressed states of LL orbits. Conse-

FIG. 1: (a) A single layer of of graphene driven by a light
with Rabi frequency coupling ⌦. (b) LL structure with partial
filling and optical transitions between 0� 1 and 1� 2 states.
(c) Formation of the dressed states due to the light coupling
between two LLs.

quently, the Coulomb interaction terms between di↵er-
ent LLs, which are usually ignored due to the negligible
population of the higher LLs, become important. These
terms come in two categories: (1) direct terms, which
are the counterpart of inter-layer interaction in bilayer
systems [31–33], and (2) cross terms, which are absent
in conventional bilayer systems. The latter terms further
turn out to be crucial in understanding how our system
deviates from the usual bilayer systems. We numerically
study the case of ⌫ = 2/3 filling on a torus and find
that, when the e↵ective tunneling rate is large, the sys-
tem forms a Laughlin state out of the dressed LL orbitals.
This is the case for all values of tunneling we considered
for LL0�LL1 transitions. In contrast, for the LL1�LL2

transition with a small e↵ective tunneling rate, the cross
terms in the Coulomb interaction compete with the en-
ergy separation of the dressed states and force the system
into a many-body singlet state. This state is the result
of the cross Coulomb interaction terms, and therefore,
has infinitesimal overlap with the usual bilayer singlet
[31, 34, 35].
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   Use light to couple two LLs:


(1) Different LLs play the role of layers

(2) Light plays the role of tunneling

• What type of states can one engineer with light?

2

System. In the vicinity of the Dirac K points, mono-
layer graphene is described by the relativistic low-energy
Hamiltonian [31], H⇠

0 = vF
�
⇠⇧x�x +⇧y�y

�
, with ⇠ = ±

the valley index, and �i Pauli matrices acting on sub-
lattice spinors. The presence of a perpendicular mag-
netic field is accounted for by minimal coupling, ⇧ =
p+eA(r)/c, with A(r) the static vector potential, giving
rise to Landau quantization. In the following we will re-
strict ourselves to a single valley, ⇠ = +, and assume that
the electron spin is fully polarized by the magnetic field.
The single-particle states are then given by spinors of the
form  �,n,j(z) = (��C�

n �n�1,j(z), C+
n �n,j(z))

T
, where

C±
n =

q�
1± �n,0

�
/2 are coe�cients, z = x� iy are spa-

tial coordinates, and �n,j(z) are the (gauge-dependent)
non-relativistic Landau level (LL) wave functions, char-
acterized by the LL index n � 0, and a second quan-
tum number j � 0. In symmetric gauge, j specifies
the z-component of angular momentum, while in Landau
gauge, it defines momentum along one direction in the
plane. In graphene, a third quantum number � = ±, dis-
tinguishes between states at positive and negative energy,
E�,n = �!c

p
n, where !c =

p
2vF/lB and lB =

p
c/eB is

the magnetic length. In what follows, we drop the index
� as we will assume � = +, without loss of generality.

For our purpose, a crucial feature of graphene is its
non-uniform LL gap which makes it possible to reso-
nantly couple between selected LLs using light. As il-
lustrated in Fig. 1(a,b), we consider a coupling between
the partially filled n = M level at the Fermi surface to
the empty LL n = M + 1, described by (~ = 1):

Hcoup =
X

j,j0

⌦j,j0(t)c
†
M+1,jcM,j0 +H.c.. (1)

Here, c†M,j and cM,j are the creation and annihila-
tion operators in LLM with the (angular) momen-
tum quantum number j. For simplicity, we as-
sume a plane wave drive, which acts uniformly on
all orbitals: ⌦j,j0(t) = 2⌦�j,j0 cos(!t), with ! the
drive frequency, and the Rabi frequency ⌦ taken to
be real. Within the rotating frame, transformed to

by U = exp
h
�

i
2!t

P
j

⇣
c†M,jcM,j � c†M+1,jcM+1,j

⌘i
, a

rotating-wave approximation (RWA) removes the time-
dependence from the coupling. The e↵ective single par-
ticle Hamiltonian then reads

Hsp =
X

j

�
�

2
⌧ (j)z + ⌦⌧ (j)x , (2)

with � the detuning of the light from the LL reso-
nance, i.e. � = EM+1 � EM � !. The notation of

Eq. (2), using Pauli operators ⌧ (j)z ⌘ |M, ji hM, j| �

|M + 1, ji hM + 1, j|, and ⌧ (j)x ⌘ |M, ji hM + 1, j| +
|M + 1, ji hM, j|, captures the analogy to a spin-1/2 sys-
tem, if the n quantum number is interpreted as the z-

component of spin, or to a bilayer system if n is as-
sociated with a layer index. The first term in Eq. (2)
corresponds to a Zeeman term (in the spin picture),
while the second term can be seen an interlayer tun-
neling (in the bilayer picture). In our approach, both
terms are widely tunable independently from each other.
The single-particle eigenstates are dressed LLs at ener-

gies ±⌦̃ = ±

q
�2

4 + ⌦2, see Fig. 1(c). While strong cou-

pling and/or far detuning lead to polarization in the lower
dressed level, both manifolds can be occupied if the gap
between dressed states becomes small compared to the
interaction strength, e2/✏lB , i.e. if both ⌦ and � are
su�ciently small. Note that we estimate below that the
thermalization of the system in the rotating frame Hamil-
tonian is valid for ⌦ > 10�4 in units of e2/~✏lB , while
the observed phase transitions occur near ⌦ ⇠ 10�2 in
these units.

Applying the RWA to the interactions, the full many-
body Hamiltonian reads H = Hsp +Hint, where

Hint =
X

{n,j}

An1,j1,n2,j2
n3,j3,n4,j4

�n1+n2,n3+n4c
†
n1,j1

c†n2,j2
cn3,j3cn4,j4 ,

(3)

where interaction matrix elements An1,j1,n2,j2
n3,j3,n4,j4

are the
same as without light, but the RWA enforces conserva-
tion of single-particle energy, i.e. �n1+n2,n3+n4 .

Results. Before numerically solving H for small sys-
tems, we gain some intuition by decomposing the inter-
actions into Haldane pseudopotentials [32]. These pseu-
dopotentials describe the interaction strength Vj of two
particles at fixed relative angular momentum j and fixed
center-of-mass angular momentum J , both being con-
served in a rotationally invariant potential. In our case,

we distinguish between intra-layer processes V (n)
j within

LLn, and inter-layer processes, V "#,#"
j and V "#,"#

j , where
the index " (#) shall denote the LLM+1 (LLM ). Clearly,

the di↵erence between V (M+1)
j and V (M)

j breaks the Z2

symmetry which is usually present in a system of two
equivalent layers, but, as seen from Fig. 2(a), this break-
ing happens to be weak. Note therefore that the strongest

n-dependence occurs in V (n)
0 , but only potentials at odd

j contribute to the intra-LL scattering of fermions. A
more important di↵erence to standard bilayer systems,
though, stems from the presence of exchange-type inter-
action V "#,"#

j where scattering particles exchange their
LL index, while in other bilayer systems inter-layer in-
teractions are restricted to the density-density-type in-
teractions V "#,#"

j . It is convenient to account for both
types of inter-LL processes using a single pseudopoten-
tial V inter

j . Therefore we switch to a singlet/triplet basis,
|±i ⇠ |"#i± |#"i, where the corresponding pseudopoten-
tials are V ±

j = (V "#,#"
j ± V "#,"#

j )/2. Since |+i is even
under exchange of particles, it requires odd j, while the
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We show how to realize two-component fractional quantum Hall phases in monolayer graphene by
optically driving the system. A laser is tuned into resonance between two Landau levels of graphene
and acts as a e↵ective tunneling term between these states. We study systems with small number
of electrons for filling factor 2/3 using exact-diagonalization. When the lower state is the first
Landau level, we find that tuning the e↵ective tunneling amplitude causes the system to undergo
a phase transition from a spin-singlet phase to a particle-hole conjugate 1/3 Laughlin phase of
the antisymmetric optical dressed states. This phase transition can be traced to the presence of
additional cross interaction terms that arise in the rotating wave approximation. These results pave
the way towards the realization of new phases, as well as the control of phase transitions, in graphene
quantum Hall systems using optical fields and integrated photonic structures.

