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James A. Hutchison,† Stéphane Berciaud,§ Thomas W. Ebbesen,† and Cyriaque Genet*,†
†
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ABSTRACT: We demonstrate room temperature chiral coupling of
valley excitons in a transition metal dichalcogenide monolayer with spinmomentum locked surface plasmons. At the onset of the strong
coupling regime, we measure spin-selective excitation of directional
ﬂows of polaritons. Operating under such conditions, our platform
yields surprisingly robust intervalley contrasts (ca. 40%) and coherence
(ca. 5−8%) as opposed to their total absence for the uncoupled valley
excitons at room temperature. These results open rich possibilities, easy
to implement, in the context of chiral optical networks.
KEYWORDS: chiral coupling, transition metal dichalcogenide monolayer, surface plasmons, valley polarization and coherence,
optical spin−orbit interaction, plasmonic spin-momentum locking
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directional transport of chiralitons over micronscale distances.
Interestingly, this coupling regime also yields coherent
intervalley dynamics whose contribution can still be observed
in the steady-state. We, hence, demonstrate the generation of
coherent superpositions (i.e., pairs) of chiralitons ﬂowing in
opposite directions. These results, unexpected from the bare
TMD monolayer RT properties,22−24 point toward the role
played by valley-selective chiral coupling as a new mean for
protecting the coupled system from valley decoherence.25−28
The small Bohr radii and reduced screening of monolayer
TMD excitons provide the extremely large oscillator strength
required for light−matter interaction in the strong coupling
regime, as already achieved in Fabry-Pérot cavities29−31 and
more recently in plasmonic resonators.32,33 In this context,
Tungsten Disulﬁde (WS2) naturally sets itself as a perfect
material for RT strong coupling33 due to its sharp and intense
A-exciton absorption peak, well separated from the higher
energy B-exciton line (see Figure 1a).34 Moreover, the
inversion symmetry breaking of the crystalline order on a
TMD monolayer, combined with time-reversal symmetry, leads
to spin-polarized valley transitions at the K and K′ points of the
associated Brillouin zone, as sketched in Figure 1b.35 This
polarization property makes therefore atomically thin semiconducting TMDs very promising candidates with respect to
the chiral aspect of the coupling between the excitonic valleys

ptical spin−orbit (OSO) interaction couples the polarization of a light ﬁeld with its propagation direction.1 An
important body of work has recently described how OSO
interactions can be exploited at the level of nano-optical
devices, involving dielectric,2−5 or plasmonic architectures,6−11
all able to conﬁne the electromagnetic ﬁeld below the optical
wavelength. Optical spin-momentum locking eﬀects have been
used to spatially route the ﬂow of surface plasmons depending
on the spin of the polarization of the excitation beam12 or to
spatially route the ﬂow of photoluminescence (PL) depending
on the spin of the polarization of the emitter transition.13 Such
directional coupling, also known as chiral coupling, has been
demonstrated in both classical and quantum regimes.14−20
Chiral coupling opens new opportunities in the ﬁeld of light−
matter interactions with the design of nonreciprocal devices,
ultrafast optical switches, nondestructive photon detector, and
quantum memories and networks (see ref 21 and references
therein).
In this letter, we propose a new platform consisting of valleypolarized excitons of a transition metal dichalcogenide (TMD)
monolayer coupled to a plasmonic OSO mode, at room
temperature (RT). Considering the coupling strengths reached
in this system, each spin-polarized valley exciton becomes
hybridized with a single plasmon mode of speciﬁc momentum.
The chiral nature of this interaction generates spin-momentum
locked polaritonic states, which we will refer to with the
portmanteau chiralitons. A striking feature of our platform is its
capacity to induce RT robust valley contrasts, enabling the
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Figure 1. (a) Absorbance spectrum of an exfoliated WS2 monolayer deposited on a glass substrate, obtained from its transmission spectrum using a
broadband incoherent while light source. (b) Crystal packing of a tungsten disulﬁde (WS2) monolayer, and sketch of its electronic band structure
around the points K and K′ of the Brillouin zone, with the corresponding optical selection rules for band-edge excitons formation under left (σ+) and
right (σ−) circular excitation. (c) Energy level diagram of the K and K′ excitons of WS2 strongly coupled to an OSO plasmonic mode at energy
ℏωOSO and wavevector ± kSP.

