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Generation of helical topological exciton-polaritons
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Topological photonics in strongly coupled light-matter systems offer the possibility for fabricating tunable
optical devices that are robust against disorder and defects. Topological polaritons, i.e., hybrid exciton-photon
quasiparticles, have been proposed to demonstrate scatter-free chiral propagation, but their experimental
realization to date has been at deep cryogenic temperatures and under strong magnetic fields. We demonstrate
helical topological polaritons up to 200 kelvin without external magnetic field in monolayer WS, excitons
coupled to a nontrivial photonic crystal protected by pseudo time-reversal symmetry. The helical nature of the
topological polaritons, where polaritons with opposite helicities are transported to opposite directions, is
verified. Topological helical polaritons provide a platform for developing robust and tunable polaritonic
spintronic devices for classical and quantum information-processing applications.

he recognition of the role of topology in

condensed matter systems provided a

route for understanding and creating

new phases of quantum matter and ex-

ploring new phenomena and their
applications (I). Topologically inequivalent
insulators cannot be adiabatically transformed
into one another without a phase transition
that involves closing the bandgap. As such, the
transport through interface states formed at
the boundary of topologically inequivalent
insulators is topologically protected and free
from back-scattering by various defects. De-
pending on the presence of time-reversal
symmetry, two-dimensional (2D) topological
insulators can be broadly divided into two
classes: quantum Hall (QH) systems, which
support chiral charge currents, and quantum
spin Hall (QSH) systems, which support helical
spin currents. With the extension of the topo-
logical formalism to photonic systems (2), topo-
logical photonics is now an active research field
(3). Photonic analogs of QH and QSH effects
have been demonstrated (4-7), which gave rise
to topological devices including robust wave-
guides, routers, and lasers (8-10).

Polaritons have emerged as an important
platform for exploring new topological matter
that bridges electronic and photonic systems
(11-19). Exciton-polaritons are half-light, half-
matter quasiparticles resulting from the strong
hybridization between excitons and photons
when the coherent energy transfer rate be-
tween them exceeds their decay rates. Pro-
posals on realizing topological polaritonic
states use excitons in a topologically non-
trivial system (17), the spin-orbit coupling of
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photons (I6), or the photon-exciton hybrid-
ization process (1), allowing manipulation of
topological properties by independent control
of each component (20). Compared with bare
photonic systems, the excitonic component in
polaritons introduces strong interparticle inter-
actions and enhanced sensitivity to external stimu-
li that can be useful for assembling nonlinear
and actively controllable topological devices.
Recently, a 2D polaritonic QH system was
experimentally achieved in quantum-well lat-
tices with nontrivial topology originating from
the TE-TM splitting of the photonic mode and
the topological bandgap opened by the Zeeman
splitting of excitons. Although this is a promis-
ing demonstration of a new phase of topo-
logical matter, the small bandgap (~0.1 meV)
opened under strong magnetic fields and the
4 K operation temperature may restrict its
widespread utilization. Fortunately, it is pos-
sible to avoid these challenges in an analogous
QSH polaritonic system. QSH insulators do
not require a magnetic field or magnetic order,

Fig. 1. Schematic of the
helical topological polar-
iton system. The
topological polaritonic
system consists of
monolayer WS, strongly
coupled to a nontrivial
photonic crystal. Spin N
momentum-Ilocked helical /@‘;/g/f
topological polaritons are
confined to the domain
wall connecting the

two bulk lattice regions
with different topology.
Inset is a top view of

the topological polariton
device and a schematic of
the helical polariton
dispersion.
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and their optical analogs can be realized solely
by exploiting the system symmetry and inter-
actions with large topological bandgaps
(>10 meV), thus providing opportunities for
high-temperature operation. In addition, the
additional spin-degree of freedom and helical
nature of the analog QSH polaritons can be
further exploited for polariton-based spin-
tronic devices.