The fractional quantum Hall (FQH) e↵ect is a fasci-
nating phenomena in condensed matter physics, whereby
electron-electron interaction fully determine the behav-
ior of the system [1–3]. While initial considerations fo-
cused on systems with no internal degrees of freedom,
later it was realized that the electron spin plays an im-
portant role for several filling factors [4–7], which was
confirmed experimentally [8, 9]. More generally, mul-
ticomponent FQH phases [10] occur in numerous sys-
tems, where the role of the internal degree of freedom
is ascribed to subbands, such as in wide quantum wells
[11–14], layers, such as in double quantum wells [15, 16],
or the valley quantum number, such as in AlAs quan-
tum well [17] and graphene [18–20]. In particular, there
has been much e↵ort towards engineering various system
parameters, such as tunneling, to realize di↵erent FQH
states. However, these approaches can add unwanted side
e↵ects, and therefore, it is desirable to investigate other
control methods.

At the same time, there has been many theoretical [21–
24] and experimental [25–28] studies of the interaction of
light with quantum Hall states of graphene. In particu-
lar, due the linear dispersion in graphene, the Landau
levels (LL) are not equidistant, unlike semiconductors
with a parabolic dispersion [29]. This makes it possi-
ble to selectively couple LLs with resonant light. More
recently, FQH phases in integrated GaAs quantum well-
cavity structures have also been explored experimentally
[30].

In this Letter, we explore the possibility of using light
to control multicomponent FQH phases of graphene.
Resonant excitation by light results in an e↵ective tun-
neling between two LL, with a rate proportional to the
amplitude of the electric field. The optical driving results
in the formation of dressed states of LL orbits. Conse-

FIG. 1: (a) A single layer of of graphene driven by a light
with Rabi frequency coupling ⌦. (b) LL structure with partial
filling and optical transitions between 0� 1 and 1� 2 states.
(c) Formation of the dressed states due to the light coupling
between two LLs.

quently, the Coulomb interaction terms between di↵er-
ent LLs, which are usually ignored due to the negligible
population of the higher LLs, become important. These
terms come in two categories: (1) direct terms, which
are the counterpart of inter-layer interaction in bilayer
systems [31–33], and (2) cross terms, which are absent
in conventional bilayer systems. The latter terms further
turn out to be crucial in understanding how our system
deviates from the usual bilayer systems. We numerically
study the case of ⌫ = 2/3 filling on a torus and find
that, when the e↵ective tunneling rate is large, the sys-
tem forms a Laughlin state out of the dressed LL orbitals.
This is the case for all values of tunneling we considered
for LL0�LL1 transitions. In contrast, for the LL1�LL2

transition with a small e↵ective tunneling rate, the cross
terms in the Coulomb interaction compete with the en-
ergy separation of the dressed states and force the system
into a many-body singlet state. This state is the result
of the cross Coulomb interaction terms, and therefore,
has infinitesimal overlap with the usual bilayer singlet
[31, 34, 35].
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2

System. In the vicinity of the Dirac K points, mono-
layer graphene is described by the relativistic low-energy
Hamiltonian [31], H⇠

0 = vF
�
⇠⇧x�x +⇧y�y

�
, with ⇠ = ±

the valley index, and �i Pauli matrices acting on sub-
lattice spinors. The presence of a perpendicular mag-
netic field is accounted for by minimal coupling, ⇧ =
p+eA(r)/c, with A(r) the static vector potential, giving
rise to Landau quantization. In the following we will re-
strict ourselves to a single valley, ⇠ = +, and assume that
the electron spin is fully polarized by the magnetic field.
The single-particle states are then given by spinors of the
form  �,n,j(z) = (��C�

n �n�1,j(z), C+
n �n,j(z))

T
, where

C±
n =

q�
1± �n,0

�
/2 are coe�cients, z = x� iy are spa-

tial coordinates, and �n,j(z) are the (gauge-dependent)
non-relativistic Landau level (LL) wave functions, char-
acterized by the LL index n � 0, and a second quan-
tum number j � 0. In symmetric gauge, j specifies
the z-component of angular momentum, while in Landau
gauge, it defines momentum along one direction in the
plane. In graphene, a third quantum number � = ±, dis-
tinguishes between states at positive and negative energy,
E�,n = �!c

p
n, where !c =

p
2vF/lB and lB =

p
c/eB is

the magnetic length. In what follows, we drop the index
� as we will assume � = +, without loss of generality.

For our purpose, a crucial feature of graphene is its
non-uniform LL gap which makes it possible to reso-
nantly couple between selected LLs using light. As il-
lustrated in Fig. 1(a,b), we consider a coupling between
the partially filled n = M level at the Fermi surface to
the empty LL n = M + 1, described by (~ = 1):

Hcoup =
X

j,j0

⌦j,j0(t)c
†
M+1,jcM,j0 +H.c.. (1)

Here, c†M,j and cM,j are the creation and annihila-
tion operators in LLM with the (angular) momen-
tum quantum number j. For simplicity, we as-
sume a plane wave drive, which acts uniformly on
all orbitals: ⌦j,j0(t) = 2⌦�j,j0 cos(!t), with ! the
drive frequency, and the Rabi frequency ⌦ taken to
be real. Within the rotating frame, transformed to

by U = exp
h
�

i
2!t

P
j

⇣
c†M,jcM,j � c†M+1,jcM+1,j

⌘i
, a

rotating-wave approximation (RWA) removes the time-
dependence from the coupling. The e↵ective single par-
ticle Hamiltonian then reads

Hsp =
X

j

�
�

2
⌧ (j)z + ⌦⌧ (j)x , (2)

with � the detuning of the light from the LL reso-
nance, i.e. � = EM+1 � EM � !. The notation of

Eq. (2), using Pauli operators ⌧ (j)z ⌘ |M, ji hM, j| �

|M + 1, ji hM + 1, j|, and ⌧ (j)x ⌘ |M, ji hM + 1, j| +
|M + 1, ji hM, j|, captures the analogy to a spin-1/2 sys-
tem, if the n quantum number is interpreted as the z-

component of spin, or to a bilayer system if n is as-
sociated with a layer index. The first term in Eq. (2)
corresponds to a Zeeman term (in the spin picture),
while the second term can be seen an interlayer tun-
neling (in the bilayer picture). In our approach, both
terms are widely tunable independently from each other.
The single-particle eigenstates are dressed LLs at ener-

gies ±⌦̃ = ±

q
�2

4 + ⌦2, see Fig. 1(c). While strong cou-

pling and/or far detuning lead to polarization in the lower
dressed level, both manifolds can be occupied if the gap
between dressed states becomes small compared to the
interaction strength, e2/✏lB , i.e. if both ⌦ and � are
su�ciently small. Note that we estimate below that the
thermalization of the system in the rotating frame Hamil-
tonian is valid for ⌦ > 10�4 in units of e2/~✏lB , while
the observed phase transitions occur near ⌦ ⇠ 10�2 in
these units.