orbital period 6 × Λ sets a rotation vector Ω = (ϕ/Λ)ẑ, which
combines with the spin σ of the incident light into a geometric
phase Φg = −Ωσx.38 The gradient of this geometric phase
imparts a momentum kg = −σ(ϕ/Λ)x̂ added to the matching
condition on the array between the plasmonic kSP and
incidence in-plane kin momenta: kSP = kin + (2π/Λ)(nx̂ +
mŷ) + kg. This condition deﬁnes diﬀerent (n,m) orders for the
plasmonic dispersions, which are transverse magnetic (TM)
and transverse electric (TE) polarized along the x and y axis of
the array, respectively (see Figure 2b). The dispersive
properties of such a resonator thus combines two modal
responses: plasmon excitations directly determined on the
square Bravais lattice of the grating for both σ+ and σ−
illuminations via (2π/Λ)(nx̂ + mŷ), and spin-dependent
plasmon OSO modes launched by the additional geometric
momentum kg. It is important to note that the contribution of
the geometric phase impacts the TM dispersions only. The
period of our structure Λ = 480 nm is optimized to have n = +1
and n = −1 TM modes resonant with the absorption energy of
the A-exciton of WS2 at 2.01 eV for σ+ and σ− illuminations,
respectively. This strict relation between n = ±1 and σ = ±1 is
the OSO mechanism that breaks the left vs right symmetry of
the modal response of the array, which in this sense becomes
chiral. Plasmon OSO modes are, thus, launched in counterpropagating directions along the x-axis for opposite spins σ of
the excitation light. In the case of a bare plasmonic OSO
resonator, this is clearly observed in Figure 2c. We stress that
similar arrangements of anisotropic apertures have previously
been demonstrated to allow for spin-dependent surface
plasmon launching.8,11,39,40
As explained in the Supporting Information (section A), the
low transmission measured through our WS2/plasmonic array
sample (Figure 2a) enables us to obtain absorption spectra
directly from reﬂectivity spectra. Angle-resolved white light
absorption spectra are hence recorded and shown in Figure
3a,b for left and right circular polarizations; see also the

and the plasmonic OSO modes,36,37 resulting in the strongly
coupled energy diagram shown in Figure 1c.
Experimentally, our system, shown in Figure 2a, consists of a
mechanically exfoliated monolayer of WS2 covering a plasmonic
OSO hole array, with a 5 nm thick dielectric spacer
(poly(methyl methacrylate)). The array, imaged in Figure 2b,
is designed on a (x,y) square lattice with a grating period Λ and
consists of rectangular nanoapertures (160 × 90 nm2) rotated
stepwise along the x-axis by an angle ϕ = π/6. The associated

Figure 2. (a) White light (WL) microscope image of the sample and
photoluminescence (PL) image of the same area under laser excitation
at 2.58 eV. (b) SEM image of the plasmonic OSO resonator fabricated
by sputtering 200 nm of gold on a glass substrate coated by a 5 nm
thick chromium adhesion layer. The array with ϕ-rotated rectangular
apertures is milled through the metallic layers using a focused ion
beam (FIB). (c) Real-space leakage radiation microscope11 images of
the surface plasmons launched by σ+ and σ− excitations on a OSO
plasmonic resonator similar to the one of panel (b). Note that in these
images, the leakage signal is not analyzed in polarization.
B

