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Abstract

system.

We report the realization of a synthetic magnetic field for photons and polaritons in a honeycomb lattice of coupled
semiconductor micropillars. A strong synthetic field is induced in both the s and p orbital bands by engineering a
uniaxial hopping gradient in the lattice, giving rise to the formation of Landau levels at the Dirac points. We provide
direct evidence of the sublattice symmetry breaking of the lowest-order Landau level wavefunction, a distinctive
feature of synthetic magnetic fields. Our realization implements helical edge states in the gap between n=0 and
n=+1 Landau levels, experimentally demonstrating a novel way of engineering propagating edge states in photonic
lattices. In light of recent advances in the enhancement of polariton—polariton nonlinearities, the Landau levels
reported here are promising for the study of the interplay between pseudomagnetism and interactions in a photonic

Introduction

One of the most remarkable consequences of the
application of an external magnetic field to a two-
dimensional electron gas is the quantum Hall effect. In
this phenomenon, the parabolic band dispersion of the
electron gas rearranges into discretized Landau levels'.
Moreover, when the Fermi energy is located between two
Landau levels, the system is insulating in the bulk and
possesses conducting channels on the edge. These chan-
nels are so robust to disorder that they can be used for
metrology applications®.

The search for such effects in photonic systems has
been a very active field in the past decade®. The imple-
mentation of Landau levels for photons is a solid-state
inspired route to the study of artificial magnetic fields
acting on photons. Thanks to the presence of photon
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nonlinearities in certain optical media, photonic lattices
showing Landau levels would be particularly suited for the
investigation of the interplay between pseudomagnetism
and interactions*™®. In addition, the associated unidirec-
tional edge channels are ideal to engineer photonic
transport immune to backscattering in a chip®’. The main
difficulty in attaining this regime is that photons are lar-
gely insensitive to external magnetic fields.

Beyond the successful observation of chiral edge states
for microwave, telecom and near-infrared wavelengths
using magneto-optical materials® %, the realization of
topological bands for photons has so far relied on the
engineering of synthetic magnetic fields. In this way, the
Harper—Hofstadter model in coupled micro-resonators'"'?
and Landau levels in centimetre-size cavities'> have been
realized for photons without the need for any external
magnetic field. A very straightforward approach to engi-
neer synthetic magnetic fields was proposed by Guinea and
co-workers when considering a layer of graphene'*'®: by
carefully engineering the strain applied to the honeycomb
lattice, a gradient of hopping strength between adjacent
sites is obtained, resulting in electrons experiencing a
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synthetic magnetic field. As time-reversal is not broken, the
synthetic magnetic field has opposite signs at each of the
two Dirac cones. Since this configuration requires only the
local modification of the nearest-neighbour hopping
energies across the honeycomb lattice’®’, such strain-
induced pseudomagnetic fields can be directly transferred
to graphene analogues based on classical waves of different
nature'®, from the photons/polaritons considered here to
phonons. The resulting Landau-level structure is char-
acterized by a zero-energy level (n=0) and by a set of
positive and negative quasi-flat levels (n=+1, £2, £3, ...)
with a square root energy spacing (e, ~ *+/n) inherited
from the Dirac dispersion, similar to a graphene sheet
exposed to a strong perpendicular magnetic field"”.

In photonics, this configuration was first implemented
by Rechtsman et al. in a lattice of coupled waveguides
subject to artificial trigonal strain®’. The presence of flat
Landau levels was inferred from the localization dynamics
of a point-like excitation at the edge of the lattice. How-
ever, the observation of the Landau-level spectra and the
unique properties of the wavefunctions in the presence of
a synthetic field, such as sublattice polarization'®*' and
helical propagation®”, have remained unexplored. More
recently, the implementation of strain-induced Landau
levels has been proposed**** and reported® in macro-
scopic acoustic lattices.

In this article, we report direct evidence of photonic
Landau levels and helical edge states emerging from a
synthetic magnetic field engineered in strained honey-
comb lattices for microcavity polaritons®®. Unlike other
photonic analogues of graphene, such as coupled wave-
guideszo'”, microwave resonators>>>° and photorefractive
crystals®, polaritons allow direct access to the energy
band structure and to the spatial distribution of the
wavefunction. Taking full advantage of these properties,
this system has been a versatile platform to bring to the
photonics realm the single-particle physics of quasi-
crystals® and graphene'®**™®* and to engineer new
types of Dirac cones® and other two-dimensional lat-
tices®*”. Here, we follow the theoretical proposal of
Salerno and co-workers® and use an artificial uniaxial
strain to generate strong synthetic fields for exciton-
polaritons. We observe Landau levels at the Dirac cone
energy in the s and p,,, orbital bands arising, respectively,
from the coupling between the fundamental and first
excited modes of each micropillar. For both sets of bands,
we observe the localization of the =0 Landau level
wavefunction in one sublattice, illustrating the specificity
of pseudomagnetic fields compared to real ones (see ref. >
for an implementation in the microwave regime). We also
report propagating helical edge states associated with the
n=0 Landau level, the synthetic field analogue of the
chiral edge states responsible for transport in the quan-
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tum Hall effect. In light of the recent progress on polar-
iton quantum effects*®*!, our platform provides an
alternative route to twisted cavities®'® for the study of the
fractional quantum Hall Laughlin states of strongly
interacting photons anticipated in ref. *%,

Results

To fabricate the strained polariton honeycomb lattices,
we start from a microcavity grown by molecular beam
epitaxy, composed of a A/2 GaggpsAlpes As cavity
embedded in two Bragg mirrors of 28 (top) and 40 (bot-
tom) pairs of A/4 alternating layers of GaggsAlygsAs/
GaggoAlgao As. Twelve 7-nm-wide quantum wells are
positioned at the three central maxima of the electro-
magnetic field. At 10K, the temperature of our experi-
ments, the strong coupling regime between quantum well
excitons and confined photons gives rise to polaritons,
light—matter hybrid quasi-particles, characterized by a
Rabi splitting of 15meV. Though the experiments
reported here are restricted to the low-power linear
regime, the hybrid light—matter nature of polaritons has
the potential to reach nonlinear regimes at high excitation
densities.

