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[Laird, FMM .... PRB (2022)]
[de la Fuente ... FMM PRB (2025)]

1. Microcavity polaritons
o Very strong light-matter coupling

2. Fermi polaron (polaritons) in gated

TMD monolayers
o finite temperature crossover from [Tiene ... FMM PRB (2022)]
polaron to trion continuum [Tiene ... FMM PRB (2023)]

[Mulkerin ... FMM ... PRL (2023)]
[T. Wu, FMM ... (in preparation)]

3. Biexciton Feshbach resonace

- Bose polaron polaritons in pump-
probe [Levinsen, FMM... PRL (2019)]
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Polaritons: strong & very strong Iigh_

[Levinsen et al. PPR (2019)]

> Light-matter coupling g = %

0 |

g >y strong energy transfer between coupled oscillator
excitons and photons model

-~ A=
V\/\1:/)\/1\{»‘( ph ph
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Polaritons: strong & very strong Iight—mat_

> Light-matter coupling g = %

g=>v

g~Ep

g“’Eg

e G e

strong

very
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ultra
strong

energy transfer between
excitons and photons

hybridization of different
excitonic levels

hybridization with different
number of excitations

coupled oscillator
model

beyond coupled-
oscillator
description
[Khurgin SSC (2001)]
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Polaritons: strong & very strong Iight—matt_

> Light-matter coupling g = % [.Le‘.m.sen. oval .PP.R (.201.9)_]

0 - |

g >y strong energy transfer between coupled oscillator

excitons and photons model Lﬁ_lg

g~Eg  very hybridization of different beyond coupled- M _,t

strong excitonic levels oscillator

9 L L . |
g~E, ultra hybridization with different dgscnp’uon :

\! strong number of excitations [Khurgin SSC (001)] :

e G e

5/EB = (wc —wx)/EB
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Polaritons: strong & very strong Iight—_

> Light-matter coupling g = %

g >y strong energy transfer between
excitons and photons

~
o

"
K

g~Eg  very hybridization of different
strong excitonic levels

[0}
o

Rabi splitting (meV)
a
=

g~E, ultra  hybridization with different
strong number of excitations
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[Zhao et al. Nat Comm (2023)]

[Brodback et al. PRL (2017)]

Q=71 meV
7nm 28 x GaAs QWs Ep~180 meV
Q = 17.4meV g
Eg = 13.5 meV E_B"'O'Z
g
— ~0.64
Ep
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Magnetopolaritons: very strong Iight—matt_

> + magnetic field B

> Light-matter coupling g = %

g>v
g~Eg

g“’Eg

strong energy transfer between
excitons and photons

very  hybridization of different

strong excitonic levels

ultra  hybridization with different
strong number of excitations

[Brodback et al. PRL (2017)]

Use diamagnetic shift to verify very strong
coupling effects: [Yang et al. NJP (2015)]’s proposal

Probe the modifications of the e-h
wavefunction due to very-strong coupling to

light

7nm 28 X GaAs QWs
Q) =17.4meV

Ez = 13.5meV

g

— ~0.64
Ep

NN\

[Zhao et al. Nat Comm (2023)]

(A =71meV
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Magnetopolaritons: very strong Iight-matte_

> Light-matter coupling g = %

g >y strong energy transfer between
excitons and photons
g~Eg  very hybridization of different
strong excitonic levels
g L L
g~E, ultra  hybridization with different
\ strong number of excitations

vLPAUP data [Laird, FMM ... PPB (2022)]
exact theory [de la Fuente ... FMM, PRB (2025)]

3 COM (perturbative light-matter)

............. I pew? (r2) L p (perturbative magnetic field)
(gfl =

2

> + magnetic field B

Use diamagnetic shift to verify very strong
coupling effects: [Yang et al. NJP (2015)]’s proposal

Probe the modifications of the e-h
wavefunction due to very-strong coupling to
light

[Brodback et al. PRL (2017)]

2.5 T T T =1
Q) =17.4meV
Ez = 13.5 meV

0.0
—20 —15

—10

d =we —wx [meV]

-5 0 5!