DOI: 10.1021/acsphotonics.7b01032
ACS Photonics XXXX, XXX, XXX−XXX

Article

ACS Photonics

Figure 3. Angle-resolved absorption spectrum of the sample analyzed in (a) left and (b) right circular polarizations, with the best ﬁt coupled
oscillator model drawn. The horizontal dotted line corresponds to the uncoupled exciton energy 2.01 eV obtained from an absorption measurement
away from the plasmonic resonator, while the dispersive dotted line corresponds to the OSO mode of the resonator, calculated from the dispersion
relation given above. Angle-resolved resonant second harmonic spectrum for (c) right and (d) left circular excitations at 1.01 eV. These spectra have
been recorded using a downconverted pulsed laser (120 fs, 1 kHz) focused to a diﬀraction-limited spot on the sample with a microscope objective
(40×, NA = 0.6). Working in epi-conﬁguration, the second harmonic signal is collected through the same objective. Corresponding crosscuts are
displayed with the angular proﬁle of the second harmonic signal (red curves), of the absorption spectra at 2.02 eV (green shades) and of the product
(blue shades) between the absorption and the 4th power of the excitonic Hopﬁeld coeﬃcient of the chiralitonic state; see details in the Supporting
Information (section D).

In such coupling conditions, the two dispersion diagrams also
show a clear mirror symmetry breaking with respect to the
normal incident axis (kx = 0) for the two opposite optical spins.
This clearly demonstrates the capability of our structure to act
as a spin-momentum locked polariton launcher. From the
extracted line width that gives the lifetime of the chiralitonic
mode and the curvature of the dispersion relation that provides
its group velocity, we can estimate a chiraliton propagation
length of the order of 4 μm, in good agreement with the
measured PL diﬀusion length presented in the Supporting
Information (section B).
In view of chiral light−chiral matter interactions, it turns out
to be particularly interesting to complement linear absorption
spectroscopy with a look at the resonant second harmonic
(SH) response of the coupled system. Indeed, resonant SH
spectroscopy yields distinctive dispersive features which provide
further evidence on the nature of the exciton-OSO mode
coupling and the advent of chiralitonic states. Monolayer
TMDs are known to give a high valley contrast in the
generation of a SH signal resonant with their A-excitons,44 as
we also report in the Supporting Information (section C) for a
bare WS2 monolayer excited by a laser pump at ω = 1.01 eV.
The resonant SH signal writes as45,46

Supporting Information (section A) for the raw data. In each
case, two strongly dispersing branches are observed, corresponding to upper and lower chiralitonic states. As detailed in
the Supporting Information (section A), a ﬁt of a coupled
dissipative oscillators model to the dispersions enables us to
extract
a
branch
splitting
(ℏΩ R )2 − (ℏγex − ℏΓOSO)2 /4 = 40 meV at the crossing
point at 2.01 eV between the uncoupled exciton and the OSO
mode of the resonator. With measured line widths (full-width
at half-maximum) of the excitonic mode ℏγex = 26 meV and of
the plasmonic mode ℏΓOSO = 80 meV, this ﬁtting yields a Rabi
frequency of ℏΩR = 48 meV, close to our previous observations
on non-OSO plasmonic resonators.33 We emphasize that this
value gives a ﬁgure-of-merit * = Ω R /(γexc/2 + ΓOSO/2) = 0.9
very close to the strong coupling * = 1 criterion.41,42 The fact
that our system apparently remains at the onset of strong
coupling through this criterion is only due (i) to spatial and
spectral disorders and (ii) to the fact that an uncoupled Bravais
plasmonic branch is always superimposed to the plasmonic
OSO mode. Disorder leaves, as always for collective systems,43
an inhomogeneous band of uncoupled states at the excitonic
energy, while modal superimposition lead to asymmetric
lineshapes clearly seen in Figure 3a,b. These eﬀects yield a
relatively low level of visibility of the anticrossing which
however can be better resolved through the ﬁrst-derivative
analysis of our absorption spectra shown in the Supporting
Information (section A).

