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Excitons in two-dimensional (2D) transition metal dichalcogenides (TMDC) are stable at room temperature
because of high exciton binding energies. They can be selectively addressed based on the unique optical
selection rules from angular momentum conservation for the K/K valley state and the helicity of circularly
polarized light. When coupled with the optical modes in optical cavities, excitons can form exciton-polaritons,
exploiting which in 2D TMDC may lead to optoelectronic devices for room temperature operation. The valley
degree of freedom of the excitons, however, is mostly lost when forming exciton-polaritons because the cavity
mode usually does not have a well-defined spin angular momentum. Here, we theoretically demonstrate that
the valley information of exciton-polaritons can be preserved and resolved in a photonic cavity made of
birefringent materials. Because of the optical anisotropy, the guided resonance modes have a net transverse
spin angular momentum and selectively couple to exciton-polaritons with the corresponding valley state. In
the strong-coupling regime, the exciton-polariton behaves in a way like the Rashba effect in the solid. The
dispersion of the K/K exciton-polariton splits in momentum space based on its valley state, similar to electron
spins in Rashba systems. Realizing valley-dependent exciton-polaritons affords a possibility to explore valley
exciton dynamics in a strongly coupled system and will contribute to the study of excitonic, polaritonic devices,
Bose-Einstein condensation, and superfluidity in semiconductors.
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I. INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenides
(TMDCs), such as MoS2 and WSe2, have shown the po-
tential in enabling the next generation of optoelectronic de-
vices such as nanolaser, photodetector, and nonlinear optic
elements [1–11]. With improved sample quality, 2D TMDC
and their heterostructures have shown high photolumines-
cence quantum yields, long exciton lifetime, large nonlin-
ear optical coefficients, and efficient electro-optic tunability
[5,6,8,12–16]. Thanks to the reduced screening effects at the
monolayer limit, exciton binding energy can reach several
hundred meV [7,13,17,18], orders of magnitude higher than
that in conventional semiconductors such as GaAs or InGaAs
[19–21]. The large exciton binding energy makes it possible
to realize stable exciton-polariton and Bose-Einstein con-
densation (BEC) in these 2D materials at room temperature
[15,16,22–28]. Furthermore, the hexagonal lattice structure
with broken inversion symmetry gives rise to the valley de-
gree of freedom (d.o.f.) [29–33], which can be selectively
addressed with circularly polarized light. TMDCs have inte-
grated with photonic cavities to enhance the light-matter inter-
action to reach the strong coupling regime in which exciton-
polaritons are formed. Because exciton-polaritons have ul-
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trastrong nonlinearity, photon-like coherence, and excitonic
interactions [19–21,34], they present a prototypical model
system for studying quantum optical phenomena, many-
body physics (e.g., BEC), and developing low-threshold
nanolasers [4,19,20,34] and a chip-based quantum simulator
[35,36].

Exciton-polaritons in TMDCs have been observed in
a variety of photonic systems such as plasmonic cavities
[16,18,23,24,37,38], distributed Bragg reflector (DBR) cav-
ities [18,25,26], and guided resonance of photonic crystals
[39]. To address the valley states optically, light needs to be
circularly polarized, which is difficult to achieve in photonic
devices. Spatially resolving the valley states would facilitate
their control, readout, and interfacing with other photonic de-
vices. It was recently realized that the evanescent field of spa-
tially confined quasitransverse modes (TE or TM) in photonic
devices are circularly polarized in the plane of propagation.
The evanescent field thus carries a spin angular momentum
that is transverse to the propagation. Exploiting this transverse
spin angular momentum (tSAM) of light in various photonic
devices has led to chiral light-matter interaction in many
material systems such as quantum dots, topological insulators,
and TMDCs [40–48].

