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Outline

Excitons Polaritons have a Berry Curvature
which can originate from:

(i)Exciton BC
(ii)Photon BC
(iii)Coupling between them

In this talk:

- Evaluation of the relative contributions
- Estimation of Lateral shifts upon Polariton motion

Model System:

Excitons in TMDs in a planar metallic cavity
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A non-equilibrium charge carrier imbalance between valleys 
is the key to creating valleytronic devices1–9. The principal 
mechanism invoked in this context is circularly polarized 

optical excitation3,4 . In this approach, the two valleys absorb left- and 
right-handed photons differently, a phenomenon referred to as circu-
lar dichroism (CD). An essential condition for valley-selective CD in 
a honeycomb lattice is the absence of a centre of inversion. In the case 
of graphene, it was suggested that by interacting graphene with a sub-
strate such that the centre of inversion can be obliterated, whereupon 
a gap opens up in each valley10,11. This strategy, however, is quite 
challenging experimentally. And even in its eventual realization, there 
can only be a gentle perturbation to graphene via the weak covalent  
coupling at large van der Waals separations from the substrate11.

Since its first isolation12,13, monolayer molybdenum disulphide 
(MoS2) has attracted immense attention. Many measurements have 
been performed to characterize the optical and transport proper-
ties of this material12–16. In monolayer MoS2, two layers of sulphur 
atoms in a two-dimensional hexagonal lattice are stacked over each 
other in an eclipsed fashion. Each Mo sits in the centre of a trigonal 
prismatic cage formed by six sulphur atoms (Fig. 1a). Quite remark-
ably in the context of current discussion, the natural stable struc-
ture of free-standing monolayer MoS2 is a honeycomb lattice with 
inequivalent bipartite colouring, breaking the inversion symmetry 
(Fig. 1b).

While bulk MoS2 has an indirect bandgap, interestingly, when 
thinned to the monolayer limit, the material acquires direct band-
gaps located exactly at the corners of the Brillouin zone. Indeed, with 
its 1.8  eV direct bandgap and unique two-dimensional structure 
embracing the high-symmetry valleys, monolayer MoS2 has much 
to offer in the exploration of novel electronic and optoelectronic 
devices and the associated physics (as compared with boron nitride, 
which has a bandgap of about 6.0 eV in the ultraviolet regime). It 
is quite natural to question whether it is possible to achieve valley-
selective CD in this semiconducting atomic membrane, which will 
endow electrons in this material the valley degree of freedom, in 
addition to charge and spin that have been routinely explored in 
conventional device physics. We show here using ab initio numeri-
cal simulation and experimental micro-photoluminescence that  
monolayer MoS2 possesses near-perfect valley-selective CD, a prop-
erty rooted in its bulk symmetry and very much conducive to opto-
electronic valley polarization needed for valleytronics.

Results
Degree of circular polarization. The key quantity to assess is, 
therefore, the k-resolved degree of optical polarization, H(k), 

between the top of the valence bands and the bottom of the 
conduction bands4
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This quantity is the difference between the absorption of left- 
and right-handed lights ( o ), normalized by total absorption, at 
each k-point and evaluated between the top of the valence bands 
(v) and the bottom of conduction bands (c). The band structure 
of monolayer MoS2 is shown in Fig. 2a. The dependence on the 
transition energy, =X F Fcv c v( ) = ( ) ( )k k k , is implicit through k.  
Here, the transition matrix element of circular polarization is 
(o ocv

x
cv

y
cvP iP( ) =1 2[ ( ) ( )]k k k/ . The interband matrix elements, 

P pcv
c v( ) = | |k k k� ®Z Z , are evaluated using the density functional 

perturbation theory, within the local-density approximation17 , as 
implemented in VASP18 . Spin-orbit coupling is not included in 
our calculations19,20. Briefly, a planewave basis set is employed at a 
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Figure 1 | The crystal structure of monolayer MoS2. (a) Coordination 
environment of Mo (blue sphere) in the structure. Sulphur is shown  
as golden spheres. (b) A top view of the monolayer MoS2 lattice, 
emphasizing the connection to a honeycomb lattice. In our calculations, 
we used an optimized structure at the level of local density approximation 
in density functional theory. The shaded region bounded by dashed lines 
corresponds to one primitive cell. The unit cell parameter is a = 3.12 Å,  
and the vertical separation between sulphur layers is 3.11 Å.
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Figure 2 | Valley-selective CD of monolayer MoS2. (a) Top valence band 
(blue) and bottom conduction band (pink). The centre hexagon is the 
Brillouin zone colour-coded by the degree of circular polarization, H(k), 
as defined in the text. The vector connecting K +  and K −  is perpendicular 
to Mo-S bond in the crystal structure in Fig. 1b. (b) Schematic of phase 
winding on the MoS2 lattice that gives rise to the chiral optical selectivity. 
Left panel: the contribution to phase winding from the Bloch lattice phase, 
where T =  o 1 is the valley index, and s = 1,2 corresponding to the S and Mo 
sites (isospin index). Right panel: the phase winding under a threefold 
rotation. The green axes indicate the rotation of local atomic coordinates 
that leads to the azimuth dissynchronization.