The planar microcavity is processed by electron beam
lithography and inductively coupled plasma etching down
to the GaAs substrate to form honeycomb lattices of
overlapping micropillars. Each micropillar has a diameter
of 2.75um. Due to the additional lateral confinement
provided by the refractive index contrast between the
semiconductor and air, the micropillars act as artificial
photonic atoms. The fundamental mode of their energy
spectrum (s mode) is cylindrically symmetric, similar to
the p, orbitals in graphene. The first excited state is made
of two antisymmetric modes, p, and p, with lobes
oriented in orthogonal spatial directions, as sketched in
Fig. 1a. During the design of the lithographic mask, an
overlap between micropillars is introduced to enable the
hopping of polaritons between adjacent sites®. If the
hopping from each pillar to its three nearest neighbours is
equal and spatially independent (¢, =t, = £3, unstrained
honeycomb lattice), the coupling of s modes gives rise to
two bands similar to the 7 and 7* bands of graphene (Fig.
1b), whereas the coupling of p modes results in a set of
four bands at higher energy (two of them are dispersive
and intersect linearly, giving rise to Dirac cones).

To implement artificial strain in our lattices, we design
the lithographic mask in such a way that the centre-to-
centre distance between the micropillars along the links
parallel to x varies continuously between 1.9 and 2.7 pum,
while the distance between the other links remains the
same over the whole lattice (¢ =24pum; t,=t3 see
Fig. 1c). This uniaxial gradient of interpillar distances is
designed to yield a linear evolution of the hopping #,(x) in
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Fig. 1 Strained honeycomb lattice. a Sketch of the real-space distribution of the s and p modes in a single micropillar. b Spectrally resolved far-field
emission of an unstrained lattice showing the s and p bands for k, = 471/3a. E; = 1565.25 meV is the energy of the Dirac points in the s bands.

¢ Scanning electron microscope image of a strained honeycomb lattice with a gradient along the x direction: T = 0.96 for the s bands and 7= 0.28 for
the p bands. d Tight-binding calculation of the band structure of a uniaxially strained ribbon containing N, =41 unit cells and a gradient 7= 0.05
along x and zigzag terminations. Periodic boundary conditions are assumed along y. Landau levels appear around the Dirac points K and K’ for

k, = +271/3v/3a. The n =0 Landau level is degenerate with non-propagating trivial edge states on both zigzag edges, while propagating edge
states appear only on the right zigzag edge. The colours are defined by the mean position of the wavefunction of each state: magenta for states

localized on the right edge, cyan for states localized on the left edge, and black for bulk states

both the s and p bands (see Supplementary material):

11 (%) zt(l—i—%r) (1)

where t=1¢,=1t; and 1 quantifies the amount of strain.
The strain induces a synthetic vector potential A = (4,,A,)
with eA, =0 and eA,(x) = 2§hrx/(9a*), where e is the
electron charge and § = £1 is the valley index associated
with each of the two Dirac points®® K and K. The
resulting artificial magnetic field B,=9d,A4, is directly
proportional to the hopping gradient 7 and has opposite
signs in the two Dirac valleys K and K'. This is consistent
with the fact that the strain-induced pseudomagnetic field
does not break the time-reversal symmetry, which is the
main difference from a magnetic field applied to
graphene. We designed photonic honeycomb lattices with
different hopping gradients resulting in artificial magnetic
fields corresponding to values up to 3200 T for the s bands
and 1000 T for the p bands when considering the electron
charge and the lattice parameter of graphene. All the
considered lattices share the same design: (i) armchair
termination for the bottom and top edges, (ii) zigzag
termination for the left and right edges, and (iii) #
increases from the left to the right edge (i.e., positive
gradient 7). Figure 1c shows a scanning electron micro-
scope image of the central region of one of the ribbons
employed in the experiments.

Figure 1d shows the energy dispersion of the s bands
numerically calculated within a tight-binding model for a
ribbon with N, =41 unit cells and a weak hopping gra-
dient 7=0.05 along x. Along y, periodic boundary con-
ditions have been assumed. In the simulation, the black

colour indicates modes with a wavefunction localized in
the bulk of the lattice, while other colours are used to
indicate wavefunctions located either on the right or left
edge. Photonic Landau levels # appear in the vicinity of
the Dirac cones K and K, revealing a square root energy
structure typical of massless Dirac particles'”: ¢ =
E} +t+/7|n| with Ej the energy of the Dirac points in the s
bands. The »=0 Landau level appears at Ej, both at K
and K'. At higher and lower energies, higher-order (|z| >
0) Landau levels appear in the simulation. These levels
present a small tilt caused by the spatial variation of the
Dirac velocity along the horizontal direction****. Indeed,
high-order Landau levels whose associated wavefunctions
are centred in different positions of the lattice have
slightly different energies®®.