Here, we demonstrate helical topological
polaritons in an analogous QSH system by
strongly coupling monolayer WS, excitons with
a topologically nontrivial hexagonal pho-
tonic crystal (Fig. 1). The polariton topology
is protected by a pseudo time-reversal sym-
metry originating from the Cg, symmetry of
the coupled system. Analogous to the helical
edge states in a QSH insulator, topological
exciton-polaritons in this system are distinct
from their trivial counterparts. Polaritons of
different helicity propagate in opposite direc-
tions and are topologically protected from
back-scattering. Monolayer transition metal
dichalcogenides are excellent candidates for
exploring 2D polaritonic physics at higher
temperatures because of their large exciton
oscillator strength (21-25), and their ultra-
thin geometry ensures minimum perturba-
tion to the band structure of the underlying
photonic crystal.

Our photonic crystals are formed of hexag-
onal lattices, with each unit cell composed
of six particles located on the perpendicular
bisector of its six sides (Fig. 2A) (6, 7, 26-28).
While keeping the sixfold rotational sym-
metry intact, the six particles can be simul-
taneously arranged toward or away from the
unit cell center, which changes the intercell
and intracell nearest-neighbor couplings. The
topology of the lattice is controlled by swapping
the intercell and intracell coupling strengths
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(29). We need to consider the coupling between
such a photonic crystal and the A-excitons
with isotropic polarization in monolayer WS,
(24). The excitonic material was divided into
six sublattices corresponding to each photonic
unit cell. The tight-binding approximation was
then applied by treating each of these sub-
lattices as an isolated excitonic particle located
at its mass center (Fig. 2A). The coupled system
thus contains two particles within each sub-
lattice corresponding to the excitonic and pho-
tonic structures, respectively. The Hamiltonian
of the coupled system can be written as (see the
supplementary materials, section 1A) follows:

ha St
H=nh Zi(wphazai + wmbibi)+

> (fyaja;+ He)+gy (ajbi+He) (1)
NN 7

where @ (@) and 5(b" are the annihilation
(creation) operators for photons and excitons,
respectively; 7,7 = 1,2,...,6 are the six sublattices;
hopn and hoey are the energies of the un-
coupled photons and excitons, respectively;
g 1s the exciton-photon coupling strength; f;;
is the nearest-neighbor coupling factor of
the photonic lattice, which is ¢; for the intracell
coupling and #,exp(ikea;) for the intercell
coupling, with a; being the lattice vector.
Based on the Cg, symmetry of the exciton-
photon coupled system, the Hamiltonian can be
projected onto the basis (|p?"), |dP"), |p%),
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|d))T, where p and d denote modes with
odd and even parities, respectively, and + or -
signs represent pseudospin-up or pseudospin-
down states associated with the positive or
negative angular momenta, respectively. Near
the I" point of the Brillouin zone, the pseudo-
spin-up and pseudospin-down states are de-
coupled and degenerate, each leading to four
polariton bands (see the supplementary ma-
terials, section 1A):

1
Mupper = hay +§ (ia + 4g? + (Fa + 831;)2)

1
Mower = hwo + 5 (ia - 4‘g2 + (i(l + Sep)2>
(2)

where upper and lower denote the bands above
and below the exciton energy w.,, respectively,
00 = 3 (Wex + Opn), Bep = h(Wer — 1), and a
corresponds to the dispersion of the uncoupled
photonic crystal with o = (t, — t;)* + 313k
When ¢, = t,, the two upper and lower pola-
riton bands are degenerate at the I" point with
linear dispersion for small k& values. These
represent two Dirac cones with energy split-

ting of |/4g2 + 5?;7, and a typical polariton

dispersion can be characterized by a bulk band
Rabi splitting, Qpux = 2g. This degenerate
condition is the topological phase transition
point of the designed exciton-photon coupled
system. If #; # t,, then a finite “mass” term is
induced by o, which opens a bandgap in both