-  Direct bandgap 1.8 eV (in bulk, indirect gap of 1.3 eV)
- Strong light absorption and electroluminescence 
- Strong exciton with large binding energy (stable at Room Temp.)

Semiconductors: Transition Metal Dicalchogenides

Single Layer



While Excitons in 3D Materials (GaAs): ~ 100 nm, ~ 5 meV…

In TMDs: 2D character and weak dielectric screening:
enhanced Coulomb interactions

Much smaller sizes ~ 1 nm

Effects of Diracness: 
non-hydrogenic

Srivastava et al.,  
PRL 115, 166802 (2015) 
J. Zhou et al.,  
PRL 120, 077401 (2018)

Splendiani et al., Nano Lett. 10, 1271 (2010) 
Berkelbach, PRB 88, 045318 (2013)

excitons dominate the optical and optoelectronic respond in TMDCs

Larger binding energy ~ 10 kBTroom {

Excitons in 2D TMDs



circular dichroism

carrier’s Berry curvature

Valley Hall and Exciton Anomalous Hall Effects in TMDCs

Exciton Hall effect

electron-hole move in 
same directions

M. Onga et al. Nat. Materials 16, 1193 (2017)

Valley Hall effect

electrons and holes move 
in opposite directions

K. Mak et al. Science 344, 1489 (2014)



S. Wang et al. Nano Lett. 16 (7), 4368 Z. Sun et al. Nat. Photonics 11, 491 (2017)

Monolayer in photonic cavity: Exciton-Polaritons

Rabi splittings were limited by the absorption features of the
materials with a maximum reported splitting of 86 meV at room
temperature.29 Furthermore, in MoX2 monolayers, spin−orbit
coupling (SOC) induces the splitting of the excitonic transition
by ca. 150 meV such that both the so-called A and B exciton
transitions (see Figure 1b) can simultaneously interact with
cavity modes complicating the studies of such systems.29 The

WS2 monolayer has the advantage that it presents a much
sharper isolated absorption band as can be seen in Figure 1b. In
addition it displays an intense photoluminescence (PL) peak at
2.016 eV (Figure 1c). Hence WS2 constitutes a natural choice
for light−matter strong coupling.
In this letter we demonstrate that, by coupling WS2

monolayers to metallic resonators, the magnitude and visibility

Figure 1. (a) Structure of a WS2 monolayer showing, from left to right, out-of-plane view, in-plane view, and the unit cell. (b) Transmittance of
monolayers of WS2 (black solid curve) and MoS2 (blue solid curve) on quartz; the inset shows an optical micrograph of the WS2 flake in which the
blue region is a monolayer and the bright region is a multilayer. (c) Emission spectrum taken from the monolayer region of WS2 under continuous
wave (cw) 532 nm (2.330 eV) excitation. The inset displays the fluorescence image of the WS2 flake in which bright emission is observed only from
the monolayer region under cw 470 ± 10 nm (2.64 ± 0.06 eV) excitation.

Figure 2. (a) Energy diagram of the strong coupling of the direct band gap transition ℏωe between the valence band (VB) and conductive band
(CB) of monolayer WS2 to the first optical mode ℏωp of a cavity. The coherent coupling forms two polaritonic states P+ and P− separated by the
Rabi energy ℏΩR. (b) Schematic of the Ag Fabry−Perot (FP) cavity with WS2 monolayer placed at the center (the optical field maximum). (c)
Schematic of the plasmonic hole array with WS2 monolayer physisorbed on top. Five nanometers of PMMA separates the monolayer from the metal
surface. (d) Schematic of the optical setup for angle resolved spectroscopy. White light source or cw 533 nm laser beam is selected by the flipped
mirror M1 to pass through a beam splitter (BS) and a 40× objective lens (O1, N.A. = 0.6). The reflected beam or PL from the sample, collected by
the same O1, passes through a polarization analyzer (P), tube lens (L1), spatial filtering iris, imaging lens (formed by L2 and L3), Fourier lens (L3),
and spectrometer coupled CCD. (e) Optical micrograph of a WS2 monolayer physisorbed on the plasmonic hole array; the monolayer region is
delineated by the red PL image of the same WS2 monolayer in (f).
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W. Yao and Q. Niu, 
PRL 101, 106401 (2008)
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J. Segert, PRA 36, 10 (1987)

Polariton: the winding of exciton-photon coupling contributes

M. Onoda, et al., PRL 36, 083901 (2004)

Berry Curvature in Exciton Polaritons.

Exciton: From the Berry curvature of electrons: ��
c (q)
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signature of this nontrivial topology is a bulk gap in the
excitation spectrum with chiral edge modes as the only in-
gap states (see Fig. 1). These edge modes provide a new
realization of a controllable one-waywaveguide for photons
[3,4,19–23]. More conceptually, our proposal allows to
realize topological photons at optical frequencies and, to
the best of our knowledge, constitutes the first example of a
topological hybrid state treating light and matter degrees of
freedom on the same footing. This is particularly interesting
since finite interactions in the excitonic component open the
perspective of interacting topological states of polaritons.