Applying the RWA to the interactions, the full many-
body Hamiltonian reads H = Hsp +Hint, where

Hint =
X

{n,j}

An1,j1,n2,j2
n3,j3,n4,j4

�n1+n2,n3+n4c
†
n1,j1

c†n2,j2
cn3,j3cn4,j4 ,

(3)

where interaction matrix elements An1,j1,n2,j2
n3,j3,n4,j4

are the
same as without light, but the RWA enforces conserva-
tion of single-particle energy, i.e. �n1+n2,n3+n4 .

Results. Before numerically solving H for small sys-
tems, we gain some intuition by decomposing the inter-
actions into Haldane pseudopotentials [32]. These pseu-
dopotentials describe the interaction strength Vj of two
particles at fixed relative angular momentum j and fixed
center-of-mass angular momentum J , both being con-
served in a rotationally invariant potential. In our case,

we distinguish between intra-layer processes V (n)
j within

LLn, and inter-layer processes, V "#,#"
j and V "#,"#

j , where
the index " (#) shall denote the LLM+1 (LLM ). Clearly,

the di↵erence between V (M+1)
j and V (M)

j breaks the Z2

symmetry which is usually present in a system of two
equivalent layers, but, as seen from Fig. 2(a), this break-
ing happens to be weak. Note therefore that the strongest

n-dependence occurs in V (n)
0 , but only potentials at odd

j contribute to the intra-LL scattering of fermions. A
more important di↵erence to standard bilayer systems,
though, stems from the presence of exchange-type inter-
action V "#,"#

j where scattering particles exchange their
LL index, while in other bilayer systems inter-layer in-
teractions are restricted to the density-density-type in-
teractions V "#,#"

j . It is convenient to account for both
types of inter-LL processes using a single pseudopoten-
tial V inter

j . Therefore we switch to a singlet/triplet basis,
|±i ⇠ |"#i± |#"i, where the corresponding pseudopoten-
tials are V ±

j = (V "#,#"
j ± V "#,"#

j )/2. Since |+i is even
under exchange of particles, it requires odd j, while the
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sub-wavelength correlations [57, 58].

As the electron-hole pair approaches the edge, the sit-
uation changes dramatically because these states exhibit
electronic coherence that extends across the entire sam-
ple. Furthermore, due to the magnetic field, the edge
states carry a large angular momentum, which can be
partially transferred into the optical radiation during
emission. Such a transfer process is necessarily associ-
ated with the presence of higher order multipole moments
in the far-field radiation. To illustrate this point more
concretely, we consider a cylindrically symmetric edge,
where the multipole radiation pattern can be calculated
analytically. We represent the magnetic vector potential
in the symmetric gauge A0 = Bz(�y, x)/2, where Bz

is the perpendicular magnetic field and (x, y) are the in-
plane coordinates of the 2DES. In this gauge, the angular
momentum is a good quantum number and we can or-
der the single-particle states in the nth Landau level into
eigenstates |n, mi (m � � |n|) of the angular momentum
operator Lz/~ = xky � ykx with eigenvalue �m, where
k = (kx, ky) is the in-plane wavevector.

To describe the spontaneously emitted field, we also
decompose the optical field into eigenstates of Lz with
orbital angular momentum (OAM) ~` and longitudinal
momentum ~k. Such states are known as cylindrical vec-
tor harmonics and are closely related to the cylindrically
symmetric Laguerre-Gaussian modes within the paraxial
approximation [59]. An electron in the conduction band
with angular momentum m can conserve total angular
momentum by recombining with a hole in the valence
band with angular momentum m

0 and emitting light with
OAM ` = m�m

0 [see Fig. 1(b)]. In the supplemental ma-
terial, we give a gauge independent derivation of this se-
lection rule [60]. We remark that these arguments should
generally apply to integer quantum Hall systems, as well
as other materials with topological edge states. Focus-
ing on quantum Hall systems in Dirac materials, we now
discuss these e↵ects from a more microscopic picture.

Dirac Model.—The low-energy Hamiltonian in a 2D
material with an underlying hexagonal lattice takes the
Dirac form in each valley (neglecting spin), H = ~v k ·
⌧ + m0v

2
⌧z, where v is the Dirac velocity, k = (kx, ky)

is the in-plane wavevector, ⌧ = (⌧x, ⌧y, ⌧z) are Pauli ma-
trices operating on the Dirac pseudospin, and m0 is the
e↵ective Dirac mass. At zero magnetic field the spec-
trum of H is E(k) = ±

p
m

2
0v

4 + v2|k|2, as shown in
Fig. 1(a). For large Bz, the energy spectrum is quan-
tized into degenerate Landau levels at energies En =
sign(n)

p
m

2
0v

4 + ~2!2
c |n|, where n is an integer, !c =p

2v/`c is the cycolotron frequency, and `c =
p

~/eBz is
the magnetic length. Throughout this work we restrict
our discussion to the K-valley for simplicity and neglect
inter-valley scattering processes.

Consider the interaction of this system with an ex-
ternal optical field. The light-matter interaction can be
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FIG. 1: (a) In the presence of a large magnetic field, the
electronic states of the 2DES are quantized into Landau lev-
els, which we index by their angular momentum �~m. The
majority of the states in the bulk are localized by disorder,
leading to inter-band radiation dominated by dipole emission.
The spectrum of this radiation is spatially correlated with the
disorder potential. Here Ec(v) refer to the energy of the con-
duction (valence) band and EF is the Fermi energy. (b) An
electron excited at the edge of the system can emit light with
orbital angular momentum ~` by recombining with a hole in
the state m0 = m � `. Here we have taken the edge states
in the conduction band to have the opposite slope from the
valence band so that the edge emission is spectrally distin-
guishable from the bulk.

found through the usual prescription k ! k � eA/c

Hint =
evp
2c

[⌧+A
⇤
+(x, y) + ⌧�A

⇤
�(x, y)]e�i!t + h.c., (1)

where A± = (Ax ± iAy)/
p

2 are the circularly polarized
components of the vector potential A in the plane of
the 2D material. Due to the Dirac band structure, the
pseudo-spin operators ⌧± couple the nth Landau level to
both n±1 and �n±1. This leads to the optical selection
rule: n ! n

0 with |n0| = |n| ± 1 [34].
We represent the single-particle states in the symmet-

ric gauge, in which case the eigenstates |n, mi take the
form [61]

hx, y|n, mi /
 

↵n

p
|n|D|n|�1

ū ū
|n|+m

�n

p
2i`cD

|n|
ū ū

|n|+m

!
e
�|u|2/4`2c , (2)

where u = x + iy, Dū = @ū � u/2`
2
c acts as a raising

operator on the Landua level eigenfunctions, (↵0, �0)T =
(0, 1), and, for n > 0 (n < 0), (↵n, �n)T are the positive
(negative) eigenvectors of the 2x2 matrix

Hn =

✓
m0v

2 ~!c

p
|n|

~!c

p
|n| �m0v

2

◆
, (3)

whose eigenvalues are the energy eigenvalues En. We
represent the OAM eigenstates for the optical field in
the basis of cylindrical vector harmonics [59], which take
the form E(x, y, z) =