However, because most of the photonic structures possess
mirror symmetry, the tSAM is highly localized such that its
spatial average over the whole surface around the photonic
device will vanish. The tSAM S of the photonic structure is

2469-9950/2020/101(24)/245418(6) 245418-1 ©2020 American Physical Society

https://orcid.org/0000-0002-8749-0385
https://orcid.org/0000-0002-5500-0900
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.101.245418&domain=pdf&date_stamp=2020-06-15
https://doi.org/10.1103/PhysRevB.101.245418


PENG, WU, LI, XU, AND LI PHYSICAL REVIEW B 101, 245418 (2020)

FIG. 1. Calculated fundamental mode profile (upper panel) and
tSAM distribution (lower panel) for different waveguide geometry,
the scale bar is 200 nm. (a) Mode profile and tSAM for the rectan-
gular SiNx waveguide on SiO2 substrates. The net transverse tSAM
(Sz) on the waveguide top is canceled due to the mirror symmetry
of the waveguide. (b) SiNx waveguide structure by angled etching
technique, the symmetry breaking in the waveguide shape induce the
nonzero tSAM on the waveguide top. (c) The (101) rutile waveg-
uide on the sapphire substrate. Rutile is anisotropic by introducing
the birefringence of the materials, the rutile rectangular waveguide
results in the finite net tSAM on the waveguide top surface.

defined as S = Im(ε0E∗ × E + μ0H∗ × H )/4ω [43,49,50].
In the SAM definition, E and B are the electric and magnetic
field, ε0 and μ0 are the vacuum permittivity and permeability,
and ω is the angular frequency. For example, although the
fundamental mode of a rectangular waveguide carries nonzero
tSAM in the z direction (Sz) locally as shown in Fig. 1(a), its
distribution is an odd function of the x coordinate, leading to a
zero net tSAM on the top surface of the waveguide. Therefore,
the averaged effect of light-matter interaction with a layer of
material on top of the waveguide will show no chirality, or
valley selectivity in the case of TMDCs. This observation can
be generalized to any photonic systems with mirror symmetry.

To enable valley selective optical interaction, it is necessary
to break the mirror symmetry. For example, if the TMDCs on
top of the waveguide is made asymmetric, chiral interaction
could be achieved [51]. Similarly, if the rectangular waveg-
uide is made angled, as shown in Fig. 1(b), the net tSAM
on the top surface will not vanish. Etching the waveguide
with angled sidewalls, however, will be rather challenging.
Other than geometric asymmetry, the intrinsic birefringence
of a material can also break the mirror symmetry to achieve a
finite net tSAM in a photonic device. Here, we consider rutile,
the crystalline TiO2. The ratio of its refractive index along
extraordinary and ordinary optical axes ( n e/ n o) about 1.12,
which is among the highest values of natural materials. Rutile
can be epitaxially grown with (101) crystalline orientation on
sapphire substrates by molecular beam epitaxy [52]. The (101)
orientation causes the extraordinary axis to be tilted at an
angle of 32 from the out-of-plane direction. Photonic devices
made of such an anisotropic material with tilted optical axis
will have broken mirror symmetry. Take the simple rectangu-
lar waveguide for an example as shown in Fig. 1(c), the tSAM
on its top surface does not change sign with the x coordinate,

which results in a nonvanishing net total tSAM, similar to the
situation of an angled waveguide.

II. RESULTS AND DISCUSSIONS

Integrating TMDCs with photonic devices made of opti-
cally anisotropic materials will make it possible to address
and control the valley d.o.f. in TMDCs through chiral op-
tical interactions. Recently, the exciton-polariton state was
observed at room temperature in monolayer WSe2 integrated
on a one-dimensional (1D) photonic crystal in which excitons
are strongly coupled with the guided resonance [39]. Because
the photonic structure is made of isotropic material silicon
nitride (SiNx), excitons of different valleys cannot be discrim-
inated in this system. Inspired by this work and the above
consideration, we consider replacing SiNx with an anisotropic
material, such as (101) rutile on the sapphire substrate, to
make an anisotropic photonic crystal. The birefringence of
rutile breaks the mirror symmetry of the photonic crystal and
makes the optical coupling chiral, which will enable control
of the valley state of the exciton-polaritons.