II. TOPOLARITONS

Polaritons are superpositions of photons and excitons
that can be described by a Hamiltonian of the form

Ĥ ¼
X

q

½ωC
q â

†
qâq þ ωX

q b̂
†
qb̂q þ ðgqb̂†qâq þ H:c:Þ&; ð1Þ

where the operators â†q and b̂†q create photons and excitons
with momentum q, respectively. We assume that the
excitons and photons are both confined to two dimensions;
i.e., q ¼ ðqx; qyÞ. For the excitons, this can be achieved
using a quantum well, while photons can be trapped using
a microcavity or waveguide. The exciton dispersion ωX

q ¼
q2=2mX þ ωX

0 (setting ℏ ¼ 1) describes its center-of-mass
motion, while the energy gap ωX

0 for creating an exciton
is given by the difference between the bare particle-hole
excitation gap and the exciton binding energy. We denote
the dispersion of the cavity photon by ωC

q .
The crucial ingredient for generating topolaritons is the

exciton-photon coupling gq, which describes the creation of
an exciton by photon absorption and vice versa. Here, we
require gq to wind according to

gq ¼ gqeimθq ; ð2Þ

where gq is the amplitude of the exciton-photon interaction
(or Rabi frequency), m is a nonzero integer, and θq denotes
the polar angle of q.
To reveal the nontrivial topology, we diagonalize the

Hamiltonian Eq. (1) in terms of polariton operators

P̂'
q ¼ eP'q ⋅

! âq

b̂q

"
; ð3Þ

with spectrum ωP'
q ¼ 1

2ðω
C
q þωX

q Þ ' 1
2 ½ðω

C
q −ωX

q Þ2þ4g2q&1=2,
where the ' sign refers to the upper and lower polariton
band, respectively (see Fig. 2). The vectors eP'q describe the
relative strength between the photon and exciton compo-
nents of the polariton wave function and can be interpreted
as a spinor. The nontrivial form of the coupling Eq. (2)
leads to a winding of this spinor of the form

eP'q ¼ 1ffiffiffi
2

p
 
' e−imθq

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 ' βq

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 ∓ βq

p

!

ð4Þ

where βq ¼ ðωC
q − ωX

q Þ=½ðωC
q − ωX

q Þ2 þ 4g2q&1=2. The spinor
of the lower polariton band “flips” from photonic to
excitonic (vice versa for the upper polariton) far away
from the resonance as described by the limits βq¼0 ¼ −1
and βq→∞ ¼ 1. Combined with the winding eimθq , this flip
leads to a full wrapping of the unit sphere by the spinor eP'q ,
thereby leading to a nontrivial topology in full analogy to
fermionic topological systems. This can be confirmed by
calculating the Chern number of the upper and lower
polariton bands. Indeed, we find C' ¼ ' m. Note that
the mechanism leading to nontrivial topology is distinctly
different from the original proposal by Haldane and Raghu
[1,2]. Here, the nontrival Berry curvature arises directly
from the (winding) hybridization between two ordinary
exciton and photon bands, not from the gapping out of
symmetry-protected band touchings (e.g., Dirac cones) in
the photonic spectrum [24].
A consequence of the nontrivial Chern number is the

presence of chiral polaritonic edge modes. In our setting,
edges are defined by the confinement of the excitons and
photons. While excitons are naturally restricted to the
quantum well, photons can be confined, e.g., by using
reflecting mirrors or a suitable photonic band gap at the
edges of the system. Another possibility would be to
confine the photons in a dielectric slab waveguide ending
at the system edges.
Besides the existence of bands with nontrivial Chern

numbers, the stability of the edge modes also requires a
global energy gap (i.e., present for all momenta) between
the upper and lower polariton bands. Above, we assume
that the bare exciton and photon dispersions are far
(negatively) detuned at q ¼ 0. In that case, the energy of
the lower polariton branch essentially coincides with the
bare exciton dispersion for low momenta. Since the lower
polariton branch approaches the bare exciton dispersion for
large q, it thus appears impossible to open a gap for a

FIG. 2. Schematic polariton spectrum ωP'
q . The upper and

lower polariton bands are drawn in red and blue, while the
uncoupled bands (gq ¼ 0) are shown as thin black lines for
comparison. Because of the winding structure of the coupling, the
two polariton bands acquire a nontrivial topology with finite
Chern numbers C' ¼ ' 1 in the case of m ¼ 1 [see Eq. (2)]. The
associated edge modes are indicated by a dashed purple line.

TOPOLOGICAL POLARITONS PHYS. REV. X 5, 031001 (2015)

031001-2

Valley Hall and Exciton Hall effect in TMDCs

Valley Hall effect

electrons and holes move 
in opposite directions

Exciton Hall effect

electron-hole move in 
same directions

M. Onga et al. Nat. Materials 16, 1193 (2017)

circular dichroism

K. Mak et al. Science 344, 1489 (2014)

carrier’s Berry curvature



Which contribution dominates?

What is the Berry Curvature 
of an Exciton polariton?

(i) We need the 
exciton-photon hamiltonian



Model for electrons
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Model for electrons
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A non-equilibrium charge carrier imbalance between valleys 
is the key to creating valleytronic devices1–9. The principal 
mechanism invoked in this context is circularly polarized 

optical excitation3,4 . In this approach, the two valleys absorb left- and 
right-handed photons differently, a phenomenon referred to as circu-
lar dichroism (CD). An essential condition for valley-selective CD in 
a honeycomb lattice is the absence of a centre of inversion. In the case 
of graphene, it was suggested that by interacting graphene with a sub-
strate such that the centre of inversion can be obliterated, whereupon 
a gap opens up in each valley10,11. This strategy, however, is quite 
challenging experimentally. And even in its eventual realization, there 
can only be a gentle perturbation to graphene via the weak covalent  
coupling at large van der Waals separations from the substrate11.