D th> tg

the upper and lower Dirac cones (Fig. 2, B
and C), with two different topological phases
identified for ¢; > ¢, and #; < t, conditions,
respectively (see the supplementary materials,
section 1A). The topological phase transition
can also be clearly observed by the inversion of
band parity near the I" point (Fig. 2, B and C)
at both the upper and lower bandgaps: For ¢, >
t,, the band below each bandgap has an odd
parity (|p) band), whereas the band above the
bandgap has an even parity (|d) band), which
reverses for the ¢; < ¢, condition.
Finite-difference time-domain (FDTD) sim-
ulations were performed on a WS,-photonic
crystal coupled structure (Figs. 1 and 2) that
confirmed the predictions of the tight-binding
model (see the supplementary materials, sections
2A to 2C). The key for obtaining a topologically
nontrivial phase in the coupled system is the
preservation of the Cg, symmetry, which is
fulfilled by isotropic WS, excitons (24). The
helical topological polariton interface states
were extracted analytically by solving the real
space wavefunction of the interface polaritons.
For a polaritonic system with ¢, > ¢; at « < 0,
and %, < t; at @ > 0, the topological interface
mode can be written as follows [see the sup-
plementary materials, section 1B (7)]:

W) =
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Fig. 2. Theoretical and numerical studies of the helical topological exciton-
polaritons. (A) lllustration of the tight-binding model. The coupled structure contains
six photonic resonators (red dots) in each hexagonal unit cell. The 2D excitonic layer
(orange) is divided into six sublattices according to the photonic lattice symmetry,
and excitonic particles are assumed to be located at the mass center of each
sublattice. (B and C) Calculated band structures of the trivial and topological
polaritonic lattices. The color plots the spatial parity of the bands. (D) Helical
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topological interface polariton states calculated from two polaritonic crystals with
different topology connected by a zigzag domain wall. The pseudospin-up (red) and
pseudospin-down (blue) interface polariton bands are associated with the positive
and negative group velocities, respectively. (E) Spatial H, field distribution of the
WS,-photonic crystal system at the domain wall calculated at 2.03 and 2.07 eV
(two polaritonic Dirac points with field confinement) and at 2.04 eV, where the field
extends into the bulk region between the Dirac points (fig. S2E).
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Fig. 3. Identification of the heli- A
cal topological polaritons
through momentum-space
reflectance spectra. (A) Scanning
electron microscope image of the
WS,-photonic crystal coupled
structure at the topological domain
wall (yellow dashed line). Scale bar,
500 nm. (B and C) Angle-resolved
reflectance spectra of the helical
interface polaritons excited by "
and ¢~ polarized light. The red
arrows indicate exciton energy.

(D) Topological polariton dispersion
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extracted from (B) and (C), fitted by
the tight-binding model. (E) Reflec-
tance spectra taken at the interface
with k = 0 at varying temperature.
(F) Temperature evolution of the
upper and lower polaritonic Dirac
points extracted from (E) and fitted
to the tight-binding model. The error
bars in (D) and (F) (<4 x 10™*eV) are
small compared with the energy range
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of the plot (see the supplementary

materials, section 3B). 10

which is propagating along the vy direction
while evanescently decaying in the x direction.
Here, |¢) and |¢?) are the eigenfunctions for
2 <0and 2 > 0 and k, and |,| are the wave
vector and decay constant along and per-
pendicular to the interface, respectively. The
interface polariton dispersion can subsequently
be obtained as follows (for pseudospin-up
states):