P
`,k E`,k(r)ei`✓+ikz, where r = |u|

and ✓ = tan�1(y/x).
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Radiation from the edge.—We first consider the light
emission from the edge states of the quantum Hall sys-
tem. The edge can either be formed by an external con-
fining potential, at an interface with vacuum or another
material, or from an abrupt change in the local dielectric
environment. An externally applied potential V (r) will
generally lead to a uniform shift En ! En + V (rm). As
a result, the optical transitions between edge states will
be degenerate with the transitions in the bulk. In order
to selectively address the edge states, it is desirable to a
have a di↵erence in dispersion between the edge states in
the conduction and valence bands [see Fig. 1(b)]. Such a
di↵erence in slope can arise at a sharp interface with vac-
uum or another material due to local modifications of the
band structure. In the case of graphene with a vacuum
interface, the dispersion of the quantum Hall edge states
depends on whether the edge termination is of armchair
or zig-zag type [62]. For |n| > 0, however, all edge states
disperse with the opposite sign in the conduction and
valence band, which allows these optical transitions to
be spectrally distinguished from the bulk. This analy-
sis can be generalized to include a Dirac mass and one
finds that the opposite slope of the conduction and va-
lence band is preserved. Alternatively, to avoid defects
associated with a sharp interface, one can consider an
edge formed by a change in the dielectric environment,
e.g., an additional layer of h-BN. In this case, the change
in the dielectric screening will modify the contribution
of electron-electron interactions to the inter-band Lan-
dau level transitions [41]. The adiabatic connection of
the Landau levels between these two regions will lead to
optically addressable edge states.

For the case of a cylindrically symmetric edge, the edge
states are simply given by the angular momentum states
|n, mi with rm ⇠ re, the radius of the edge. As we
noted above, one can achieve optical Raman transitions
between edge states by transferring orbital angular mo-
mentum into the light field. To understand the scaling
of the multipole emission with increasing `, we note that
light with OAM ` has on optical vortex in the center of
size greater than or equal to �`, where � = �/2⇡ [see
Fig. 2(b)]. Beyond this radius, the average intensity of
the light is independent of `. This implies that the emit-
ted light will contain multipole contributions up to the
maximum value `max = re/�, where re is the radius of
the edge. In addition, `max will be cut o↵ by the finite
coherence length of the edge states, which arises primar-
ily from electron-electron interactions and phonon scat-
tering. For integer quantum Hall states in GaAs, the
coherence length was measured via transport methods
to be roughly (10-20) µm [4]. Our work shows that the
multipole radiation provides an optical means to directly
probe the coherence length.

To understand this e↵ect more quantitatively, we de-
compose the radiative emission rate �m of an excited
electron in the state |n + 1, mi into all the multipole mo-
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FIG. 2: (a) Low-energy band structure of graphene-like Dirac
material for zero magnetic field. Here m0 and v are the Dirac
mass and velocity, respectively, and we only show one of the
two valleys. (b) Amplitude of the cylindrical vector harmonic
|E`| for ` = 100 with �0 = 600 nm and index of refraction
n0 = 3.2. Because the size of the optical vortex increases
as �`, an edge state with radius re (black circle) can only
spontaneously emit into modes with ` . re/�. (c) Branching
ratio for spontaneous emission into di↵erent ` modes for two
di↵erent values of re/�. We took Dirac parameters for WSe2
(m0v

2 ⇡ 1 eV and v ⇡ 106 m/s [63]) embedded in GaP,
Bz = 11 T, n = 0, and � = 30 nm.

ments �m =
P

`�0 �
`
m [64]. Each individual component

can be found using Fermi’s golden rule for the emission
into the free space modes with a specified `. We give the
matrix elements in the supplemental material [60]. Two
illustrative examples are shown in Fig. 2(c) for the n = 0
to n = 1 transition with Dirac parameters for single-
layer WSe2. We plot the branching ratio �

`
m/�m for two

di↵erent edge radii, which confirms the scaling analysis
from above. For re = 1.5 µm we find a nearly uniform
distribution for the spontaneous emission out to ` = 50.
Including disorder will modify shape of the distributions
in Fig. 2(c), but it will not reduce `max, which is simply
a result of the large coherence length of the edge states
compared to �.

These large multipole moments for the quantum Hall
edge states may also be useful for applications that make
use of light with large orbital angular momentum [65].
For example, placing the 2DES in a cavity and using
the pumping scheme in Fig. 1(b), would enable lasing
with orbital angular momentum by tuning a Laguerre-
Gaussian mode of the cavity into resonance with the as-
sociated Raman transition for the edge state.
Radiation from the bulk.— We now consider the optical

emission from the localized states in the bulk of the 2D
material. In particular, we show that the disorder land-
scape can be reconstructed through optical imaging of
the scattered light. For simplicity, we consider circularly

2⇡redge/� = 50

2⇡redge/� = 3

multipole emission

2

sub-wavelength correlations [57, 58].

As the electron-hole pair approaches the edge, the sit-
uation changes dramatically because these states exhibit
electronic coherence that extends across the entire sam-
ple. Furthermore, due to the magnetic field, the edge
states carry a large angular momentum, which can be
partially transferred into the optical radiation during
emission. Such a transfer process is necessarily associ-
ated with the presence of higher order multipole moments
in the far-field radiation. To illustrate this point more
concretely, we consider a cylindrically symmetric edge,
where the multipole radiation pattern can be calculated
analytically. We represent the magnetic vector potential
in the symmetric gauge A0 = Bz(�y, x)/2, where Bz

is the perpendicular magnetic field and (x, y) are the in-
plane coordinates of the 2DES. In this gauge, the angular
momentum is a good quantum number and we can or-
der the single-particle states in the nth Landau level into
eigenstates |n, mi (m � � |n|) of the angular momentum
operator Lz/~ = xky � ykx with eigenvalue �m, where
k = (kx, ky) is the in-plane wavevector.

To describe the spontaneously emitted field, we also
decompose the optical field into eigenstates of Lz with
orbital angular momentum (OAM) ~` and longitudinal
momentum ~k. Such states are known as cylindrical vec-
tor harmonics and are closely related to the cylindrically
symmetric Laguerre-Gaussian modes within the paraxial
approximation [59]. An electron in the conduction band
with angular momentum m can conserve total angular
momentum by recombining with a hole in the valence
band with angular momentum m

0 and emitting light with
OAM ` = m�m

0 [see Fig. 1(b)]. In the supplemental ma-
terial, we give a gauge independent derivation of this se-
lection rule [60]. We remark that these arguments should
generally apply to integer quantum Hall systems, as well
as other materials with topological edge states. Focus-
ing on quantum Hall systems in Dirac materials, we now
discuss these e↵ects from a more microscopic picture.

Dirac Model.—The low-energy Hamiltonian in a 2D
material with an underlying hexagonal lattice takes the
Dirac form in each valley (neglecting spin), H = ~v k ·
⌧ + m0v

2
⌧z, where v is the Dirac velocity, k = (kx, ky)

is the in-plane wavevector, ⌧ = (⌧x, ⌧y, ⌧z) are Pauli ma-
trices operating on the Dirac pseudospin, and m0 is the
e↵ective Dirac mass. At zero magnetic field the spec-
trum of H is E(k) = ±

p
m

2
0v

4 + v2|k|2, as shown in
Fig. 1(a). For large Bz, the energy spectrum is quan-
tized into degenerate Landau levels at energies En =
sign(n)

p
m

2
0v

4 + ~2!2
c |n|, where n is an integer, !c =p

2v/`c is the cycolotron frequency, and `c =
p

~/eBz is
the magnetic length. Throughout this work we restrict
our discussion to the K-valley for simplicity and neglect
inter-valley scattering processes.