The calculated bands in Fig. 1d also show the presence
of edge states, depicted by the cyan and magenta colours.
Between K and K/, the coloured line linking the two n =0
Landau levels corresponds to trivial edge states associated
with the zigzag terminations. These states are also present
in honeycomb lattices with homogeneous hopping®.
Away from the K and K’ points, the 7 =0 Landau level
evolves into two split bands with energy higher and lower
than Ej. These bands correspond to propagating states
located at the right edge of the lattice, as indicated by the
magenta colour. Bearded terminations (not shown here)
result in edge states located on the left edge®”. Higher-
order (|n|>0) Landau levels give rise to propagating
states located at the right and left edges. Since the time-
reversal symmetry is preserved, edge states in different
valleys propagate in opposite directions, resulting in
helical transport. The goal of this article is to report on
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Fig. 2 Photonic Landau levels in s bands. a Spectrally resolved far-field emission of the s bands from an unstrained lattice for k, = 47/3a.
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b Spectrally resolved far-field emission summed over all values of k, accessible in our setup for a strained lattice with a gradient 7= 0.56. The

corresponding pseudomagnetic field is B, = 1400 T. The unshifted positions of the Dirac cones K and K are indicated by vertical dashed lines.

The Dirac energies are located at £§ = 1565.25 meV for a and £} = 1567.7 meV for b. For each case, the white solid lines are theoretical fits using the
tight-binding Hamiltonian with: t=0.17 meV and t’ = —0.08t for a; t =0.17 meV, t' = 0 meV, a hopping gradient 7= 0.56, and an onsite energy of
+1.6t. in the leftmost and rightmost pillar columns to account for the additional confinement of edge micropillars for b. c-e Measured real-space
photoluminescence intensity at the energy of the Dirac cone for hopping gradients T=0 ¢, 7= 0.56. d, and 7= 1.26 e. The position of the excitation
spot is marked by white dashed lines. The colour scale of each panel has been independently normalized to its maximum value. f Measured density
of states for different hopping gradients. For the strained lattices with T=0.56, = 0.96 and 7= 1.26, the emission of the two leftmost and rightmost
columns of micropillars has been excluded to suppress the contribution of the zigzag edge states. Each curve is vertically offset by 0.1 for clarity

J

the experimental implementation of these photonic
Landau levels and their associated helical edge states.
The experimental investigation of the lattices is realized
by combining reciprocal-space and real-space photo-
luminescence experiments using a non-resonant con-
tinuous wave laser at 740 nm. The laser is focused on an
8 um diameter spot at the centre of the lattice by an
aspherical lens (N.A.=0.5). The low value of the pump
power (0.2 mW) avoids any nonlinear effects. The real-
space and momentum-space resolved photoluminescence
is measured using an imaging spectrometer coupled to a
CCD camera. A polariser in front of the spectrometer
selects the emission linearly polarized along the y axis.
First, we focus on the photonic Landau levels in the s
bands. Figure 2a displays the angle-resolved photo-
luminescence in the middle of the second Brillouin zone
(k, = 471/34a) in a lattice without a hopping gradient (7 = 0;
25 x 18 unit cells). This shows a band structure very
similar to the 7 and 7* bands of graphene, with Dirac
cones at their crossing. The dispersion is fitted (white line)
by a tight-binding model considering nearest-neighbour
and next-nearest-neighbour hopping (¢=0.17 meV,
¢ = —0.08t). The latter is an effective hopping that allows
us to reproduce the asymmetry between m and n*
bands**??, Physically, it originates from long-distance

coupling mediated by the p bands*®. Figure 2b shows the
measured dispersion of a lattice with artificial strain (v =
0.56, B, =1400T) when summing the emission over all
values of the transverse k, accessible with the collection
lens for a given value of k, (parallel to the zigzag edge).
The white lines indicate the theoretical dispersion of the
discrete bands that originate from the splitting of the bulk
bands in our finite lattice (10 x 18 unit cells, 360 micro-
pillars) with a high hopping gradient.

Figure 2b shows, by the white lines, the calculated dis-
persion using a tight-binding Hamiltonian that takes into
account the nominal variation of ¢;(x) implemented in the
lattice and an onsite energy offset A = 1.6¢ applied to the
leftmost and rightmost columns of micropillars in the
lattice. This onsite energy accounts for the additional
confinement of the s modes in the micropillars located at
the edges, which only have two neighbouring pillars
instead of three for those in the bulk, and therefore, their
eigenfunction is more strongly confined than that in the
bulk pillars. To simplify the model, we neglected any next-
nearest-neighbour coupling. Close to Ej, at the Dirac
points, the wavefunctions obtained from the model show
spatial localization at the centre of the lattice compatible
with the #=0 Landau level. In contrast, the bands
extending away from the Dirac points around Ej
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correspond to states localized at the zigzag edges. The full
colour weighted version of the tight-binding fit, with
information on the spatial position of the wavefunctions,
is shown in the Supplementary material. Given the sig-
nificant linewidth of the emission (~200 meV) comparable
to the expected gap between the lowest-order Landau
levels, the identification of the #n=0 level from
momentum-space measurements is challenging.

To clearly identify the zeroth Landau level close to Ej,
we perform real-space tomography of the wavefunctions
at that energy. To do so, the surface of the lattice is
imaged on the entrance slit of the spectrometer, and the
photoluminescence is resolved in energy and real-space
position y for different positions x. The x, y intensity
distribution of the wavefunctions for any energy can then
be reconstructed from the measured tensor (x, y, E).
Figure 2c shows the real-space emission at the energy of
the Dirac points for the unstrained lattice (r=0). The
wavefunction presents a honeycomb pattern that extends
over several lattice sites around the excitation spot
(indicated by the white dashed line in the images) due to
polariton propagation at the Dirac velocity. Figure 2d, e
show the emitted intensity at Ej for strained lattices with
r=0.56 (B,=1400T) and r=1.26 (B,=3200T). In
contrast to the unstrained case, in which the emission
intensities from the A and B sublattices are equivalent, the
presence of the pseudomagnetic field changes the inten-
sity ratio between the two sublattices: for 7= 0.56, a clear
asymmetry between the A and B sublattices is visible in
the bulk of the strained lattice, and for 7=1.26, the
wavefunction is completely localized on the B sublattice.
The measured and theoretical dispersions for 7= 1.26 are
shown in the Supplementary material.