I(2ω) ∝ (ρω Iω)2 ·|χ (2) (2ω)|2 ·ρ2ω

(1)

where Iω is the pump intensity, χ(2)(2ω) is the second order
susceptibility associated with the coupled system, ρω is the
optical mode density of the resonator related to the fraction of
C
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the pump intensity that reaches WS2, and ρ2ω is the optical
mode density of the resonator that determines the fraction of
SH intensity decoupled into the far ﬁeld at 2ℏω = 2.02 eV.
Under the same approximations of ref 47, the resonant
second order susceptibility can be written as
χ (2) (2ω) = α(1)(2ω) ∑
n

plasmonic resonator are imprinted on these new coupled states
of the system. This is seen by observing in Figure 3c,d the
angular exchange of the SH signals when the spin of the
excitation is reversed from right to left circular polarization. The
right versus left contrast (ca. 20%) close to the one measured
on the reﬂectivity maps (ca. 15%) demonstrates the selective
coupling of excitons in one valley to surface plasmons
propagating in one direction, thus, realizing valley-contrasting
chiralitonic states with spins locked to their propagation
wavevectors:

Keng
ωng − ω

(2)

where ∑n sums over virtual electronic transitions, and Keng = ⟨e|
p|g⟩ ⊗ ⟨e|p|n⟩ ⊗ ⟨n|p|g⟩ is a third-rank tensor built on the
electronic dipole moments p taken between the excited e,
virtual n, and ground g states. The prefactor α(1)(2ω) is the
linear polarizability of the system at frequency 2ω, giving
resonantly enhanced SH signal at every allowed |g⟩ → |e⟩
electronic transitions.
When the excited state is an uncoupled exciton associated
with a transition energy ﬁxed at frequency 2ℏω = 2.01 eV for all
angles within the bandwidth of our pumping laser at 1.01 eV,
the tensor Keng is nondispersive. While ρω can safely be assumed
to be nondispersive at ℏω = 1.01 eV, the angular distribution of
the SH signal can only come from the dispersive nature of the
resonator with ρ2ω strongly dependent on the in-plane wave
vector kx. The optical mode density being proportional to the
absorption, ρ2ω(kx) is given by the angular absorption spectrum
shown in Figure 3a,b crosscut at 2ℏω = 2.02 eV and is plotted
in the lower panels of Figure 3c,d. The SH signal related to the
uncoupled (or weakly coupled) excitons is thus observed over
the anticrossing region.
One however clearly sees on the angular features of the SH
signals shown in Figure 3c,d an additional contribution shifted
from the anticrossing region. Our interpretation is that this
contribution stems from strongly coupled excitons. With two
populations of uncoupled and strongly coupled WS2 excitons,
the SH signal is indeed expected to be resonantly enhanced
when the SH frequency matches the transition frequency of
either uncoupled or strongly coupled excitons.
The central point is that the contribution of strongly coupled
exciton to the SH signal is determined by a dispersive resonant
second order susceptibility χ(2)(2ω,kx), in contrast with
uncoupled excitons. This is expected because, if the excited
state involved in the electronic transition |g⟩ → |e⟩ is a
polaritonic state, the tensor Keng must incorporate the
associated excitonic Hopﬁeld coeﬃcient which is dispersive.
This Hopﬂield coeﬃent βjλ(kx), deﬁned in both λ = K(K′)
valleys, is either the one associated with the upper j = + or
lower j = − polaritonic state. In our framework, the pump at
1.01 eV can resonantly excite the upper polaritonic state; see
Figure 1c. In such a case, with |e⟩ ≡ |PK+(K ), σ ± , ∓k SP⟩, the Keng
′
tensor is proportional to the excitonic Hopﬁeld coeﬃcient
[βK+(K )(kx)]2 evaluated by the procedure described in details
′
Supporting Information (section A). Remarkably, as seen in the
lower panels of Figure 3c,d, the angular distribution of the SH
signal turns out following the product between the optical
mode density ρ2ω(kx) and |χ (2) (2ω , kx)|2 ∝ [βK+(K )(kx)]4
′
rather than ρ2ω(kx) only. Because it reveals the dispersive
+
inﬂuence of βK (K )(kx), we interpret this clear deviation of the
′
SH signal from the uncoupled contribution as the signature of
the chiralitonic states.
The resonant SH spectroscopy also conﬁrms that the valley
contrast of WS2 and the spin-locking property of the OSO