Consider the interaction of this system with an ex-
ternal optical field. The light-matter interaction can be
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FIG. 1: (a) In the presence of a large magnetic field, the
electronic states of the 2DES are quantized into Landau lev-
els, which we index by their angular momentum �~m. The
majority of the states in the bulk are localized by disorder,
leading to inter-band radiation dominated by dipole emission.
The spectrum of this radiation is spatially correlated with the
disorder potential. Here Ec(v) refer to the energy of the con-
duction (valence) band and EF is the Fermi energy. (b) An
electron excited at the edge of the system can emit light with
orbital angular momentum ~` by recombining with a hole in
the state m0 = m � `. Here we have taken the edge states
in the conduction band to have the opposite slope from the
valence band so that the edge emission is spectrally distin-
guishable from the bulk.

found through the usual prescription k ! k � eA/c

Hint =
evp
2c

[⌧+A
⇤
+(x, y) + ⌧�A

⇤
�(x, y)]e�i!t + h.c., (1)

where A± = (Ax ± iAy)/
p

2 are the circularly polarized
components of the vector potential A in the plane of
the 2D material. Due to the Dirac band structure, the
pseudo-spin operators ⌧± couple the nth Landau level to
both n±1 and �n±1. This leads to the optical selection
rule: n ! n

0 with |n0| = |n| ± 1 [34].
We represent the single-particle states in the symmet-

ric gauge, in which case the eigenstates |n, mi take the
form [61]

hx, y|n, mi /
 

↵n

p
|n|D|n|�1

ū ū
|n|+m

�n

p
2i`cD

|n|
ū ū

|n|+m

!
e
�|u|2/4`2c , (2)

where u = x + iy, Dū = @ū � u/2`
2
c acts as a raising

operator on the Landua level eigenfunctions, (↵0, �0)T =
(0, 1), and, for n > 0 (n < 0), (↵n, �n)T are the positive
(negative) eigenvectors of the 2x2 matrix

Hn =

✓
m0v

2 ~!c

p
|n|

~!c

p
|n| �m0v

2

◆
, (3)

whose eigenvalues are the energy eigenvalues En. We
represent the OAM eigenstates for the optical field in
the basis of cylindrical vector harmonics [59], which take
the form E(x, y, z) =

P
`,k E`,k(r)ei`✓+ikz, where r = |u|

and ✓ = tan�1(y/x).
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Radiation from the edge.—We first consider the light
emission from the edge states of the quantum Hall sys-
tem. The edge can either be formed by an external con-
fining potential, at an interface with vacuum or another
material, or from an abrupt change in the local dielectric
environment. An externally applied potential V (r) will
generally lead to a uniform shift En ! En + V (rm). As
a result, the optical transitions between edge states will
be degenerate with the transitions in the bulk. In order
to selectively address the edge states, it is desirable to a
have a di↵erence in dispersion between the edge states in
the conduction and valence bands [see Fig. 1(b)]. Such a
di↵erence in slope can arise at a sharp interface with vac-
uum or another material due to local modifications of the
band structure. In the case of graphene with a vacuum
interface, the dispersion of the quantum Hall edge states
depends on whether the edge termination is of armchair
or zig-zag type [62]. For |n| > 0, however, all edge states
disperse with the opposite sign in the conduction and
valence band, which allows these optical transitions to
be spectrally distinguished from the bulk. This analy-
sis can be generalized to include a Dirac mass and one
finds that the opposite slope of the conduction and va-
lence band is preserved. Alternatively, to avoid defects
associated with a sharp interface, one can consider an
edge formed by a change in the dielectric environment,
e.g., an additional layer of h-BN. In this case, the change
in the dielectric screening will modify the contribution
of electron-electron interactions to the inter-band Lan-
dau level transitions [41]. The adiabatic connection of
the Landau levels between these two regions will lead to
optically addressable edge states.

For the case of a cylindrically symmetric edge, the edge
states are simply given by the angular momentum states
|n, mi with rm ⇠ re, the radius of the edge. As we
noted above, one can achieve optical Raman transitions
between edge states by transferring orbital angular mo-
mentum into the light field. To understand the scaling
of the multipole emission with increasing `, we note that
light with OAM ` has on optical vortex in the center of
size greater than or equal to �`, where � = �/2⇡ [see
Fig. 2(b)]. Beyond this radius, the average intensity of
the light is independent of `. This implies that the emit-
ted light will contain multipole contributions up to the
maximum value `max = re/�, where re is the radius of
the edge. In addition, `max will be cut o↵ by the finite
coherence length of the edge states, which arises primar-
ily from electron-electron interactions and phonon scat-
tering. For integer quantum Hall states in GaAs, the
coherence length was measured via transport methods
to be roughly (10-20) µm [4]. Our work shows that the
multipole radiation provides an optical means to directly
probe the coherence length.

To understand this e↵ect more quantitatively, we de-
compose the radiative emission rate �m of an excited
electron in the state |n + 1, mi into all the multipole mo-
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FIG. 2: (a) Low-energy band structure of graphene-like Dirac
material for zero magnetic field. Here m0 and v are the Dirac
mass and velocity, respectively, and we only show one of the
two valleys. (b) Amplitude of the cylindrical vector harmonic
|E`| for ` = 100 with �0 = 600 nm and index of refraction
n0 = 3.2. Because the size of the optical vortex increases
as �`, an edge state with radius re (black circle) can only
spontaneously emit into modes with ` . re/�. (c) Branching
ratio for spontaneous emission into di↵erent ` modes for two
di↵erent values of re/�. We took Dirac parameters for WSe2
(m0v

2 ⇡ 1 eV and v ⇡ 106 m/s [63]) embedded in GaP,
Bz = 11 T, n = 0, and � = 30 nm.

ments �m =
P

`�0 �
`
m [64]. Each individual component

can be found using Fermi’s golden rule for the emission
into the free space modes with a specified `. We give the
matrix elements in the supplemental material [60]. Two
illustrative examples are shown in Fig. 2(c) for the n = 0
to n = 1 transition with Dirac parameters for single-
layer WSe2. We plot the branching ratio �

`
m/�m for two

di↵erent edge radii, which confirms the scaling analysis
from above. For re = 1.5 µm we find a nearly uniform
distribution for the spontaneous emission out to ` = 50.
Including disorder will modify shape of the distributions
in Fig. 2(c), but it will not reduce `max, which is simply
a result of the large coherence length of the edge states
compared to �.

These large multipole moments for the quantum Hall
edge states may also be useful for applications that make
use of light with large orbital angular momentum [65].
For example, placing the 2DES in a cavity and using
the pumping scheme in Fig. 1(b), would enable lasing
with orbital angular momentum by tuning a Laguerre-
Gaussian mode of the cavity into resonance with the as-
sociated Raman transition for the edge state.
Radiation from the bulk.— We now consider the optical

emission from the localized states in the bulk of the 2D
material. In particular, we show that the disorder land-
scape can be reconstructed through optical imaging of
the scattered light. For simplicity, we consider circularly

2⇡redge/� = 50

2⇡redge/� = 3

multipole emission

2

sub-wavelength correlations [57, 58].