The coordinate of the studied system is defined in Fig. 2(a).
The extraordinary optical axis of the rutile film is titled in the
x-z plane so mirror symmetry around y axis is broken. We only
need to consider the dispersion relation with respect to the
wave vector ky direction as the guided resonance mode carries
tSAM pointed along the z axis. By tuning of the period, filling
factor, total thickness and etched depth of the 1D photonic
crystal (period�: 330 nm, filling factor η: 0.88, total thickness
t : 160 nm, etch depth h: 89 nm), we engineer the energy of
the mode of interest to be close to the WSe2 exciton energy
(1.73 eV). The numerically simulated mode profile at ky =
−5 μm−1, and the corresponding tSAM S distribution, are
plotted in in Figs. 2(b) and 2(c). Compared to the SiNx device,
as plotted in Fig. 2(d), the integral of S on the top surface in
the rutile device is no longer zero, which will lead to chiral
coupling with circularly polarized excitation light. We define
the degree of circular polarization p, the average of the local
polarization over the top surface of the photonic crystal, for a
specific mode by using Stokes parameters as

p =
∫
S3dA∫
S0dA

=
∫
2ExEysin(δ)dA∫
E2
x + E2

y dA
, (1)

where A is the whole area of the top surface, S0 and S3
are Stokes parameters, δ = δx − δy denotes the phase dif-
ference between Ex and Ey components. We evaluate p at
ky = −5 μm−1 to be 0.5, which quantifies the chirality of
the mode,the intensity of the left circular polarized (LCP)
component is about three times the right circular polarized
(RCP) component.

The chirality of this anisotropic photonic crystal can be
experimentally investigated by measuring its reflection spec-
trum for incident light with a given circular polarization. The
k-space dispersion of the reflection spectra can be calculated
by scanning both the incident angle and frequency in nu-
merical simulation. The sharper resonance of the reflection
spectrum suggests more coupling to the guided resonance
mode of the photonic crystal [53,54]. Figure 3(a) displays
the calculated result for the rutile photonic crystal with LCP
incident light and confirm its chiral response. It shows an
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FIG. 2. The guided resonance mode of 1D photonic crystal. (a) The axis definition of the (101) rutile 1D photonic crystal and birefringence
axis is shown in the figures. The ne axis of (101) rutile has a tilting angle about 32 degrees. (b) The electric field profile for the specific resonance
mode at ky = 0. (c) The calculated tSAM for (101) rutile photonic crystal at ky = −5 μm−1, the birefringence contributes to nonvanishing
tSAM on the photonic crystal top surface. For ky = 5 μm−1, tSAM with opposite sign is observed, which is preserved by the time reversal
symmetry. (d) The calculated tSAM for the SiNx photonic crystal at ky = −5 μm−1, the net tSAM is zero.

asymmetric spectrum with respect to the incident angle-higher
reflection at negative incident angles (ky < 0) with sharper
resonance than at positive angles (ky > 0), which indicates a
stronger coupling when ky < 0. We also calculate the mode
profile for each ky and extract the quality factor and degree of
polarization p of the guided resonance mode. This photonic
crystal has decent quality factors of 240 over a wide range of
ky [Fig. 3(b)] with a linewidth in photon energy of γpc. The
polarization p at different ky is plotted in Fig. 3(c), showing
that at negative (positive) ky, the mode is more left-hand
(right-hand) polarized.