Since its first isolation12,13, monolayer molybdenum disulphide 
(MoS2) has attracted immense attention. Many measurements have 
been performed to characterize the optical and transport proper-
ties of this material12–16. In monolayer MoS2, two layers of sulphur 
atoms in a two-dimensional hexagonal lattice are stacked over each 
other in an eclipsed fashion. Each Mo sits in the centre of a trigonal 
prismatic cage formed by six sulphur atoms (Fig. 1a). Quite remark-
ably in the context of current discussion, the natural stable struc-
ture of free-standing monolayer MoS2 is a honeycomb lattice with 
inequivalent bipartite colouring, breaking the inversion symmetry 
(Fig. 1b).

While bulk MoS2 has an indirect bandgap, interestingly, when 
thinned to the monolayer limit, the material acquires direct band-
gaps located exactly at the corners of the Brillouin zone. Indeed, with 
its 1.8  eV direct bandgap and unique two-dimensional structure 
embracing the high-symmetry valleys, monolayer MoS2 has much 
to offer in the exploration of novel electronic and optoelectronic 
devices and the associated physics (as compared with boron nitride, 
which has a bandgap of about 6.0 eV in the ultraviolet regime). It 
is quite natural to question whether it is possible to achieve valley-
selective CD in this semiconducting atomic membrane, which will 
endow electrons in this material the valley degree of freedom, in 
addition to charge and spin that have been routinely explored in 
conventional device physics. We show here using ab initio numeri-
cal simulation and experimental micro-photoluminescence that  
monolayer MoS2 possesses near-perfect valley-selective CD, a prop-
erty rooted in its bulk symmetry and very much conducive to opto-
electronic valley polarization needed for valleytronics.

Results
Degree of circular polarization. The key quantity to assess is, 
therefore, the k-resolved degree of optical polarization, H(k), 

between the top of the valence bands and the bottom of the 
conduction bands4
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This quantity is the difference between the absorption of left- 
and right-handed lights ( o ), normalized by total absorption, at 
each k-point and evaluated between the top of the valence bands 
(v) and the bottom of conduction bands (c). The band structure 
of monolayer MoS2 is shown in Fig. 2a. The dependence on the 
transition energy, =X F Fcv c v( ) = ( ) ( )k k k , is implicit through k.  
Here, the transition matrix element of circular polarization is 
(o ocv

x
cv

y
cvP iP( ) =1 2[ ( ) ( )]k k k/ . The interband matrix elements, 

P pcv
c v( ) = | |k k k� ®Z Z , are evaluated using the density functional 

perturbation theory, within the local-density approximation17 , as 
implemented in VASP18 . Spin-orbit coupling is not included in 
our calculations19,20. Briefly, a planewave basis set is employed at a 
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Figure 1 | The crystal structure of monolayer MoS2. (a) Coordination 
environment of Mo (blue sphere) in the structure. Sulphur is shown  
as golden spheres. (b) A top view of the monolayer MoS2 lattice, 
emphasizing the connection to a honeycomb lattice. In our calculations, 
we used an optimized structure at the level of local density approximation 
in density functional theory. The shaded region bounded by dashed lines 
corresponds to one primitive cell. The unit cell parameter is a = 3.12 Å,  
and the vertical separation between sulphur layers is 3.11 Å.
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Figure 2 | Valley-selective CD of monolayer MoS2. (a) Top valence band 
(blue) and bottom conduction band (pink). The centre hexagon is the 
Brillouin zone colour-coded by the degree of circular polarization, H(k), 
as defined in the text. The vector connecting K +  and K −  is perpendicular 
to Mo-S bond in the crystal structure in Fig. 1b. (b) Schematic of phase 
winding on the MoS2 lattice that gives rise to the chiral optical selectivity. 
Left panel: the contribution to phase winding from the Bloch lattice phase, 
where T =  o 1 is the valley index, and s = 1,2 corresponding to the S and Mo 
sites (isospin index). Right panel: the phase winding under a threefold 
rotation. The green axes indicate the rotation of local atomic coordinates 
that leads to the azimuth dissynchronization.
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From electron-phonon to exciton-photon coupling

1. Electron-Photon coupling

(i) Expand Hamiltonian close to minima H(k) � H0 + kiHi
1
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(ii) Minimal substitution �p � �p � e�A
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H(k) � H(k) � ev
� Ai Hi
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Hx
1 = ��x, Hy

1 = ��y
<latexit sha1_base64="544Qrztlfa8fpi7Ee5rqEIKWNMA="></latexit><latexit sha1_base64="544Qrztlfa8fpi7Ee5rqEIKWNMA="></latexit><latexit sha1_base64="544Qrztlfa8fpi7Ee5rqEIKWNMA="></latexit><latexit sha1_base64="544Qrztlfa8fpi7Ee5rqEIKWNMA="></latexit>