As the electron-hole pair approaches the edge, the sit-
uation changes dramatically because these states exhibit
electronic coherence that extends across the entire sam-
ple. Furthermore, due to the magnetic field, the edge
states carry a large angular momentum, which can be
partially transferred into the optical radiation during
emission. Such a transfer process is necessarily associ-
ated with the presence of higher order multipole moments
in the far-field radiation. To illustrate this point more
concretely, we consider a cylindrically symmetric edge,
where the multipole radiation pattern can be calculated
analytically. We represent the magnetic vector potential
in the symmetric gauge A0 = Bz(�y, x)/2, where Bz

is the perpendicular magnetic field and (x, y) are the in-
plane coordinates of the 2DES. In this gauge, the angular
momentum is a good quantum number and we can or-
der the single-particle states in the nth Landau level into
eigenstates |n, mi (m � � |n|) of the angular momentum
operator Lz/~ = xky � ykx with eigenvalue �m, where
k = (kx, ky) is the in-plane wavevector.

To describe the spontaneously emitted field, we also
decompose the optical field into eigenstates of Lz with
orbital angular momentum (OAM) ~` and longitudinal
momentum ~k. Such states are known as cylindrical vec-
tor harmonics and are closely related to the cylindrically
symmetric Laguerre-Gaussian modes within the paraxial
approximation [59]. An electron in the conduction band
with angular momentum m can conserve total angular
momentum by recombining with a hole in the valence
band with angular momentum m

0 and emitting light with
OAM ` = m�m

0 [see Fig. 1(b)]. In the supplemental ma-
terial, we give a gauge independent derivation of this se-
lection rule [60]. We remark that these arguments should
generally apply to integer quantum Hall systems, as well
as other materials with topological edge states. Focus-
ing on quantum Hall systems in Dirac materials, we now
discuss these e↵ects from a more microscopic picture.

Dirac Model.—The low-energy Hamiltonian in a 2D
material with an underlying hexagonal lattice takes the
Dirac form in each valley (neglecting spin), H = ~v k ·
⌧ + m0v

2
⌧z, where v is the Dirac velocity, k = (kx, ky)

is the in-plane wavevector, ⌧ = (⌧x, ⌧y, ⌧z) are Pauli ma-
trices operating on the Dirac pseudospin, and m0 is the
e↵ective Dirac mass. At zero magnetic field the spec-
trum of H is E(k) = ±

p
m

2
0v

4 + v2|k|2, as shown in
Fig. 1(a). For large Bz, the energy spectrum is quan-
tized into degenerate Landau levels at energies En =
sign(n)

p
m

2
0v

4 + ~2!2
c |n|, where n is an integer, !c =p

2v/`c is the cycolotron frequency, and `c =
p

~/eBz is
the magnetic length. Throughout this work we restrict
our discussion to the K-valley for simplicity and neglect
inter-valley scattering processes.

Consider the interaction of this system with an ex-
ternal optical field. The light-matter interaction can be
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FIG. 1: (a) In the presence of a large magnetic field, the
electronic states of the 2DES are quantized into Landau lev-
els, which we index by their angular momentum �~m. The
majority of the states in the bulk are localized by disorder,
leading to inter-band radiation dominated by dipole emission.
The spectrum of this radiation is spatially correlated with the
disorder potential. Here Ec(v) refer to the energy of the con-
duction (valence) band and EF is the Fermi energy. (b) An
electron excited at the edge of the system can emit light with
orbital angular momentum ~` by recombining with a hole in
the state m0 = m � `. Here we have taken the edge states
in the conduction band to have the opposite slope from the
valence band so that the edge emission is spectrally distin-
guishable from the bulk.

found through the usual prescription k ! k � eA/c

Hint =
evp
2c

[⌧+A
⇤
+(x, y) + ⌧�A

⇤
�(x, y)]e�i!t + h.c., (1)

where A± = (Ax ± iAy)/
p

2 are the circularly polarized
components of the vector potential A in the plane of
the 2D material. Due to the Dirac band structure, the
pseudo-spin operators ⌧± couple the nth Landau level to
both n±1 and �n±1. This leads to the optical selection
rule: n ! n

0 with |n0| = |n| ± 1 [34].
We represent the single-particle states in the symmet-

ric gauge, in which case the eigenstates |n, mi take the
form [61]
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where u = x + iy, Dū = @ū � u/2`
2
c acts as a raising

operator on the Landua level eigenfunctions, (↵0, �0)T =
(0, 1), and, for n > 0 (n < 0), (↵n, �n)T are the positive
(negative) eigenvectors of the 2x2 matrix
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whose eigenvalues are the energy eigenvalues En. We
represent the OAM eigenstates for the optical field in
the basis of cylindrical vector harmonics [59], which take
the form E(x, y, z) =

P
`,k E`,k(r)ei`✓+ikz, where r = |u|

and ✓ = tan�1(y/x).
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Radiation from the edge.—We first consider the light
emission from the edge states of the quantum Hall sys-
tem. The edge can either be formed by an external con-
fining potential, at an interface with vacuum or another
material, or from an abrupt change in the local dielectric
environment. An externally applied potential V (r) will
generally lead to a uniform shift En ! En + V (rm). As
a result, the optical transitions between edge states will
be degenerate with the transitions in the bulk. In order
to selectively address the edge states, it is desirable to a
have a di↵erence in dispersion between the edge states in
the conduction and valence bands [see Fig. 1(b)]. Such a
di↵erence in slope can arise at a sharp interface with vac-
uum or another material due to local modifications of the
band structure. In the case of graphene with a vacuum
interface, the dispersion of the quantum Hall edge states
depends on whether the edge termination is of armchair
or zig-zag type [62]. For |n| > 0, however, all edge states
disperse with the opposite sign in the conduction and
valence band, which allows these optical transitions to
be spectrally distinguished from the bulk. This analy-
sis can be generalized to include a Dirac mass and one
finds that the opposite slope of the conduction and va-
lence band is preserved. Alternatively, to avoid defects
associated with a sharp interface, one can consider an
edge formed by a change in the dielectric environment,
e.g., an additional layer of h-BN. In this case, the change
in the dielectric screening will modify the contribution
of electron-electron interactions to the inter-band Lan-
dau level transitions [41]. The adiabatic connection of
the Landau levels between these two regions will lead to
optically addressable edge states.

For the case of a cylindrically symmetric edge, the edge
states are simply given by the angular momentum states
|n, mi with rm ⇠ re, the radius of the edge. As we
noted above, one can achieve optical Raman transitions
between edge states by transferring orbital angular mo-
mentum into the light field. To understand the scaling
of the multipole emission with increasing `, we note that
light with OAM ` has on optical vortex in the center of
size greater than or equal to �`, where � = �/2⇡ [see
Fig. 2(b)]. Beyond this radius, the average intensity of
the light is independent of `. This implies that the emit-
ted light will contain multipole contributions up to the
maximum value `max = re/�, where re is the radius of
the edge. In addition, `max will be cut o↵ by the finite
coherence length of the edge states, which arises primar-
ily from electron-electron interactions and phonon scat-
tering. For integer quantum Hall states in GaAs, the
coherence length was measured via transport methods
to be roughly (10-20) µm [4]. Our work shows that the
multipole radiation provides an optical means to directly
probe the coherence length.