Sublattice polarization is the main signature of the n =0
Landau level under a pseudomagnetic field"®*®. In the
case of a real magnetic field applied perpendicularly to a
graphene sheet, the field has the same sign at both Dirac
points K and K’. The wavefunction of the » =0 Landau
level at the K point presents a non-zero amplitude in only
one of the two sublattices, while at the K’ point, the non-
zero amplitude appears in the other sublattice. Overall,
the n =0 Landau level under a real magnetic field is a
combination of both Dirac points and is distributed over
both sublattices. In the case of a strain-induced pseudo-
magnetic field, the sign of the effective field at the K point
is opposite to that at the K’ point. Therefore, the wave-
function of the » =0 Landau level is localized in the same
sublattice for both Dirac points, and the specific sublattice
A or B is determined by the gradient of the strain. For
higher-order Landau levels (n#0), the wavefunctions
present a non-zero probability amplitude in both sub-
lattices in both real and strain-induced fields. In the
experiments, since an increase in the pseudomagnetic
field leads to a larger gap between the n =0 and higher-»
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Landau levels, the strongest sublattice polarization is
observed for the lattice with the highest hopping gradients
r (Fig. 2d, e). This sublattice polarization provides
unambiguous identification of the zeroth Landau level.

The appearance of the zeroth Landau level is also visible
in the measured density of states shown in Fig. 2f for
different hopping gradients. The density of states is
obtained from the integration in space of the emitted light
at a given energy. The n =0 Landau level manifests as a
peak of high density of states at Ej, as a consequence of
the associated degenerate flat band, when the gradient 7
increases. To avoid any possible contribution of the trivial
zigzag edge states also present at Ef, in Fig. 2f, we have
excluded from the integration the emission of the two
leftmost and two rightmost columns of micropillars in
lattices with 7=0.56, 7=0.96 and 7= 1.26.

One should also expect the presence of propagating
edge states emerging from the pseudomagnetic field at
energies between the different Landau levels (see Fig. 1d).
However, given the emission linewidth, propagating edge
states mix with bulk states and cannot be evidenced in the
s bands. For this reason, we turn our attention to the
p bands, which are also present in the fabricated lattices.
As the nearest-neighbour coupling #; for the p orbitals
oriented along the link between adjacent micropillars is
four to five times larger than that for the s bands®? we
expect a larger Landau-level spacing and the possibility of
identifying helical edge states emerging from the artificial
magnetic field.

Figure 3a displays the angle-resolved photo-
luminescence of the p bands when exciting an unstrained
lattice (r=0, B,=0T) at its centre. The dispersion is
recorded as a function of k, for a value of k, = 47/3a,
passing through the centre of the second Brillouin zone.
One can observe a flat band at low energy and two
intermediate dispersive bands with Dirac crossings at the
K and K’ points. By implementing the hopping gradient of
Eq. (1) in the longitudinal hopping # ;(x) for p, orbitals
parallel to the horizontal links, we expect to engineer an
artificial magnetic field around the Dirac points similar to
that of the s bands: photonic Landau levels should appear
with an energy spectrum e = E}+(£./2)\/7|n| (see
Supplementary material), where Ef is the energy of the
Dirac points in the p bands. Figure 3b shows the photo-
luminescence for the strained lattice shown in Fig. 2b, d)
obtained when summing the emission over all accessible
values of the transverse k, for each value of k,. For the
p bands, the designed centre-to-centre separation results
in a hopping gradient of 7=0.2 (B,=500T). The flat
bands around zero energy that are visible for k, €
[—2, —4]kyo U [2,4]k)o delimited by the Dirac points at &,
= +2k,0 and +4k, (with kg = 27/ 31/3) correspond to the
trivial zigzag edge states®, similar to those shown for the s
bands in Fig. 1d. At the position of the Dirac points, two
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Fig. 3 Photonic Landau levels in p bands. a Spectrally resolved far-field emission of the p bands from an unstrained lattice for k, = 471/3a.
b Spectrally resolved far-field emission summed over all values of k, accessible in our setup for a strained lattice with a gradient T=0.2. The

4, 1=02

corresponding pseudomagnetic field is B, = 500 T. The Dirac energies are located at £5 = 1568.5 meV for a and £j = 1570.7 meV for b. The positions
of the Dirac cones K and K’ are indicated by vertical dashed lines. € Top panel: zoom on the Landau levels n =0 and n = —1. The contrast is increased
to improve the visibility. The white lines in b, ¢ are theoretical fits using the tight-binding Hamiltonian with t, = —0.85 meV and tr =0 meV. Bottom
panel: coloured version of the theoretical fit used in the top panel. The colour of each state is defined by the mean position of its wavefunction.
d Measured density of states for different hopping gradients. For the strained lattices with 7= 0.2, and 7= 0.4, the emission of the two leftmost and
rightmost columns of micropillars has been excluded to suppress the contribution of the zigzag edge states. Each curve is vertically offset by 0.08 for
clarity. e-g Measured real-space photoluminescence intensity for hopping gradients =0 e, 7= 0.2 f, and 7= 0.4 h at the energy of the Dirac cone.
These lattices are, respectively, those shown in Fig. 2c—e. The positions of the excitation spot are identical to those in Fig. 2. The n =0 Landau level
wavefunctions in f and g are characterized by a B sublattice polarization in the bulk. For clarity, circles show the positions of some of the pillars in the