05 00 05

1 1
E. = hoo -+ ok, + 5\/ch2 + (—hoky + 84p)°
(4)

where v = ‘/Tantz, and the + and - signs
represent the upper and lower branches of
the topological interface polariton modes,
respectively. The dispersion curves always
have a positive group velocity, whereas a set of
interface polariton dispersions with opposite
group velocities can be found for pseudospin-
down states, therefore demonstrating the helical
nature of the topological interface polaritons.
The dispersion described by Eq. 4 exhibits an
anticrossing behavior at the exciton energy
that is characteristic of exciton-polariton
dispersion, in which the Rabi frequency, Qopo =
2g, is the same as the Rabi frequency of the
bulk polariton, i.e., Q. Although this result
was obtained from a simplified tight-binding
model, such consistency demonstrates that
the anticrossing in the topological interface
polariton bands is a direct consequence of
the eigenmode splitting in the bulk polariton
lattice, which can be viewed as the expression
of the bulk-edge correspondence principle in
the strong coupling regime. In other words,
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there are two equivalent descriptions of the
anticrossing feature in the topological inter-
face polaritonic dispersion: strong coupling be-
tween the exciton and the photonic interface
state and, equivalently, the consequence of non-
trivial topology of the split bulk polariton bands.

Numerical calculations were also performed
on the tight-binding model to obtain the in-
terface polariton dispersion (Fig. 2D and sup-
plementary materials, section 1B). Topological
interface states with Dirac type dispersion
emerged spanning both the upper and lower
bandgaps, with positive (negative) group veloc-
ities corresponding to the pseudospin-up (pseu-
dospin-down) states, confirming their helical
nature. FDTD simulations were performed on
a WS,-photonic crystal system with a topo-
logical domain wall (Fig. 2E and supplemen-
tary materials, section 2E). At the two Dirac
points at 2.03 and 2.07 eV, the electromagnetic
field is spatially confined to the topological in-
terface, whereas in between, the field is found
to spatially extend into the bulk lattice, cor-
responding to the central bulk polariton bands.
The gap-spanning interface mode dispersion
and the observation of the central bulk bands
in the simulation further emphasize that the
splitting in the topological interface polariton
dispersion does not result from the gapping
out of the interface state as in a topologically
trivial system; instead, it is a natural phenome-
non in a strongly coupled topological structure.

Experimentally, photonic crystals were pat-
terned on suspended SiN, membranes followed
by transfer of monolayer WS, flakes (see the
supplementary materials and methods) (Fig.
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3A). The SiNy photonic crystals were com-
posed of six triangular holes arranged in a
hexagonal lattice, in which the intercell and
intracell interaction strengths were controlled
by moving the holes toward or away from the
unit cell center. The structure supports a TE
electromagnetic mode with the pseudospin
corresponding to the angular momentum of
the out-of-plane H-field, and hence the helicity
of the in-plane E-field at the center of each
unit cell, which can be directly probed by a far-
field circularly polarized light (7).

The energy-wavevector (E-k) dispersion of
the topological polaritons was studied by
angle-resolved reflectance measurements at
160 K. In this particular sample, the WS, A-
exciton is located at 2.067 eV, in close re-
sonance with wy;, (detuning, 8., = -7 meV).
Only at the topological interface is a set of
unidirectional dispersion curves found be-
tween the upper and lower bulk polariton
bands, with negative (positive) group velocities
associated with the 6*(c") polarizations, respec-
tively, corresponding to the helical topological
states (Fig. 3, B and C). Away from the interface,
the unidirectional dispersion disappeared,
leaving only the gapped bulk polariton bands
(see the supplementary materials, section 3D).
An anticrossing in the interface polariton dis-
persion curve was observed at the exciton
energy, whereas the bulk central polariton
bands were not observable because of low far-
field coupling efficiency (see the supplemen-
tary materials, section 2D). All four interface
bands with both helicities fit very well to the
tight-binding model (Fig. 3D), resulting in a
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Fig. 4. Real- and momentum-space characteristics of the helical topological § " 0+ »
polaritons through photoluminescence spectra. (A and B) Real-space image of 3 32 0_ f.|tt.|ng
the helical polaritons propagating along the topological domain wall with ¢* (A) «19/ —— o' fitting
and o~ (B) excitation at 2.032 eV. (C) Spectral and spatial characterization of 2 og
the helicity of interface polariton propagation, with the color scale showing the g
degree of helicity defined as (6" - 67)/(c* + o). (D and E) Angle-resolved €
photoluminescence spectra of the helical interface polaritons with 6™ and o™~ polarized 24_ 1.00 050 000 0.50 1.00
light emission at the domain wall. Red line: polariton band; Yellow dashed line: Kk (um™)

exciton; White dashed line: uncoupled photonic mode. (F) k-resolved line cut plots of
(D) and (E) at 2w = 2.032 eV and the corresponding single Lorentz peak fitting.