To understand this e↵ect more quantitatively, we de-
compose the radiative emission rate �m of an excited
electron in the state |n + 1, mi into all the multipole mo-
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FIG. 2: (a) Low-energy band structure of graphene-like Dirac
material for zero magnetic field. Here m0 and v are the Dirac
mass and velocity, respectively, and we only show one of the
two valleys. (b) Amplitude of the cylindrical vector harmonic
|E`| for ` = 100 with �0 = 600 nm and index of refraction
n0 = 3.2. Because the size of the optical vortex increases
as �`, an edge state with radius re (black circle) can only
spontaneously emit into modes with ` . re/�. (c) Branching
ratio for spontaneous emission into di↵erent ` modes for two
di↵erent values of re/�. We took Dirac parameters for WSe2
(m0v

2 ⇡ 1 eV and v ⇡ 106 m/s [63]) embedded in GaP,
Bz = 11 T, n = 0, and � = 30 nm.

ments �m =
P

`�0 �
`
m [64]. Each individual component

can be found using Fermi’s golden rule for the emission
into the free space modes with a specified `. We give the
matrix elements in the supplemental material [60]. Two
illustrative examples are shown in Fig. 2(c) for the n = 0
to n = 1 transition with Dirac parameters for single-
layer WSe2. We plot the branching ratio �

`
m/�m for two

di↵erent edge radii, which confirms the scaling analysis
from above. For re = 1.5 µm we find a nearly uniform
distribution for the spontaneous emission out to ` = 50.
Including disorder will modify shape of the distributions
in Fig. 2(c), but it will not reduce `max, which is simply
a result of the large coherence length of the edge states
compared to �.

These large multipole moments for the quantum Hall
edge states may also be useful for applications that make
use of light with large orbital angular momentum [65].
For example, placing the 2DES in a cavity and using
the pumping scheme in Fig. 1(b), would enable lasing
with orbital angular momentum by tuning a Laguerre-
Gaussian mode of the cavity into resonance with the as-
sociated Raman transition for the edge state.
Radiation from the bulk.— We now consider the optical

emission from the localized states in the bulk of the 2D
material. In particular, we show that the disorder land-
scape can be reconstructed through optical imaging of
the scattered light. For simplicity, we consider circularly

2⇡redge/� = 50

2⇡redge/� = 3

multipole emission

2

sub-wavelength correlations [57, 58].

As the electron-hole pair approaches the edge, the sit-
uation changes dramatically because these states exhibit
electronic coherence that extends across the entire sam-
ple. Furthermore, due to the magnetic field, the edge
states carry a large angular momentum, which can be
partially transferred into the optical radiation during
emission. Such a transfer process is necessarily associ-
ated with the presence of higher order multipole moments
in the far-field radiation. To illustrate this point more
concretely, we consider a cylindrically symmetric edge,
where the multipole radiation pattern can be calculated
analytically. We represent the magnetic vector potential
in the symmetric gauge A0 = Bz(�y, x)/2, where Bz

is the perpendicular magnetic field and (x, y) are the in-
plane coordinates of the 2DES. In this gauge, the angular
momentum is a good quantum number and we can or-
der the single-particle states in the nth Landau level into
eigenstates |n, mi (m � � |n|) of the angular momentum
operator Lz/~ = xky � ykx with eigenvalue �m, where
k = (kx, ky) is the in-plane wavevector.

To describe the spontaneously emitted field, we also
decompose the optical field into eigenstates of Lz with
orbital angular momentum (OAM) ~` and longitudinal
momentum ~k. Such states are known as cylindrical vec-
tor harmonics and are closely related to the cylindrically
symmetric Laguerre-Gaussian modes within the paraxial
approximation [59]. An electron in the conduction band
with angular momentum m can conserve total angular
momentum by recombining with a hole in the valence
band with angular momentum m

0 and emitting light with
OAM ` = m�m

0 [see Fig. 1(b)]. In the supplemental ma-
terial, we give a gauge independent derivation of this se-
lection rule [60]. We remark that these arguments should
generally apply to integer quantum Hall systems, as well
as other materials with topological edge states. Focus-
ing on quantum Hall systems in Dirac materials, we now
discuss these e↵ects from a more microscopic picture.

Dirac Model.—The low-energy Hamiltonian in a 2D
material with an underlying hexagonal lattice takes the
Dirac form in each valley (neglecting spin), H = ~v k ·
⌧ + m0v

2
⌧z, where v is the Dirac velocity, k = (kx, ky)

is the in-plane wavevector, ⌧ = (⌧x, ⌧y, ⌧z) are Pauli ma-
trices operating on the Dirac pseudospin, and m0 is the
e↵ective Dirac mass. At zero magnetic field the spec-
trum of H is E(k) = ±
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4 + v2|k|2, as shown in
Fig. 1(a). For large Bz, the energy spectrum is quan-
tized into degenerate Landau levels at energies En =
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2v/`c is the cycolotron frequency, and `c =
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the magnetic length. Throughout this work we restrict
our discussion to the K-valley for simplicity and neglect
inter-valley scattering processes.

Consider the interaction of this system with an ex-
ternal optical field. The light-matter interaction can be
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FIG. 1: (a) In the presence of a large magnetic field, the
electronic states of the 2DES are quantized into Landau lev-
els, which we index by their angular momentum �~m. The
majority of the states in the bulk are localized by disorder,
leading to inter-band radiation dominated by dipole emission.
The spectrum of this radiation is spatially correlated with the
disorder potential. Here Ec(v) refer to the energy of the con-
duction (valence) band and EF is the Fermi energy. (b) An
electron excited at the edge of the system can emit light with
orbital angular momentum ~` by recombining with a hole in
the state m0 = m � `. Here we have taken the edge states
in the conduction band to have the opposite slope from the
valence band so that the edge emission is spectrally distin-
guishable from the bulk.

found through the usual prescription k ! k � eA/c
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�(x, y)]e�i!t + h.c., (1)

where A± = (Ax ± iAy)/
p

2 are the circularly polarized
components of the vector potential A in the plane of
the 2D material. Due to the Dirac band structure, the
pseudo-spin operators ⌧± couple the nth Landau level to
both n±1 and �n±1. This leads to the optical selection
rule: n ! n

0 with |n0| = |n| ± 1 [34].
We represent the single-particle states in the symmet-

ric gauge, in which case the eigenstates |n, mi take the
form [61]
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c acts as a raising

operator on the Landua level eigenfunctions, (↵0, �0)T =
(0, 1), and, for n > 0 (n < 0), (↵n, �n)T are the positive
(negative) eigenvectors of the 2x2 matrix
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whose eigenvalues are the energy eigenvalues En. We
represent the OAM eigenstates for the optical field in
the basis of cylindrical vector harmonics [59], which take
the form E(x, y, z) =

P
`,k E`,k(r)ei`✓+ikz, where r = |u|

and ✓ = tan�1(y/x).
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Introduction.— Topological insulator (TI) has drawn
attention of many physicists for its exotic property of
being a conductor on its boundary while remaining as an
insulator in the bulk [1–4]. In particular, there has been
extensive theoretical and experimental e�orts to achieve
this exotic phase of matter by coupling electrons with
photons [5–9]. TI generated in this way are often called
as Floquet topological insulators.

On the other hand, fabrication of the superlattice
structure such as moire pattern opened a new way to
enigneer electronic bands. This band engineering can in-
duce interesting physics such as the flat band [10–13] or
the unconventional superconductivity [14–18] in twisted
bilayer graphene. Therefore, the Floquet topological in-
sulator with the superlattice structure can be another
platform for many interesting physics.