The valley selection rule in TMDC dictates that the exci-
tons of one valley (K or K) couple selectively with circularly
polarized light of one helicity (left or right-handed). Here, we
define the convention that the K valley only interacts with
LCP light, whereas the K valley only interacts with RCP light.
Consequently, the guided resonance modes at ky < 0, which
are LCP polarized, will have a stronger coupling with the K
valley excitons, and vice versa for ky > 0 modes and K valley
excitons. When the coupling is sufficiently strong, exciton-
polaritons will form. As the coupling strength overwhelms
the loss, the exciton and photonic structures are considered
strongly coupled such that the k-space dispersion will show
avoided crossings due to Rabi splitting and form upper and

lower branches in dispersion given by [21]

E± = 1

2
(Eexc + Epc + i(γexc + γpc)/2) ±√
g(k)2 + 1

4
[Eexc − Epc + i(γexc − γpc)]2, (2)

where Eexc and Epc denote the exciton and photonic crystal
resonance energy, γexc and γpc represent their linewidths, g(k)
is the coupling coefficient at a given k. We denote g0 as the
coupling coefficient when ky = 0. The corresponding Rabi
splitting for the polariton system is:

2h̄ω =
√
g(k)2 − 1

4
(γexc − γpc)2 (3)

In order to resolve the splitting and observe the anti-crossing
behavior in the system, the splitting h̄ω should be larger than
the total linewidth of the polariton system (γexc + γpc)/2. The
criteria of strong coupling for the exciton-polariton system is
defined as

g(k) >

√
1

2

(
γ 2
exc + γ 2

pc

)
. (4)

As mentioned above, the coupling coefficient g(k) between
the exciton of a specific valley state with optical modes of

FIG. 3. Helicity dependent interactions in (101) Rutile 1D photonic crystals. (a) Reflection spectrum for the RCP light. We observe more
reflection in the positive ky side, which indicates stronger coupling between RCP light with guided resonance mode. (b) Calculated polarization
for each ky point. For ky = −5 μm−1, polarization more than 0.5 could be achieved. (c) Calculated linewidth or quality factor for the resonance
mode at each ky. This would be used for calculating the condition of strong coupling regime.
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FIG. 4. Asymmetric momentum splitting in the exciton polariton
dispersion. (a) The asymmetric splitting for g = 5 meV when we
consider exciton polariton in the K valley. The obvious anticrossing
behavior is observed in positive ky side which is the signature of
strong coupling regime, while there is no anticrossing behavior for
the positive ky side. The coupling strength is related to the polar-
ization of the resonance mode where polarization for the positive ky
side is much smaller than the negative ky side and less interaction
would be expected. (b) For larger g = 12 meV, both positive and
negative ky show the anticrossing behaviors, but the Rabi splitting
for these two ky would be different. (c) Consider the lower branch
of exciton polariton at large coupling strength g, the ky for minimum
energy is not zero. Inset: the zoom-in feature of the dashed region.
Considering the K valley, the momentum for minimum energy would
be the opposite. This splitting for different valley exciton polariton
in momentum space is analogous to the Rashba effect in solid-state
physics. (d) From the Hamiltonian of our polariton system, the
splitting of the valley exciton polariton is the function of coupling
strength. With increasing coupling strength, more splitting could be
observed where the valley information could be perfectly extracted
by taking into consideration of particular valley polariton dispersion.

different ky are different. For K valley excitons, there exist a
range of negative ky where g(k) is large enough to meet the
strong-coupling requirement, but not for positive ky. Figure
4(a) plots the calculated reflection spectrumwhen setting g0 =
5 meV in the simulation. The linewidth of the exciton γexc is
5.7 meV at 10 K according to the measured results [39]. It
is evident that anticrossing behavior is only observed on the
negative ky side of the dispersion. For positive ky, however,
because of insufficient coupling, anticrossing behavior does
not appear.

If the coupling strength is increased further, both positive
and negative ky can reach the strong coupling regime. As
shown in Fig. 4(b), when g0 = 12 meV, both sides of ky show
anticrossing behaviors. Comparing the energy splitting of two
different directions, the negative ky direction still has a larger
energy splitting, which corresponds to the larger coupling

coefficient on the negative ky side than the positive ky side.
To understand the physical behaviors of this strongly coupled
system, its Hamiltonian can be written as [21]