� WEM = �ev
� Ai Hi
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with

2. Exciton-Photon coupling

(i) Project WEM onto  

Electron-photon coupling

Project onto subspace spanned by

P. San-Jose, et al., PRX 6.3, 031046 (2016)

and  

Electron-photon coupling

Project onto subspace spanned by

P. San-Jose, et al., PRX 6.3, 031046 (2016)

Electron-photon coupling

Project onto subspace spanned by

P. San-Jose, et al., PRX 6.3, 031046 (2016)

(          )
(ii) Expand Electron Wavefunction to O(Q2) 

Electron-photon coupling

Project onto subspace spanned by

Electronic wavefunction to second order in Q:

P. San-Jose, et al., PRX 6.3, 031046 (2016)

Electron-photon coupling

Project onto subspace spanned by

Electronic wavefunction to second order in Q:

P. San-Jose, et al., PRX 6.3, 031046 (2016)

� = {TE, TM}
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� = ±1
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Exciton-photon coupling

Changing polarization basis onto 
the circular polarization basis set
(with respect to   , not to     !!):

a+ =
1√
2
[aTM − ı aTE] e−ıφ⃗k

a− =
1√
2
[aTM + ı aTE] eıφ⃗k
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Electron-photon coupling
Winding phases

Dependence
on Lz

+O(
Q2

(∆/v)2
)
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γ =
eκ∆√

π!ωkϵ0Lz
F0(κ)
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F0(κ) =
1
κ

[
1
κ
+

1
κ+ 1

]
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For MoS2

κ =
aex∆
v

≈ 3.7 forMoS2
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F0 ≈ 0.13
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hTE,τph−ex(Q⃗, kz) = γ exp−ıτφQ⃗

hTM,τ
ph−ex(Q⃗, kz) = ı

kz
k
γ exp−ıτφQ⃗
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winding phase
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Polariton Hamiltonian in circular polarization basis.

fine splitting 5 meV

compatible with 
photon linewidth

S. Dufferwiel et al  

Nat. Comm. 6, 8579 (2015)

At strong coupling

q/kz ≈ 0.3
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Lz = 0.35µm
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Composite-particle state:

Berry Curvature of composite particles

A. Gutierrez et al., Phys. Rev. Lett. 121, 137402 (2018)
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Defining the “intrinsic” Berry connection
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Effective Description of Polaritons.

A. Gutierrez et al., Phys. Rev. Lett. 121, 137402 (2018)
see also O. Bleu et al., PRL 121, 020401 (2018)

and the poster in this conference!

He↵ = ✏0(q) +

✓
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2
e
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◆

Two Effective 2x2 Hamiltonians (for LPs and for UPs) 
analogous to gapped bilayer graphene ⇒ analytical results

Schrieffer-Wolf transformation

� / Vz exciton Zeeman(  and ! depends on γ)

need to break time-reversal symmetry 

⌦n = 0 opposite valley/polarization cancel

apply magnetic field

Due to the “wrong” valley-polarization coupling:

structure of the BC. A nonzero Berry curvature arises if
time-reversal symmetry is broken, and a magnetic field
induces a Zeeman coupling [19,27]. Alternatively, a polar-
iton Hall current will exist when the initial state is given by
a finite population of chiral excitations, which can be
created using circularly polarized light.
In the presence of a Zeeman coupling Vz, the BC is

smeared around small momenta. A simple effective
Hamiltonian for either the UP (s ¼ 1) or the LP (s ¼ −1)
branches can be obtained by treating γ and Γ as perturbative
parameters and considering Vz ≪ jEph − Eexj. At small
momenta,

Hs
eff ¼ fsðqÞ þ

! ΔsðqÞ αq2e2iϕ

α%q2e−2iϕ −ΔsðqÞ

"
; ð11Þ

with α¼−4γΓ̃=ðEex−EphÞ, Γ̃ ¼ Γ=q2, and fs and Δs ∝Vz
given in Supplemental Material [32]. The correspondence
between the polaritonic branches and gapped (gapless for
Vz ¼ 0) bilayer graphene [52] becomes manifest here,
providing us with a qualitative understanding of the EBC.
The BC then reads

Ωs;λ
polðqÞ ¼

2λΔs

α
q2

½q2 þ ðΔs=αÞ2'3=2
: ð12Þ

The BC for a generic parameter regime and Vz ¼ γ=5 is
shown in Fig. 2 for one UP and one LP branch, the BC in the
two other bands having the opposite sign. A breakdown of
the different terms in Eq. (8) is presented therein. We can
distinguish two different regions within the strong-coupling
regimewhere either the intrinsic or the extrinsic contributions
toΩ dominate. Forq → 0, the EBCgoes to zero, whereas the
IBC remains finite (see the inset in Fig. 2). In that range of
momenta, the polariton behaves as merely inheriting the BC
of its constituents.
Remarkably, it turns out that the BC of excitons is 6

orders of magnitude smaller than that of photons and,
therefore, can be neglected. This fact allows the interpre-
tation of the dotted curves in Fig. 2 in simple terms: A
greater photonic component in the polaritonic eigenstate
yields a higher value of the IBC. This behavior combines
with the decay ofΩph with q to make the IBC peak at q ¼ 0
for LPs and at q > 0 for UPs.
As for the dominance of the EBC, it happens near the