independently normalized to its maximum value

lattice. h Measured real-space photoluminescence intensity of the n=—1 Landau level shown in c. The colour scale of each panel has been

energies €5 = Ej — 0.07meV and €, = Ej 4+ 0.07 meV
can be defined for the #n = 0 Landau level (see the zoomed
area in Fig. 3c). This apparent splitting of the Landau level
originates from the finite size of the lattice; it is inherent
to any experimental realization and should decrease for
larger lattices. Interestingly, the n = —1 Landau level is
also visible in Fig. 3c. The nearest-neighbour tight-bind-
ing simulations shown in Fig. 3b, ¢ as solid lines qualita-
tively reproduce the observed dispersion for # =
—0.85 meV and assuming that the hopping 1 between the
p orbitals oriented perpendicular to the link is zero®*. Due
to the naturally stronger confinement of the p modes in
the pillars, in this case, we do not assume any onsite
energy offset at the edge micropillars.

To confirm the identification of the n = 0 Landau level,
we compare the wavefunction at the Dirac energy of an
unstrained lattice (B,=0T, Fig. 3e) with the wavefunc-
tions recorded at E = €5 for 7=0.2 (B, =500 T, Fig. 3f).
For zero pseudomagnetic field, the wavefunction is delo-
calized over several lattice sites and presents a honeycomb
pattern made of p,, orbitals. Analogous to that of the s

bands, the intensity distribution in the bulk of the strained
lattice presents a B sublattice polarization, a clear sig-
nature of the » =0 Landau level emerging from a pseu-
domagnetic field. One can notice a stronger contribution
of p, over p, orbitals on the left side of the » =0 Landau
level wavefunctions. This feature arises from the larger
onsite energy of p, orbitals inherited from the stronger
confinement of the p orbitals along the direction of the
hopping gradient when #; ;(x) < #,.. If the hopping gradient
is further increased, the sublattice polarization becomes
more evident, as displayed in Fig. 3g for r=0.4.

The measured density of states shown in Fig. 3d is
consistent with the emergence of the degenerate n=0
Landau level when the strain is increased. The wave-
function of the n = —1 Landau level visible in Fig. 3c is
shown in Fig. 3h. As expected, the intensity on sublattices
A and B is similar in this case since the sublattice polar-
ization is exclusive to the zeroth Landau level.

The larger hopping strength between the p orbitals than
that between the s bands opens up the possibility of
observing propagating edge states in the gap between the
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n=0 and n=t1 Landau levels, as shown in the tight-
binding simulations in Fig. 1d for the s bands. Figure 3c
highlights the presence of two such propagating edge
states close to the K point in the gaps between p Landau
level n=0 and Landau levels n = 1. The tight-binding
simulations depicted in the lower panel of Fig. 3¢ and in
the Supplementary material show the continuous evolu-
tion of the n =0 Landau-level bands spatially located in
the bulk of the lattice (black colour) into the propagating
edge states spatially located on the edge (magenta, right
edge), as expected from a two-dimensional system subject
to an artificial magnetic field. Similar edge states with
opposite group velocities are also visible at the other
Dirac cone.

The propagation of these edge states is experimentally
studied by placing the excitation spot on the zigzag edges
of a strained lattice with a hopping gradient 7=0.28
(B,=700T). The measured dispersions, centred and
zoomed on the zeroth Landau level, are shown in Fig. 4a,
b for the excitation on the left and right edges, respec-
tively. The dispersions exhibit very different features
depending on the excited edge. Figure 4a displays the
dispersion corresponding to the excitation of the left
zigzag edge, and it is dominated by a flat band at Ej
associated with non-propagating zigzag edge states>*.
These modes and the n=—1 Landau levels at lower
energy are separated by a gap (a similar gap is also visible
just above Ef). In contrast, Fig. 4b, which corresponds to
the excitation of the right zigzag edge, is dominated by
dispersive modes near the Dirac points k, = £2k,q with
opposite group velocities, lying exactly in the gap between
the zeroth and n = —1 Landau levels.

These dispersive modes correspond to the propagating
edge states linked to the zeroth Landau level depicted in
Fig. 1d for the s bands. Since they have opposite group
velocities in each valley, they propagate in opposite
directions. This helical propagation is revealed in Fig. 4d
when measuring the emitted intensity for an energy lying
between € and ¢’ (horizontal red line in Fig. 4a, b). At
the right edge, polaritons flow from the excitation spot
towards the top and bottom corners of the lattice. When
the left edge is excited, as shown in Fig. 4c, the measured
intensity shows a fast exponential decay outside the
excitation spot, evidencing the absence of propagating
edge states. This left/right propagation asymmetry is well
reproduced by driven dissipative calculations (see Sup-
plementary material). The intensity profiles measured
along the left and right zigzag edges (yellow rectangles in
Fig. 4c, d) are reported in Fig. 4e. The extracted propa-
gation lengths are L;=5pum and L, =17 um for the left
and right edges, respectively. Based on the propagation
length L, of the right edge state and the group velocity
Vg = 2.4 um s~ ! measured in Fig. 4b, we find a lifetime of
t~7ps for polaritons in the propagating state, in
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agreement with previous experiments on polariton hon-
eycomb lattices etched from the same wafer™.