In this Letter, we study the monolayer graphene irra-
diated by circularly-polarized (CP) beam with superlat-
tice structure created by spatial periodicity in the beam
amplitude. We first study the case of square lattice and
explore the topological phase transition regarding the su-
perlattice size. Then we investigate the topological phase
transitions occurring when shearing a square lattice. In
particular, we examine the relation between this topolog-
ical phase transition and the role of lattice symmetry in
complex tunneling phases. Finally, we study the possibil-
ity of creating more complicated lattice by superposing
di�erent kinds of lattices with an example of transition
between a hexagonal lattice and a kagome lattice.

Graphene with spatially patterned light.— Let us con-
sider a monolayer graphene with the inter-atomic dis-
tance a and the tight-binding energy t between the near-
est neighbors. The low-energy, one valley description for
this monolayer graphene under the electromagnetic field
A(r, ·) is given by

H = v {p + eA(r, ·)} · (‡xx̂ + ‡yŷ) (1)
where ‡x, ‡y, ‡z are Pauli matrices acting on sublattice
degrees of freedom and v = (3/2)ta is the Fermi ve-
locity at Dirac points [19]. In particular, if we shine
the CP beam with spatial amplitude pattern A(r, ·) =
A0(r)eiÊ· (x̂ + iŷ) + c.c. (Fig. 1), the e�ective Floquet
Hamiltonian to the first order of Ê

≠1 becomes [20–24]

He� = v(px‡x + py‡y) + 4e
2
v

2

Ê
|A0(r)|2 ‡z. (2)

FIG. 1. Monolayer graphene irradiated by circularly-
polarized light with frequency Ê. The amplitude pattern
A0(r) is given by the superposition of Gaussian beams po-
sitioned on the superlattice given by translation vectors a1
and a2. |a1| = L. Each Gaussian beam has peak amplitude
A0 and beam radius fl. We denote the inter-atomic distance
of the graphene as a and the tight-binding energy between
the nearest neighbors as t.

We denote the peak amplitude of A0(r) as A0. Then Eq.
(2) becomes a valid description when frequency Ê is high
enough (Ê ∫ evA0) and the amplitude varies in length
scale larger than a (A0/max {|ÒA0(r)|} ∫ a).

We specifically study the superlattice structure created
by spatially periodic amplitude |A0(r)| = |A0(r + a1)| =
|A0(r+a2)|. To make the beam experimentally relevant,
we consider the superposition of CP Gaussian beams po-
sitioned on the superlattice,

A0(r) =
ÿ

n1,n2

A0 exp
3

≠ |r ≠ n1a1 ≠ n2a2|2

2fl2

4
, (3)

where fl is the radius of each Gaussian beam. This beam
configuration is achievable with current beam shaping
technologies [25–27]. For the cases |a1|, |a2| ∫ a, we can
apply the same spatial periodicity to Eq. (2) and ob-
tain Bloch wavefunctions Âm,k and eigenenergies Em,k
where m is the band index and k is the crystal momen-
tum within the Brillouin zone set by reciprocal lattice
vectors of a1 and a2. Note that Eq. (2) preserves chiral
symmetry and therefore the Floquet spectrum is sym-
metric with respect to the zero energy.
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and a2. |a1| = L. Each Gaussian beam has peak amplitude
A0 and beam radius fl. We denote the inter-atomic distance
of the graphene as a and the tight-binding energy between
the nearest neighbors as t.

We denote the peak amplitude of A0(r) as A0. Then Eq.
(2) becomes a valid description when frequency Ê is high
enough (Ê ∫ evA0) and the amplitude varies in length
scale larger than a (A0/max {|ÒA0(r)|} ∫ a).

We specifically study the superlattice structure created
by spatially periodic amplitude |A0(r)| = |A0(r + a1)| =
|A0(r+a2)|. To make the beam experimentally relevant,
we consider the superposition of CP Gaussian beams po-
sitioned on the superlattice,

A0(r) =
ÿ

n1,n2

A0 exp
3

≠ |r ≠ n1a1 ≠ n2a2|2

2fl2

4
, (3)

where fl is the radius of each Gaussian beam. This beam
configuration is achievable with current beam shaping
technologies [25–27]. For the cases |a1|, |a2| ∫ a, we can
apply the same spatial periodicity to Eq. (2) and ob-
tain Bloch wavefunctions Âm,k and eigenenergies Em,k
where m is the band index and k is the crystal momen-
tum within the Brillouin zone set by reciprocal lattice
vectors of a1 and a2. Note that Eq. (2) preserves chiral
symmetry and therefore the Floquet spectrum is sym-
metric with respect to the zero energy.
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FIG. 3. Spectrum for full tight-binding model. |A0(r)|2 = A2
0[cos

2
(G1 · r/2) + cos

2
(G2 · r/2)] where eA0a = 0.2. Ê = 5t. The

plots are drawn in the same manner as in Fig. 1.

the minimum point can be approximated by the harmonic function, M(r) = V r2. Now set r = lr̄, ˆ = l≠1 ¯̂ and
E = –Ē when E is the eigenenergy of He�. This e�ective Schrodinger equation can be deformed into dimensionless
equation if –2 = v2/l2 = V 2l4/L4. The later equality gives l = (vL2/V 2)1/3, therefore – = (v2V )1/3L≠2/3. Since the
dimensionless equation gives the same gap size regardless of L, the actual gap scales as L≠2/3.

CIRCULATING CURRENT DENSITY PATTERN

Since this system breaks time-reversal symmetry, it can have non-trivial current density pattern. In particular,
we know that the system with uniform circularly polarized beam has non-trivial Chern number (|C| = 1). Then we
can think our system is locally topological (|C| = 1) where the intensity is high and is locally trivial (C = 0) where
the intensity vanishes. Then chiral edge states develop between the domain wall of those two regions, which form a
circulating current density pattern within the superlattice cell. To verify this, we plotted ÂA/B,q=0(r) in Fig. 4.

CHERN NUMBERS OF BANDS NEAR THE ZERO ENERGY

To see if these circulating current density pattern leads to non-trivial Chern numbers for the flat bands in our system,
we calculated these Chern numbers by integrating Berry curvature (CBerry) and by calculating the contribution of
each band to the Hall conductance through Kubo formula (CKubo). As shown in Fig. 5, Chern numbers for the bands
which are energetically separated from the other bands are all zeros, which is a weird result given that our system
breaks the time-reversal symmetry and the corresponding states has chiral current density pattern.

LATTICE SHEARING AND TOPOLOGICAL PHASE TRANSITION

To reconcile the topologically trivial bands (Fig. 5) with the chiral circulation in the current pattern (Fig. 4),
one may argue that tunnelings between localized states cannot have complex phases due to the C4 symmetry of
the square lattice. If this is the case, we may have induce complex tunneling phases by shearing the lattice, which
may lead to topologically non-trivial system. To investigate this, we calculated Chern number of the lowest positive
energy band for di�erent lattice shearing angle, ◊ [Fig. 6(a)]. For convenience, we used the lattice of Gaussian beams,
A0(r) = A0

q
m1,m2

exp{≠|r ≠ m1a1 ≠ m2a2|2/(2‡2)}. As shown in the figure, one may find the topological phase
transitions occur as the lattice shears (C : 0 æ ≠1 æ 0). One can see that these phase transitions are accompanied by
the gap closing, which turn out to be band inversions as manifested by the drastic change of the Bloch wavefunction
around the transition point [Fig. 6(b)]. Yet, this does not give us the Chern insulator with flat bands, since the gap

•  Power law decrease in gap

•  Exponential band-flattening
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•Other lattice structure?

• Interaction?

•Floquet (resonance) case?
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