crossing between the bare exciton and the photon bands. It
becomes an order of magnitude greater than its counterpart
for UPs and around twice as much as the IBC for the LPs.
There is a significant difference in the BC between the UP
and LP branches: The former reaches higher absolute
values and peaks at larger momenta. Once more, these
features can be understood in terms of the competition
between two factors. First, the proximity in energy between
a pair of either UP or LP branches is expected to increase
the value of the EBC. Notice that UP dispersion relations
come closer to each other with q, whereas the opposite

happens with LPs’ see Fig. 2(b). Second, the EBC is
expected to peak at momenta where the coupling is the
greatest. As a result of this balance, the location of the EBC
peaks in Fig. 2, which shift away from qsc, can be explained.
We emphasized that photons are the only significant source
of BC for polaritons either via the IBC or by means of the
strong coupling with matter.
Polariton anomalous Hall effect.—The BC manifests in

a Hall current perpendicular to an applied in-plane force.
On a general basis, assuming a polaritonic wave packet in
the s branch and the λ split band, centered at rc ¼ ðxc; ycÞ
and qc ¼ ðqc;x; qc;yÞ and with energy Es;λ

polðrc;qcÞ, we can
describe the evolution of its coordinates by semiclassical
equations of motion that include the BC through an
anomalous velocity [53,54]:

_rc ¼
∂Es;λ

pol

∂qc
− _qc ×Ωs;λ

polðqcÞ; _qc ¼ −
∂Es;λ

pol

∂rc : ð13Þ

Because of the anomalous term, a polariton anomalous Hall
effect naturally arises when hybrid modes are accelerated.
An anomalous exciton current was observed in Ref. [12],
where the nonzero _qc was provided by a thermal gradient
applied to the sample. The same scheme can be applied to
polaritons in the strong-coupling regime. Further alterna-
tives to achieve wave packet accelerations, like a gradient in
the cavity thickness [55], can be also borne in mind
regarding experimental realizations.

(b)

(c)

(a)

FIG. 2. (a) Schematics of the Hall drift experienced by LP and
UP upon application of a thermal gradient. (b) Zeeman split
polariton spectrum. (c) Extrinsic (dashed line), intrinsic (dotted
line), and total (solid line) BC for the UP of highest (red) and the
LP of lowest (blue) energy. Dashed black lines are a guide to the
eye, with qsc such that EexðqscÞ ¼ EphðqscÞ. The lower inset
enlarges the region of small momenta that appears squared in
green. The model of Eq. (4) and the Berry connection given by
Eq. (8) were used in this section.
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Composite Berry Curvature

Vz = γ/5
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structure of the BC. A nonzero Berry curvature arises if
time-reversal symmetry is broken, and a magnetic field
induces a Zeeman coupling [19,27]. Alternatively, a polar-
iton Hall current will exist when the initial state is given by
a finite population of chiral excitations, which can be
created using circularly polarized light.
In the presence of a Zeeman coupling Vz, the BC is

smeared around small momenta. A simple effective
Hamiltonian for either the UP (s ¼ 1) or the LP (s ¼ −1)
branches can be obtained by treating γ and Γ as perturbative
parameters and considering Vz ≪ jEph − Eexj. At small
momenta,

Hs
eff ¼ fsðqÞ þ

! ΔsðqÞ αq2e2iϕ

α%q2e−2iϕ −ΔsðqÞ

"
; ð11Þ

with α¼−4γΓ̃=ðEex−EphÞ, Γ̃ ¼ Γ=q2, and fs and Δs ∝Vz
given in Supplemental Material [32]. The correspondence
between the polaritonic branches and gapped (gapless for
Vz ¼ 0) bilayer graphene [52] becomes manifest here,
providing us with a qualitative understanding of the EBC.
The BC then reads

Ωs;λ
polðqÞ ¼

2λΔs

α
q2

½q2 þ ðΔs=αÞ2'3=2
: ð12Þ

The BC for a generic parameter regime and Vz ¼ γ=5 is
shown in Fig. 2 for one UP and one LP branch, the BC in the
two other bands having the opposite sign. A breakdown of
the different terms in Eq. (8) is presented therein. We can
distinguish two different regions within the strong-coupling
regimewhere either the intrinsic or the extrinsic contributions
toΩ dominate. Forq → 0, the EBCgoes to zero, whereas the
IBC remains finite (see the inset in Fig. 2). In that range of
momenta, the polariton behaves as merely inheriting the BC
of its constituents.
Remarkably, it turns out that the BC of excitons is 6

orders of magnitude smaller than that of photons and,
therefore, can be neglected. This fact allows the interpre-
tation of the dotted curves in Fig. 2 in simple terms: A
greater photonic component in the polaritonic eigenstate
yields a higher value of the IBC. This behavior combines
with the decay ofΩph with q to make the IBC peak at q ¼ 0
for LPs and at q > 0 for UPs.
As for the dominance of the EBC, it happens near the