Rabi splitting Q,p0 = 38 = 1 meV, suggest-
ing that the system is in the strong coupling
limit, given that ye, = 15 meV and yy, = 6.5 meV,
satisfying the strong coupling criterion,
Q> \/2(Y,2 + v,2)- It should be noted that
in the bare photonic crystals, a small band-
gap also exists in the dispersion of the in-
terface states caused by the Cg, symmetry
breaking at the interface (26). In our struc-
ture, this small gap (<3 meV) is much smaller
than the polariton Rabi splitting, so it does not
affect our analysis (see the supplementary
materials, section 3H). In a different sample,
interface-confined topological polariton for-
mation was also confirmed with Q. = 32
1 meV (see the supplementary materials, sec-
tion 3C) at 200 K. Therefore, these results
demonstrate the realization of topological
polaritons at relatively high temperatures be-
cause of the large exciton oscillator strength
of monolayer WS, and the appropriately de-
signed photonic structure. These topological
polaritons have their in-plane momentum
locked to the helicity of light, which are con-
fined spatially at the interface and spectrally
within the bulk bandgap, exhibiting striking
differences from conventional exciton-photon
polaritons and from the dispersion of the
interface photonic modes. A Rabi splitting of
Qpuik = 40 = 1 meV was extracted from the
same flake, which is comparable to Qpo,
thus verifying our theoretical prediction that
the Rabi splitting of the topological interface
state is in accordance with that of the bulk (see
the supplementary materials, section 3E).

The temperature-dependent polariton re-
sponse was investigated by tuning the A-exciton
energy from 77 to 180 K (Fig. 3, E and F). Both
the upper and lower Dirac points red-shift with

Liu et al., Science 370, 600-604 (2020)

increasing temperature, which can be fitted to
Eq. 4 at k, = 0, resulting in a Rabi splitting
Qiopo = 38 = 2 meV (Fig. 3F), consistent with
the values extracted in Fig. 3D and those from
the FDTD simulations (Fig. 2E). The mode
shifting with temperature also demonstrates
the ability to actively engineer the dispersion
of the topological modes through the excitonic
component. Precisely tuning the dispersion is
critical in controlling the information trans-
port speed, light-matter interaction strength,
and nonlinear processes in devices, which is
challenging in photonic topological systems.
In polaritonic systems, the dispersion can be
actively controlled spanning a broad param-
eter space by tuning the relative weights of
excitons and photons. In the device demon-
strated in Fig. 3, by changing the device tem-
perature from 77 to 180 K, the group velocity
can be tuned from 30 um/ps to nearly 0, and
effective polariton mass can be varied by two
orders of magnitude within a 10 K range at a
single operating wavelength and without break-
ing the topological protection of these modes
(see the supplementary materials, section 3G).