PK±, σ + , −k

SP

= gK , 1σ + , −k SP ± eK , 0 σ + , −k SP

PK±′ , σ −, +kSP = gK ′ , 1σ − , +k SP ± eK ′ , 0σ −, +k SP

where ei(gi) corresponds to the presence (absence) of an
exciton in the valley i = (K,K′) of WS2, and 1j(0j) to 1(0)
plasmon in the mode of polarization j = (σ+,σ−) and wavevector
±k SP.
Revealed by these resonant SH measurements, the spinlocking property of chiralitonic states incurs however diﬀerent
relaxation mechanisms through the dynamical evolution of the
chiralitons. In particular, excitonic intervalley scattering can
erase valley contrast in WS2 at RT,48 see below. In our
conﬁguration, this would transfer chiraliton population from
one valley to the other, generating via optical spin-locking, a
reverse ﬂow, racemizing the chiraliton population. This picture
however does not account for the possibility of more robust
valley contrasts in strong coupling conditions, as recently
reported with MoSe2 in Fabry-Pérot cavities.25 The chiralitonic
ﬂow is measured by performing angle resolved polarized PL
experiments, averaging the signal over the PL lifetime of about
200 ps (see Supporting Information, sections D and E). For
these experiments, the laser excitation energy is chosen at 1.96
eV, slightly below the WS2 band gap. At this energy, the
measured PL results from a phonon-induced up-convertion
process that minimizes intervalley scattering events.49 The
diﬀerence between PL dispersions obtained with left and right
circularly polarized excitations is displayed in Figure 4a,
showing net ﬂows of chiralitons with spin-determined
momenta. This is in agreement with the diﬀerential whitelight reﬂectivity map R σ − − R σ + of Figure 4b. Considering that
this map gives the sorting eﬃciency of our OSO resonator, such
correlations in the PL imply that the eﬀect of the initial spinmomentum determination of the chiralitons (see Figure 3e,f) is
still observed after 200 ps at RT. After this PL lifetime, a net
chiral ﬂow - = Iσ − − Iσ + of ∼6% is extracted from Figure 4a.
This is the signature of a chiralitonic valley polarization, in
striking contrast with the absence of valley polarization that we
report for a bare WS2 monolayer at RT in the Supporting
Information, section G. The extracted net ﬂow is however
limited by the ﬁnite optical contrast * of our OSO resonator,
which we measure at a 15% level from a cross-cut taken on
Figure 4b at 1.98 eV. It is therefore possible to infer that a
chiralitonic valley contrast of - /* ≃ 40% can be reached at
RT for the strongly coupled WS2 monolayer. We understand
this surprisingly robust contrast by invoking the fact that
selectively coupling the K/K′ valley exciton of the TMD to the
particular ∓kSP OSO mode oﬀers a new possibility to bypass
the valley relaxation and decoherence processes. Moreover
from the polaritonic point of view, the local dephasing and
scattering processes at play on bare excitons, that erase valley
D
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of chiralitons can evolve coherently. It is clear from Figure 1c
that within such a coherent superposition of counterpropagating chiralitons
|Ψ = PK±, σ + , −k

SP

+ PK±′ , σ −, +kSP

(3)