To understand why only the right zigzag edge supports
the propagation of the zeroth Landau level, one has to
consider the chiral symmetry of our system and the
peculiar form of the zeroth Landau level wavefunction
emerging from the pseudomagnetic field**. As the zeroth
Landau level wavefunction is entirely localized on the B
sublattice, its energy is pinned to Ej (the onsite energy of
the isolated p orbitals) by the chiral symmetry. Conse-
quently, the only way for the zeroth Landau level to evolve
into a dispersive state with E # Ef is to combine with other
zero-energy edge states localized on the A sublattice. In
our case, the role of these zero-energy states is played by
trivial edge states associated with the zigzag termination
of the honeycomb lattice. These trivial edge states are
localized on the A sublattice at the right edge and on the B
sublattice at the left edge. For this reason, propagating
edge states associated with the » =0 Landau level appear
only at the right edge for the sign of the hopping gradient
that we consider. Note that by choosing other termina-
tions, it is possible to engineer propagating edge states
only at the left edge, propagating edge states at both edges
simultaneously, or no propagating edge states at all*>*.
This behaviour is a consequence of the sublattice sym-
metry breaking of the » =0 Landau level emerging from
the presence of the pseudomagnetic field and is very
different from the unidirectional chiral edge states that
appear in graphene under an external magnetic field, with
a propagation direction independent of the type of edge
and robust to local disorder.

Discussion

In this work, we have reported a direct measurement of
the # =0 Landau level wavefunction distributions in a
photonic honeycomb lattice subject to a synthetic mag-
netic field. We have provided unprecedented evidence of
the dispersion of helical edge states induced by an artifi-
cial magnetic field and their emergence from the funda-
mental Landau level at the edges of the sample. In
combination with recent advances in the enhancement of
polariton—polariton interactions*>*"*¢, our realization is
promising for the prospect of studying strongly correlated
photonic phases in systems with a higher degeneracy than
those in recent reports for microwave*® and twisted cav-
ities®. The helical edge states we have unveiled provide a
new playground to design topological photonic channels
in a chip without any external magnetic field. They pre-
sent a high degree of versatility, as their existence is
controlled by the termination of the lattice and, similar to
the interface states emerging from the valley Hall effect®,
they should in principle be free of backscattering in the
presence of any disorder that does not mix the two non-
equivalent Dirac cones.



Jamadi et al. Light: Science & Applications (2020)9:144 Page 8 of 10

e

"5 4-3-2-1012 3 45 5-4-3-2-1012 3 45
k,/(2n/37/3a)

10 20
X (um)
e T T T T T T T T T
B om 1 mLeft edge
ey on | ®Right edge
3 1004 oth:._o J
< ) Rt SR
> - LA S,
= Excitation spot b T 'Y
& a1 ! [
$107" 5 L e . ]
€ I L.
| e
1072 +— ; ; \ ; ; ; ; ;

Fig. 4 Zeroth Landau level propagating edge states. a, b Spectrally resolved far-field emission centred and zoomed on the zeroth Landau level

(p bands) of a strained lattice with a gradient T=0.28 (B, = 700 T) for a left a and right b edge excitation. Eg = 1571.3 meV. The positions of the Dirac

cones Kand K’ are indicated by vertical dashed lines. ¢, d Measured real-space photoluminescence intensity pattern for an excitation localized on the

left edge ¢ and on the right edge d. The emission at an energy lying in the gap between ¢5_ and €”; (horizontal red line in a and b) is selected. The

position of the excitation spot is marked by white dashed lines. e Maximum intensity measured on each pillar above the excitation spot (yellow
L rectangles in ¢ and d) for left and right edge excitation
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Methods

The different hopping gradients 7 are designed during
the realization of the lithographic mask by accurately
tuning the distance d between the centres of the pillars
forming a horizontal link. The distance between the cen-
tres of the pillars forming angled links with respect to the
horizontal direction remains constant (d=2.4pm). To
determine the dependence of the hopping on the centre-
to-centre distance d, we solve the time-independent
Schrodinger equation in two dimensions, accounting for
the in-plane shape of the micropillars for different centre-
to-centre distances”' and assuming infinite potential out of
the micropillars. We take D =2.75 um as the diameter of
the two micropillars, the same as that engineered in the
considered strained lattices. From the spectrum of eigen-
modes, we extract the bonding—antibonding splitting for
both the s and p modes as a function of the centre-to-
centre distance. We assume that the splitting for each set
of modes corresponds to twice the hopping amplitudes £
and £, in the tight-binding model. We perform a linear fit
of £, as a function of 4 and a parabolic fit for £,, resulting in
the following dependences:

d = —1.3xt; + 2.73, for s bands,

d = —0.75% £, + 0.34x t,, + 2.74, for pbands.

We use the above equations to design the centre-to-
centre distances along the horizontal direction in the con-
sidered lattices. Each lattice is designed to have a strictly
linear gradient 7 either in the s or in the p bands. However,
even if a lattice is designed to have a linear hopping gradient
in one of the two types of bands, the hopping gradient in the
other type of band is also linear to a very good approx-
imation. Supplementary Fig. S1 shows the exact centre-to-
centre distances along the horizontal direction employed in
the samples used in our study (black dots) along with the s
and p bands hopping in the horizontal links expected from
the above equations. Lattices (a), (c) and (d) were designed
with a linear gradient in the p bands, while (b) was designed
with a linear gradient in the s bands. Nevertheless, the
expected hopping gradient for the other type of band is also
linear to a very good approximation (the figure shows the
R? errors to linear fits). Therefore, our strained lattices
implement homogeneous synthetic magnetic fields for both
the s and p bands at the Dirac points.