Helical topological polariton transport was
then studied in both the real and momentum
space (Fig. 4) through real-space imaging and
photoluminescence spectroscopy (see the sup-
plementary materials and methods). The exper-
iments were first performed at 200 K in a
device with Amex = 2.055 eV and hopy =
2.060 eV with a circularly polarized laser
(ho = 2.032 eV) incident at the topological
domain wall. A real-space image was taken to
directly visualize the waveguiding of the helical
interface states, with the unidirectional, spin
momentum-locked waveguiding along the
interface readily observed (Fig. 4, A and B).
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By contrast, excitation in the bulk lattice re-
gion leads to no observable waveguiding at
energies within the polaritonic bulk bandgap
(see the supplementary materials, section 3J).
Topological protection was also confirmed in a
device with a domain wall with a 60° turn, and
polaritons were successfully guided through
the sharp turn without back scattering (see
the supplementary materials, section 3I).
To investigate the spectral characteristics of
the helical polariton propagation, the degree
of circular polarization of the polariton emis-
sion was extracted as a function of energy
and propagation distance along the interface
(Fig. 4C; see the supplementary materials and
methods). A large degree of helicity (33%)
defined as (¢* - 07)/(c" + ¢°) was observed
~7.5 um away from the excitation spot be-
tween ~1.98 and 2.05 eV, corresponding to
the lower-branch helical interface polaritons.
The degree of helicity is below unity because
of the free exciton and trion emission excited
directly by the pump laser, which leaks to the
far field without coupling to the interface
mode (see the detailed analysis in the sup-
plementary materials, section 3K). The prop-
agation length of helical polaritons at 2.023 eV
is 8.0 + 0.1 um, which is mainly limited by the
intrinsic far-field radiation loss of the photonic
mode (see the supplementary materials, section
3K), purposely designed to enable the optical
characterization of the system. Nonetheless, much
longer propagation length can be achieved in
devices with smaller photonic bandgap to re-
duce the radiation loss or by fabricating a
valley Hall topological photonic crystal (30).
The polariton transport was further inves-
tigated in the momentum space through angle-
resolved photoluminescence (Fig. 4, D and E)
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measurements. At 200 K, photoluminescence
from neutral A-excitons and negatively charged
trions are observed at 2.055 and 2.015 €V, re-
spectively. The strong coupling between the
interface state and the neutral excitons can be
identified by the anticrossing dispersion near
the exciton energy and a redshift of the Dirac
point from 2.060 €V in the uncoupled photonic
mode, with the Rabi splitting Q,,, of 32 =
2 meV, confirming the strong coupling con-
dition (see the supplementary materials, sec-
tion 3F). The interface state and trions couple
only weakly because of their smaller oscillator
strength. To quantitatively investigate the degree
of helicity of the topological interface exciton-
polariton transport, the k-resolved line cuts at
2.032 eV corresponding to Fig. 4, D and E, are
plotted in Fig. 4F. Both the interface modes
corresponding to ¢* and ¢~ polarization fit
to a single peak exclusively from the branch
with positive and negative group velocities,
respectively, thus demonstrating the helical
nature of the topological polariton states.
Our approach of realizing strongly coupled
topological polaritons opens the path to de-
signing and eventually actively controlling the
topological properties in a polaritonic system.
Although the photonic topological devices are
suitable for waveguides and transmission lines
with low loss, by incorporating excitons, topo-
logical polaritons may find applications in
low-threshold coherent light sources, nonlinear
switchable and computational devices with pre-
cisely tailored dispersion and robust properties

Liu et al., Science 370, 600-604 (2020)

immune to defects. The design methodology
presented here can be readily generalized to
other topological structures such as 1D and 2D
Su-Schrieffer-Heeger systems and higher-order
topological states, to explore the rich topological
physics in the strong coupling regime.
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Polaritons with a twist

The ability to design and fabricate optical systems with tunable topological features makes them especially
attractive for developing analogs of topological condensed matter systems, which by themselves tend to be fixed or
limited in their tunability. Liu et al. now show that the combination of a two-dimensional material with a photonic crystal
can be used to develop an analogous quantum spin Hall system. The strong coupling between the monolayer tungsten
disulfide excitons with a nontrivial hexagonal photonic crystal gives rise to helical topological polaritons observed at up to
200 kelvin. The topological polaritons can be actively tuned by temperature and may further be manipulated with electric
or magnetic fields, thereby providing a flexible platform with which to explore exotic topological phenomena and new
phases of quantum matter.
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