ﬂow directions and spin polarizations become nonseparable.
Intervalley coherence is expected to result in a nonzero degree
of linearly polarized PL when excited by the same linear
polarization chosen either vertical V or horizontal H.
Functioning as a diﬀraction grating, the resonator encodes
these linear polarization respectively into TM (V) and TE (H)
modes; for more details, see Supporting Information (section
G). This can be monitored by measuring the S1 = ITM − ITE
coeﬃcient of the PL Stokes vector, where ITM(TE) is the emitted
PL intensity analyzed in TM (TE) polarization. This coeﬃcient
is displayed in the kx-energy plane in Figure 4c for an incident
TM polarized excitation at 1.96 eV. Note that negative value
regions in Sout
1 |TM only show that the part of the chiralitonic
population that lost intervalley coherence is dominating the
total PL in the region of the dispersion where the TE mode
dominates over the TM mode. Figure 4e displays the same
coeﬃcient under TE excitation, hence an analogous discussion
related this time to positive values of the Sout
1 |TE. A clear
polarization anisotropy on the chiraliton emission is observed
for both TM and TE excitation polarizations, both featuring the
same symmetry along the kx = 0 axis as the diﬀerential
reﬂectivity dispersion map RTM − RTE shown in Figure 4d. As
detailed in the Supporting Information (section G), the degree
of chiralitonic intervalley coherence can be directly quantiﬁed
out
by the diﬀerence (Sout
1 |TM − S1 |TE)/2, which measures the PL
linear depolarization factor displayed (as m11) in Figure 4f. By
this procedure, we retrieve a chiralitonic intervalley coherence
that varies between 5% and 8% depending on kx. Interestingly,
these values that we reach at RT have magnitudes comparable
to those reported on a bare WS2 monolayer at 10 K.54 This
unambiguously shows how such coupled TMD-OSO systems
can sustain RT coherent dynamics that are robust enough to be
observed over the plasmonic propagation distances despite the
long exciton PL lifetimes.
In summary, we demonstrate valley contrasting spinmomentum locked chiralitonic states in an atomically thin
TMD semiconductor coupled to a plasmonic OSO resonator.
Surprisingly, while the bare exciton does not display any, we
observe clear RT valley contrasts and coherences on our
coupled system, that persist even after 200 ps lifetimes. This
leads to the possibility of exploiting such robust coherences and
measure chiralitonic ﬂows that can evolve in superpositions
over micron scale distances. Our results show that the
combination of OSO interactions with TMD valleytronics is
an interesting path to follow in order to explore and manipulate
RT coherences in chiral quantum architectures.20,55

Figure 4. (a) Diﬀerential PL dispersion spectrum for left and right
circularly polarized excitations. The shaded regions in all panels are
removed by the laser line ﬁlter, and the cross-cuts are taken at 2 eV.
(b) Diﬀerential angle-resolved reﬂection spectrum for left and right
circularly polarized light. (c), (e) Angle-resolved spectrum of the
normalized coeﬃcient Sout
1 |TM(TE)/S0 of the PL Stokes vector for a
TM(TE) polarized excitation (see text for details). Note that we have
put a detection threshold below 100 photon counts that cuts the signal
above ∼2.03 eV in panels (a), (c), (e), and (f). (d) Diﬀerential angleresolved reﬂection spectrum obtained from analyzed TM and TE
measurements. (f) kx-energy dispersion of the degree of chiralitonic
intervalley coherence m11 computed from (c) and (e). The asymmetry
observed in the m11 proﬁle can be traced back to the diﬀerential
coupling eﬃciencies of the OSO resonator for left and right
polarizations. Such diﬀerential eﬃciencies, clearly seen in Figure 3,
stem from imperfections in the focused ion beam lithography of the
array.

contrasts on a bare WS2 ﬂake, as observed in the Supporting
Information, section F, are reduced by the delocalized nature of
the chiralitonic state, a process akin to motional narrowing and
recently observed on other polaritonic systems.26,28,50 This
being said, it is clear that further theoretical work is needed in
order to understand how the tagging of a polaritonic state by
the in-plane momentum of the plasmonic OSO mode can lead
to such a protection. Nevertheless, this investigation goes
beyond the scope of the present work.
As a consequence of these protection mechanisms, such a
coupled system involving atomically thin crystals of TMDs can
provide new ways to incorporate intervalley coherent
dynamics22,24,51−53 into the realm of polariton physics. To
illustrate this, we now show that two counter-propagating ﬂows
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