Acknowledgements

This work was supported by the ERC grant Honeypol, the H2020-FETFLAG project
PhoQus (820392), the QUANTERA project Interpol (ANR-QUAN-0003-05), the French
National Research Agency project Quantum Fluids of Light (ANR-16-CE30-0021), the
French government through the Programme Investissement d’Avenir (-SITE ULNE/
ANR-16-IDEX-0004 ULNE) managed by the Agence Nationale de la Recherche, the
French RENATECH network, the Labex CEMPI (ANR-11-LABX-0007), the CPER
Photonics for Society P4S and the Métropole Européenne de Lille (MEL) via the
project TFlight. ER. acknowledges financial support from the FPI Scholarship No. BES-

Page 9 of 10

2015074708 and from the Spanish MINECO grant No. MAT2017-83722-R. GS. is

supported by funding from the ERC Starting Grant TopoCold. TO. is supported by
JSPS KAKENHI Grant Number JP18H05857, JST PRESTO Grant Number JPMJPR19L2,
JST CREST Grant Number JPMJCR19T1, the RIKEN Incentive Research Project, and the
Interdisciplinary Theoretical and Mathematical Sciences Program (THEMS) at RIKEN.

Author details

"Université de Lille, CNRS, UMR 8523—PhLAM—Physique des Lasers Atomes
et Molécules, 59000 Lille, France. “Depto. de Fisica de Materiales e Instituto
Nicolds Cabrera,

Universidad Auténoma de Madrid (UAM), 28049 Madrid, Spain. *Center for
Nonlinear Phenomena and Complex Systems, Université Libre de Bruxelles, CP
231, Campus Plaine, B-1050 Brussels, Belgium. “Université Paris-Saclay, CNRS,
Centre de Nanosciences et de Nanotechnologies, 91120 Palaiseau, France.
5Interdiscip\ihary Theoretical and Mathematical Sciences Program (iTHEMS),
RIKEN, Wako, Saitama 351-0198, Japan. SINO-CNR BEC Center and Dipartimento
di Fisica, Universita di Trento, 38123 Povo, lItaly

Author contributions

0OJ. and ER. performed the experiments and analysed the data; G.S, T.O. and I.
C. performed the simulations and developed the theoretical model; MM.
designed the sample; 1S, AL, LLG, and AH. fabricated the samples; O.J. wrote
the manuscript with assistance from all the co-authors; and 1.C, JB. and AA.
supervised the work.

Conflict of interest
The authors declare that they have no conflict of interest.

Supplementary information is available for this paper at https://doi.org/
10.1038/541377-020-00377-6.

Received: 28 January 2020 Revised: 18 July 2020 Accepted: 23 July 2020
Published online: 19 August 2020

References
1. Kiitzing, K V, Dorda, G. & Pepper, M. New method for high-accuracy deter-
mination of the fine-structure constant based on quantized Hall resistance.
Phys. Rev. Lett. 45, 494-497 (1980).
2. Ribeiro-Palay, R. et al. Quantum Hall resistance standard in graphene devices
under relaxed experimental conditions. Nat. Nanotechnol. 10, 965-971 (2015).
3. Ozawa, T. et al. Topological photonics. Rev. Mod. Phys. 91, 015006 (2019).
4. Petrescu, A, Houck, A. A. & Le Hur, K. Anomalous Hall effects of light and chiral
edge modes on the Kagomé lattice. Phys. Rev. A 86, 053804 (2012).
5. Biondi, M. et al. Incompressible polaritons in a flat band. Phys. Rev. Lett. 115,
143601 (2015).
6. Clark, L. W. et al. Observation of Laughlin states made of light. Nature 582,
41-45 (2020).
7. Raghu, S. & Haldane, F. D. M. Analogs of quantum-Hall-effect edge states in
photonic crystals. Phys. Rev. A 78, 033834 (2008).
8. Wang, Z. et al. Observation of unidirectional backscattering-immune topolo-
gical electromagnetic states. Nature 461, 772-775 (2009).
9. Bahari, B. et al. Non-reciprocal lasing action in topological cavities of arbitrary
geometries (Conference Presentation). In Subramania, G. S. & Foteinopoulou,
S. (eds), Proceedings of SPIE Active Photonic Platforms X (SPIE, San Diego,
California, 2018).
10.  Klembt, S. et al. Exciton-polariton topological insulator. Nature 562, 552-556
(2018).
11. Hafezi, M. et al. Robust optical delay lines with topological protection. Nat.
Phys. 7, 907-912 (2011).
12. Hafezi, M. et al. Imaging topological edge states in silicon photonics. Nat.
Photonics 7, 1001-1005 (2013).
13. Schine, N. et al. Synthetic Landau levels for photons. Nature 534, 671-675
(2016).
14.  Castro Neto, A. H. et al. The electronic properties of graphene. Rev. Mod. Phys.
81, 109-162 (2009).
15. Guinea, F, Katsnelson, M. I. & Geim, A. K Energy gaps and a zero-field
quantum hall effect in graphene by strain engineering. Nat. Phys. 6, 30-33
(2010).


https://doi.org/10.1038/s41377-020-00377-6
https://doi.org/10.1038/s41377-020-00377-6

Jamadi et al. Light: Science & Applications (2020)9:144

20.

21.

22.

23.

24.

25.

26.

27.

28,

29.

30.

31

32

33.

34.

Lewy, N. et al. Strain-induced pseudo-magnetic fields greater than 300 tesla in
graphene nanobubbles. Science 329, 544-547 (2010).

Gomes, K K. et al. Designer Dirac fermions and topological phases in mole-
cular graphene. Nature 483, 306-310 (2012).