crossing between the bare exciton and the photon bands. It
becomes an order of magnitude greater than its counterpart
for UPs and around twice as much as the IBC for the LPs.
There is a significant difference in the BC between the UP
and LP branches: The former reaches higher absolute
values and peaks at larger momenta. Once more, these
features can be understood in terms of the competition
between two factors. First, the proximity in energy between
a pair of either UP or LP branches is expected to increase
the value of the EBC. Notice that UP dispersion relations
come closer to each other with q, whereas the opposite

happens with LPs’ see Fig. 2(b). Second, the EBC is
expected to peak at momenta where the coupling is the
greatest. As a result of this balance, the location of the EBC
peaks in Fig. 2, which shift away from qsc, can be explained.
We emphasized that photons are the only significant source
of BC for polaritons either via the IBC or by means of the
strong coupling with matter.
Polariton anomalous Hall effect.—The BC manifests in

a Hall current perpendicular to an applied in-plane force.
On a general basis, assuming a polaritonic wave packet in
the s branch and the λ split band, centered at rc ¼ ðxc; ycÞ
and qc ¼ ðqc;x; qc;yÞ and with energy Es;λ

polðrc;qcÞ, we can
describe the evolution of its coordinates by semiclassical
equations of motion that include the BC through an
anomalous velocity [53,54]:

_rc ¼
∂Es;λ

pol

∂qc
− _qc ×Ωs;λ

polðqcÞ; _qc ¼ −
∂Es;λ

pol

∂rc : ð13Þ

Because of the anomalous term, a polariton anomalous Hall
effect naturally arises when hybrid modes are accelerated.
An anomalous exciton current was observed in Ref. [12],
where the nonzero _qc was provided by a thermal gradient
applied to the sample. The same scheme can be applied to
polaritons in the strong-coupling regime. Further alterna-
tives to achieve wave packet accelerations, like a gradient in
the cavity thickness [55], can be also borne in mind
regarding experimental realizations.

(b)

(c)

(a)

FIG. 2. (a) Schematics of the Hall drift experienced by LP and
UP upon application of a thermal gradient. (b) Zeeman split
polariton spectrum. (c) Extrinsic (dashed line), intrinsic (dotted
line), and total (solid line) BC for the UP of highest (red) and the
LP of lowest (blue) energy. Dashed black lines are a guide to the
eye, with qsc such that EexðqscÞ ¼ EphðqscÞ. The lower inset
enlarges the region of small momenta that appears squared in
green. The model of Eq. (4) and the Berry connection given by
Eq. (8) were used in this section.

PHYSICAL REVIEW LETTERS 121, 137402 (2018)

137402-4

structure of the BC. A nonzero Berry curvature arises if
time-reversal symmetry is broken, and a magnetic field
induces a Zeeman coupling [19,27]. Alternatively, a polar-
iton Hall current will exist when the initial state is given by
a finite population of chiral excitations, which can be
created using circularly polarized light.
In the presence of a Zeeman coupling Vz, the BC is

smeared around small momenta. A simple effective
Hamiltonian for either the UP (s ¼ 1) or the LP (s ¼ −1)
branches can be obtained by treating γ and Γ as perturbative
parameters and considering Vz ≪ jEph − Eexj. At small
momenta,

Hs
eff ¼ fsðqÞ þ

! ΔsðqÞ αq2e2iϕ

α%q2e−2iϕ −ΔsðqÞ

"
; ð11Þ

with α¼−4γΓ̃=ðEex−EphÞ, Γ̃ ¼ Γ=q2, and fs and Δs ∝Vz
given in Supplemental Material [32]. The correspondence
between the polaritonic branches and gapped (gapless for
Vz ¼ 0) bilayer graphene [52] becomes manifest here,
providing us with a qualitative understanding of the EBC.
The BC then reads

Ωs;λ
polðqÞ ¼

2λΔs

α
q2

½q2 þ ðΔs=αÞ2'3=2
: ð12Þ

The BC for a generic parameter regime and Vz ¼ γ=5 is
shown in Fig. 2 for one UP and one LP branch, the BC in the
two other bands having the opposite sign. A breakdown of
the different terms in Eq. (8) is presented therein. We can
distinguish two different regions within the strong-coupling
regimewhere either the intrinsic or the extrinsic contributions
toΩ dominate. Forq → 0, the EBCgoes to zero, whereas the
IBC remains finite (see the inset in Fig. 2). In that range of
momenta, the polariton behaves as merely inheriting the BC
of its constituents.
Remarkably, it turns out that the BC of excitons is 6

orders of magnitude smaller than that of photons and,
therefore, can be neglected. This fact allows the interpre-
tation of the dotted curves in Fig. 2 in simple terms: A
greater photonic component in the polaritonic eigenstate
yields a higher value of the IBC. This behavior combines
with the decay ofΩph with q to make the IBC peak at q ¼ 0
for LPs and at q > 0 for UPs.
As for the dominance of the EBC, it happens near the

crossing between the bare exciton and the photon bands. It
becomes an order of magnitude greater than its counterpart
for UPs and around twice as much as the IBC for the LPs.
There is a significant difference in the BC between the UP
and LP branches: The former reaches higher absolute
values and peaks at larger momenta. Once more, these
features can be understood in terms of the competition
between two factors. First, the proximity in energy between
a pair of either UP or LP branches is expected to increase
the value of the EBC. Notice that UP dispersion relations
come closer to each other with q, whereas the opposite