H = Eexcb
†b+ Epca

†a + g(k)(a†b+ c.c.); (5)

g(k) = g0
2

[
1 + Im

(∫
(Ex × Ey) · σzdA∫

E2
x + E2

y dA

)]
, (6)

where a† and b† are the photon and exciton creation operators,
the g(k) term is related to net tSAM (polarization) and should
be a function of ky and σz = ±1 that is corresponding to the
valley spin polarization. From the Hamiltonian, the interaction
term g(k) in the polariton system has a form (Ex × Ey) · σz,
which is similar to that for the Rashba spin-orbit coupling
(SOC) term in a solid-state system when SOC is considered
for 2D quantum well structures under a vertical electric field
[55]. The Rashba SOC term could be written as HR = α(E ×
P) · σ, where α is the Rashba coupling, E is the applied field,
P is the momentum, and σ is the Pauli matrix. The breaking
of the crystal symmetry in the z direction by the vertical field
results in splitting of in-plane spins in the k space. By the
same token, in the exciton-polariton system, the breaking of
the 1D photonic crystal symmetry in the x direction by the
crystalline anisotropy of the rutile results in the splitting of
different valley exciton-polariton in the k space. Such analogy
is evident from the similarity of the Hamiltonians of the
two systems. Compared to the conventional Rashba effect,
which is enabled by the k-dependent spin-orbit interaction,
the mechanism of valley polariton splitting is the k-dependent
interaction between photon tSAM and valley exciton pseu-
dospin. As a result, the splitting of lower and upper polariton
branches is confirmed in Fig. 4(c) where the different valley
(K and K) exciton-polaritons have finite splitting in the k
space. By the same token, in the exciton-polariton system,
the breaking of the 1D photonic crystal symmetry in the x
direction by the crystalline anisotropy of rutile results in the
splitting of different valley exciton-polaritons in the k space.
Such an analogy is evident from the similarity of the Hamil-
tonians of the two systems. Compared to the conventional
Rashba effect, which is enabled by the k-dependent spin-orbit
interaction, the mechanism of valley polariton splitting is the
k-dependent interaction between photon tSAM and valley
exciton pseudospin. As a result, the splitting of lower and
upper polariton branches is confirmed in Fig. 4(c) where
the different valley (K and K) exciton-polaritons have finite
splitting in the k space. The splitting of valley polariton in the
k space increases with increasing g0, because stronger cou-
pling results in a more significant difference between different
valley polaritons. This is also confirmed by our calculations
as shown in Fig. 4(d), which indicates that the splitting of
valley polariton in k space is proportional to the coupling
coefficient. Such splitting has interesting implications under
the BEC condition, where all the polaritons will condensate
at the lowest energy points so that the exciton-polariton with
opposite valley information will condensate at different k
points, and the valley information can be fully distinguished
and extracted from the directional luminescent emission of the
condensation.
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III. CONCLUSION

In conclusion, we conceptualize the manipulation of 2D
valley exciton polarization by engineering anisotropic pho-
tonic crystal structures with nonzero net tSAM on the top
surface. We illustrate this concept with 1D photonic crystal
structure made of a birefringent (101) rutile. When TMDC
materials are integrated on the top of photonic crystal, valley
polarized excitons with opposite spins will couple differently
to modes with opposite ky directions. We found that when
strong-coupling is reached, the splitting of different valley
polaritons in the k space is analogous to the Rashba spin
orbit coupling effect. By taking advantage of material’s op-
tical anisotropy, the valley information of exciton-polariton
in TMDC can be distinguished in the k space. This result
can be generalized to 2D and 3D conditions, so the net
tSAM is still preserved due to the mirror symmetry breaking

induced by the material anisotropy. Given the limitation of
zero tSAM interaction in photonic structures of isotropic
materials, the anisotropic photonic crystal offers a platform to
study valley exciton-polaritons in the TMDC thin film. From
the technological perspective, the study of this anisotropic
photonic system will benefit the development of functional
optoelectronics and photonics devices. Also, utilization and
manipulation of the valley exciton-polariton have great poten-
tial in chiral quantum optics and provide a degree of freedom
for exploring future photonic structures.
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