Schomerus, H. & Halpern, N. Y. Parity anomaly and landau-level lasing in
strained photonic honeycomb lattices. Phys. Rev. Lett. 110, 013903 (2013).
Goerbig, M. O. The quantum Hall effect in graphene—a theoretical per-
spective. CR. Phys. 12, 369-378 (2011).

Rechtsman, M. C. et al. Strain-induced pseudomagnetic field and photonic
Landau levels in dielectric structures. Nat. Photonics 7, 153-158 (2013).
Georgj, A. et al. Tuning the pseudospin polarization of graphene by a pseu-
domagnetic field. Nano Lett. 17, 2240-2245 (2017).

Salerno, G. et al. Propagating edge states in strained honeycomb lattices. Phys.
Rev. B 95, 245418 (2017).

Yang, Z. J. et al. Strain-induced gauge field and landau levels in acoustic
structures. Phys. Rev. Lett. 118, 194301 (2017).

Abbaszadeh, H. et al. Sonic Landau levels and synthetic gauge fields in
mechanical metamaterials. Phys. Rev. Lett. 119, 195502 (2017).

Wen, X. H. et al. Acoustic Landau quantization and quantum-Hall-like edge
states. Nat. Phys. 15, 352-356 (2019).

Carusotto, I. & Ciuti, C. Quantum fluids of light. Rev. Mod. Phys. 85, 299-366
(2013).

Rechtsman, M. C. et al. Topological creation and destruction of edge states in
photonic graphene. Phys. Rev. Lett. 111, 103901 (2013).

Bittner, S. et al. Observation of a Dirac point in microwave experiments with a
photonic crystal modeling graphene. Phys. Rev. B 82, 014301 (2010).

Bellec, M. et al. Tight-binding couplings in microwave artificial graphene. Phys.
Rev. B 88, 115437 (2013).

Song, D. H. et al. Unveiling pseudospin and angular momentum in photonic
graphene. Nat. Commun. 6, 6272 (2015).

Goblot, V. et al. Emergence of criticality through a cascade of delocalization
transitions in quasiperiodic chains. Nat. Phys. https//doi.org/10.1038/541567-
020-0908-7 (2020).

Jacgmin, T. et al. Direct observation of Dirac cones and a flatband in a
honeycomb lattice for polaritons. Phys. Rev. Lett. 112, 116402 (2014).
Milicevi¢, M. et al. Edge states in polariton honeycomb lattices. 2D Mater. 2,
034012 (2015).

Milicevi¢, M. et al. Orbital edge states in a photonic honeycomb lattice. Phys.
Rev. Lett. 118, 107403 (2017).

35.

36.

37.

38

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

51

Page 10 of 10

Milicevi¢, M. et al. Type-lll and tilted dirac cones emerging from flat bands in
photonic orbital graphene. Phys. Rev. X 9, 031010 (2019).

Klembt, S. et al. Polariton condensation in S- and P-flatbands in a two-
dimensional Lieb lattice. Appl. Phys. Lett. 111, 231102 (2017).

Whittaker, C. E. et al. Effect of photonic spin-orbit coupling on the topo-
logical edge modes of a Su-Schrieffer-Heeger chain. Phys. Rev. B 99,
081402 (2019).

Salerno, G. et al. How to directly observe Landau levels in driven-dissipative
strained honeycomb lattices. 2D Mater. 2, 034015 (2015).

Bellec, M. et al. Observation of supersymmetric pseudo-Landau levels in
strained microwave graphene. Preprint at https//arxiv.org/abs/2001.10287
(2020).

Munoz-Matutano, G. et al. Emergence of quantum correlations from inter-
acting fibre-cavity polaritons. Nat. Mater. 18, 213-218 (2019).

Delteil, A. et al. Towards polariton blockade of confined exciton—polaritons.
Nat. Mater. 18, 219-222 (2019).

Umucalilar, R. O. & Carusotto, I. Fractional quantum hall states of photons
in an array of dissipative coupled cavities. Phys. Rev. Lett. 108, 206809
(2012).

Galbiati, M. et al. Polariton condensation in photonic molecules. Phys. Rev. Lett.
108, 126403 (2012).

De Juan, F, Sturla, M. & Vozmediano, M. A. H. Space dependent fermi velocity
in strained graphene. Phys. Rev. Lett. 108, 227205 (2012).
Lantagne-Hurtubise, £, Zhang, X. X. & Franz, M. Dispersive Landau levels and
valley currents in strained graphene nanoribbons. Phys. Rev. B 101, 085423
(2020).

Mangussi, F. et al. Multi-orbital tight binding model for cavity-polariton lattices.
J. Phys.: Condens. Matter 32, 315402 (2020).

Ghaemi, P, Gopalakrishnan, S. & Ryu, S. Stability of edge states in strained
graphene. Phys. Rev. B 87, 155422 (2013).

Togan, E. et al. Enhanced interactions between dipolar polaritons. Phys. Rev.
Lett. 121, 227402 (2018).

Ma, R. C. et al. A dissipatively stabilized Mott insulator of photons. Nature 566,
51-57 (2019).

Noh, J. et al. Observation of photonic topological valley hall edge states. Phys.
Rev. Lett. 120, 063902 (2018).

De Vasconcellos, S. M. et al. Spatial, spectral, and polarization
properties of coupled micropillar cavities. Appl. Phys. Lett. 99, 101103
(2017).


https://doi.org/10.1038/s41567-020-0908-7
https://doi.org/10.1038/s41567-020-0908-7
https://arxiv.org/abs/2001.10287

	Direct observation of photonic Landau levels and helical edge states in strained honeycomb lattices
	Introduction
	Results
	Discussion
	Methods
	Acknowledgements