happens with LPs’ see Fig. 2(b). Second, the EBC is
expected to peak at momenta where the coupling is the
greatest. As a result of this balance, the location of the EBC
peaks in Fig. 2, which shift away from qsc, can be explained.
We emphasized that photons are the only significant source
of BC for polaritons either via the IBC or by means of the
strong coupling with matter.
Polariton anomalous Hall effect.—The BC manifests in

a Hall current perpendicular to an applied in-plane force.
On a general basis, assuming a polaritonic wave packet in
the s branch and the λ split band, centered at rc ¼ ðxc; ycÞ
and qc ¼ ðqc;x; qc;yÞ and with energy Es;λ

polðrc;qcÞ, we can
describe the evolution of its coordinates by semiclassical
equations of motion that include the BC through an
anomalous velocity [53,54]:

_rc ¼
∂Es;λ

pol

∂qc
− _qc ×Ωs;λ

polðqcÞ; _qc ¼ −
∂Es;λ

pol

∂rc : ð13Þ

Because of the anomalous term, a polariton anomalous Hall
effect naturally arises when hybrid modes are accelerated.
An anomalous exciton current was observed in Ref. [12],
where the nonzero _qc was provided by a thermal gradient
applied to the sample. The same scheme can be applied to
polaritons in the strong-coupling regime. Further alterna-
tives to achieve wave packet accelerations, like a gradient in
the cavity thickness [55], can be also borne in mind
regarding experimental realizations.

(b)

(c)

(a)

FIG. 2. (a) Schematics of the Hall drift experienced by LP and
UP upon application of a thermal gradient. (b) Zeeman split
polariton spectrum. (c) Extrinsic (dashed line), intrinsic (dotted
line), and total (solid line) BC for the UP of highest (red) and the
LP of lowest (blue) energy. Dashed black lines are a guide to the
eye, with qsc such that EexðqscÞ ¼ EphðqscÞ. The lower inset
enlarges the region of small momenta that appears squared in
green. The model of Eq. (4) and the Berry connection given by
Eq. (8) were used in this section.
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- The Exciton Berry curvature is negligible

Ωs,λ
ext =

2λ∆s

α

q2[
q2 + (∆s/α)2]3/2

]
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structure of the BC. A nonzero Berry curvature arises if
time-reversal symmetry is broken, and a magnetic field
induces a Zeeman coupling [19,27]. Alternatively, a polar-
iton Hall current will exist when the initial state is given by
a finite population of chiral excitations, which can be
created using circularly polarized light.
In the presence of a Zeeman coupling Vz, the BC is

smeared around small momenta. A simple effective
Hamiltonian for either the UP (s ¼ 1) or the LP (s ¼ −1)
branches can be obtained by treating γ and Γ as perturbative
parameters and considering Vz ≪ jEph − Eexj. At small
momenta,

Hs
eff ¼ fsðqÞ þ

! ΔsðqÞ αq2e2iϕ

α%q2e−2iϕ −ΔsðqÞ

"
; ð11Þ

with α¼−4γΓ̃=ðEex−EphÞ, Γ̃ ¼ Γ=q2, and fs and Δs ∝Vz
given in Supplemental Material [32]. The correspondence
between the polaritonic branches and gapped (gapless for
Vz ¼ 0) bilayer graphene [52] becomes manifest here,
providing us with a qualitative understanding of the EBC.
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two other bands having the opposite sign. A breakdown of
the different terms in Eq. (8) is presented therein. We can
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toΩ dominate. Forq → 0, the EBCgoes to zero, whereas the
IBC remains finite (see the inset in Fig. 2). In that range of
momenta, the polariton behaves as merely inheriting the BC
of its constituents.
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orders of magnitude smaller than that of photons and,
therefore, can be neglected. This fact allows the interpre-
tation of the dotted curves in Fig. 2 in simple terms: A
greater photonic component in the polaritonic eigenstate
yields a higher value of the IBC. This behavior combines
with the decay ofΩph with q to make the IBC peak at q ¼ 0
for LPs and at q > 0 for UPs.
As for the dominance of the EBC, it happens near the
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becomes an order of magnitude greater than its counterpart
for UPs and around twice as much as the IBC for the LPs.
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a pair of either UP or LP branches is expected to increase
the value of the EBC. Notice that UP dispersion relations
come closer to each other with q, whereas the opposite
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expected to peak at momenta where the coupling is the
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We emphasized that photons are the only significant source
of BC for polaritons either via the IBC or by means of the
strong coupling with matter.
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where the nonzero _qc was provided by a thermal gradient
applied to the sample. The same scheme can be applied to
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tives to achieve wave packet accelerations, like a gradient in
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UP upon application of a thermal gradient. (b) Zeeman split
polariton spectrum. (c) Extrinsic (dashed line), intrinsic (dotted
line), and total (solid line) BC for the UP of highest (red) and the
LP of lowest (blue) energy. Dashed black lines are a guide to the
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enlarges the region of small momenta that appears squared in
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• Cavity-modified selection rules 
   at finite momentum.

• Berry curvature of composite particles.

• Polariton fine splitting.
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• Exciton Polaritons have a Berry 
curvature arising from the 

    photon and the coupling ones.
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