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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



Semiconductors: Transition Metal Dicalchogenides

2 13 14 15 l\

4 5 6 7 8

Be B | C F

Berylliom Boren || Carbon

LI 10811 12,011

12 13 14 . 15 16
Mg Al | S
10 1 12

R 1 R 18
H He
nr s
B 10
Li Ne
e nin
1 18 |
Na Ar
T || e el I o
19 20 2 2 23 30 31 32 R
K|C Sc Ti V “tr Mn Fe Co N| Cu Zn | Ga | Ge Kr
w" c‘“ﬂ"l‘ s‘:::. r""?.““_. .:N.;.. (h;:ﬂ”l ;::l: ”“ itm um “5‘ “.. 6:;:\ 2631 '“"P:
37 38 39 20 a1 a7 a8 9 so | sa |
Rb|“sr Y “zr ‘Nb Mo “Tc ‘Ru Rh Pd Ag Cd | In | Sn Xe
S| e | s | uma | s || oasn | e | s | wa | s || e | ssases || s o
s |6 71 7% 7 78 79 80 s1 =2 s |
Cs | Ba Hf Ta W Re Os Ir Pt Au Hg | Tl | P Rn
R i el vy “".32" "’u‘.’.‘;,“ ‘i‘:}.” ey | s | wawr | xessy | musas || a2 for
87 88 89-103 113 |[12a  [1s |16 |a 118
Fr | Ra Rf Db Sg “Bh “Hs ‘Mt Ds Rg “tn 'Nh F Og
Frandum | Radium || Actinides Dubeium Subwg—n Bohrium  Hassium  Meitnerium w—uu—nw W Nihosium || Fleroviem z ‘Oganesson
wan | 26s e weo | el | pey i) unknown || 289 || v v unknown
62 63 66 67 70 71
"ta e "pr [ b Sm 50 [d [ oy o e 'm0 o
133,905 140116 140,908 243 144913 15036 151,964 15725 158.925 162,500 164.930 162.] = Sl = 173,058 = 174.9%67

“Nd |
ke o Foe "o it e o e P e [ [
|

Actinium || Thorium
2708 || 2208 || 23106

Ar
27008 || 4064 || 20061 || 240000 || 202,000 || 251.080 254

" Semimatal || Nonmetal ” Halogen ‘| Noble Gas || Lanth

Single Layer

Direct bandgap 1.8 eV (in bulk, indirect gap of |.3 eV)
- Strong light absorption and electroluminescence
- Strong exciton with large binding energy (stable at Room Temp.)



Excitons in 2D TMDs

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

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

excitons dominate the optical and optoelectronic respond in TMDCs

electron
Larger binding energy ~ |0 kgTroom {_:c ..... :. Effects of Diracness:
'='=°'=---: --------- ' non-hydrogenic

Much smaller sizes ~ | nm : ; |
p Srivastava et al.,
Seeae PRL 115, 166802 (2015)
hole J. Zhou et al.,

PRL 120, 077401 (2018)

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



Valley Hall and Exciton Anomalous Hall Effects in TMDCs

circular dichroism
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Monolayer in photonic cavity: Exciton-Polaritons
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Berry Curvature in Exciton Polaritons.

Exciton: From the Berry curvature of electrons: €. (q)

1 T
Q@) =7 ) _lo(@)* ), Qid +Ba/2)
W.Yao and Q. Niu,
PRL 101, 106401 (2008)

Photon: Two polarizations.

Vh(k) _ V(COS@ . 1)e¢ J. Segert, PRA 36, 10 (1987)
p M. Onoda, et al., PRL 36,083901 (2004)

Karzig et al PRX 5,031001 (2015)
Polariton: the winding of exciton-photon coupling contributes

| C,=1
H = Z wph,qagaq T wex,qbabq T (gqezm(bbaaq +H.c.) ®P+\

q q v
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Which contribution dominates?

What is the Berry Curvature
of an Exciton polariton!?

(i) Ve need the
exciton-photon hamiltonian



Electron Hamiltonian

Valley
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Wannier s-wave Excitons: Variational VWavefunction

Center of mass: plane wave

--------

ZQ R .
Veer (Q) = [ R [ & 75@_(,_)}& R oo R+ 0
5T - Relative motion: r
¢(I‘) — \EGXP[ T/aex] variational wavefunction CM
Prada, Elsa, et al. PRB 91, 245421 (2015) G

R




Wannier s-wave Excitons: Variational VWavefunction

Center of mass: plane wave

--------
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Wannier s-wave Excitons: Variational VWavefunction

Center of mass: plane wave

--------
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Photons in a cavity
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Photons in a cavity
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Photons in a cavity
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From electron-phonon to exciton-photon coupling

1. Electron-Photon coupling

(i) Expand Hamiltonian close to minima H(k) ~ Hy + kiHiI

(if) Minimal substitution p — p — eA H(k) — H(k) — = AH
ev :
— Wy = —%A,- H| with H} = 1oy, H) =70,
2. Exciton-Photon coupling
(i) Project Wem onto |Opx) @ [Ykp) and [Pex +(Q)) & [04) (k = (Q, kz))
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Exciton-photon coupling
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Polariton Hamiltonian in circular polarization basis.

Al Wph 170 12
H = S e — et e, small q
—170 4qk2 8_27’(]5 Wex —170 expansion

fine splitting 5 meV

At strong coupling

q/k, ~ 0.3 compatible with

photon linewidth

E(eV)

S. Dufferwiel et al

1.7 . | 1  Nat. Comm. 6, 8579 (2015)




Berry Curvature of composite particles

Composite-particle state: ‘n> — Z w% ‘€i> ‘€z> elementary constituent

?ﬁ;&l encode the coupling

Berry connection of composite particle state: A, =1 (n|Vz|n)

— — —

Berry Curvature: {2, = V(j* x A,

. o . Tint
Defining the “intrinsic” Berry connection  AJ}" =1 (e;|Vz|ex)

A= Ve D

extrinsic intrinsic

A. Gutierrez et al., Phys. Rev. Lett. 121, 137402 (2018)



Effective Description of Polaritons.

Due to the “wrong” valley-polarization coupling: §2,, = () opposite valley/polarization cancel

need to break time-reversal symmetry * apply magnetic field

Spectrum
Schrieffer-Wolf transformation
— A ag?e?t?
AR rrrr Hesr = €o(g) + ( ag’e 2 —A

(A o< V. exciton Zeeman and a depends on Y)

Two Effective 2x2 Hamiltonians (for LPs and for UPs)

analogous to gapped bilayer graphene = analytical results

see also O.Bleu et al, PRL 121,020401 (2018)
and the poster in this conference! A. Gutierrez et al., Phys. Rev. Lett. 121, 137402 (2018)



Composite Berry Curvature

- The Exciton Berry curvature is negligible
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Exciton-Polariton Anomalous Hall Effect
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Summary

e Cavity-modified selection rules =l v=1  r=-1 v=-l
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A. Gutierrez et al., Phys. Rev. Lett. 121, 137402 (2018)