From Fermi & Bose polaron polaritons to quantum droplets of light



19 years after polariton “Condensati—

> Spontaneous
collective

coherence

phenomenology
of non-linear classical waves
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19 years after polariton “condensation”: Towa

> Spontaneous
collective
coherence

A

ev
v&aﬁ@f&

phenomenology
of non-linear classical waves

> Enhancing non-linearities by full confinement

fiber OD cavity [Delteil et al. Nature Mat (2019)]

[Munoz-Matutano et al. Nature Mat(2019)]
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4K
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&\

> Dipolar polaritons [Cristofolini et al.
Science (2012)]

Silver
PMMA

> bilayer
. MoS,

1

[Datta et al. Nature
Comm (2022)]
[Louca et al. Nature
Comm (2023)]

> Rydberg polaritons Teak A | 2.168
(Cu,O, TMD A 2165
monolayers)
see tomorrow n=4  in &
Matthew Jones’s talk B

~—e  UP (data) 7+ 2160 ~—
= LP(data) [n=3 4
[Makhonin et al. Light: - - oy 2 o158
Sci&App (2024)] —LP 2
< T 2.156

[Orfanakis et al. Nat Mat (2022) oo 05 10 15 =20

k(um™)
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Towards quantum polaritonics: beyond me_

> Quantum impurity problems
« Fermi polaron polaritons

> Quantum droplets of matter-light
quasiparticles

attractive

repulsive

NN

il

6 6° @

quantum repulsion

» Bose polaron polaritons
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2. Fermi polaron (pola
gated/doped TMD



Fermi polarons, excitons & trions in gated/doped _

[Smolenski et al PRL (2019)]
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Finite Er: Fermi polaron

attractive repulsive
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Fermi polarons, excitons & trions in gated/doped _

[Smolenski et al PRL (2019)]
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Fermi polarons, excitons & trions in gated/doped _

[Smolenski et al PRL (2019)]
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Ultra-cold atoms vs 2D semiconductor experim_

2D spin-imbalanced Fermi

gas of 173Yb atoms
Magnetic field (G)

[Smolenski et al PRL (2019)]

50 100 150 200

. Gate voltage (V)

»I—t e [

W =) o S W (o) W
e, - 1-dopec
= p-doped neutral n-doped g
SOl — S0
o (\®) ~1V i @
=R attractive o=
o polaron g
= o
@ 59
@ 2 ) 8
- S exciton =
3 > 3
o = 7
£ o~
e

In(kFazp)
[Darkwah Oppong et al. PRL (2019)]
[Schirotzek et al. PRL (2009)]
[Koschorreck et al. Nature (2012)]

From Fermi & Bose polaron polaritons to quantum droplets of light




> Chevy’s Ansatz g g ® @ trion-hole
N

R R 1 - 5. [Sidler et al Nature Phys (2016)]
25 (t) ~ po(t)ad + A Z Pxq (t)xL_kCch [Efimkin & MacDonald PRB (2017)]
k,q [long list in cold atoms]
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Absorption spectrumat T = 0

> Chevy’s Ansatz g g @ @ trion-hole
A + . Y [Sidler et al Nature Phys (2016)]
2L () ~ oo (t)2] + Z Pxq t):vq kCLc [Efimkin & MacDonald PRB (2017)]
[long list in cold atoms]
A g  Er=Rel(Ep) |
. trion-hole continuum
© E_=E¥)_Fgp |
E,=EY i
2 EA ReX (EA) i
0 0.2 0.4 0.6 0.8 1 ot ot St
Eg/er
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Absorption spectrum at finite T

> Chevy’s Ansatz g g @Q trion-hole

A Af N\ [Sidler et al Nature Phys (2016)]
F0(t) = o (t)] + A E Prq(t Lo kCilq  [Efimkin & MacDonald PRB (2017)]
k,q [long list in cold atoms]

E_=E\¥") — Ep

E, =EY
70 Ey=ReX(Ey)
[Tiene ... FMM, PRB (2023)]
[Mulkerin ... FMM ... PRL (2023)]
Dashed T=0K

Continuous T =50K=0.17¢7

\_Y_7 ' Eplep '
NO well-defined attractive QP when kgT > Er (E4 # ReZ(E,)): trion-continuum instead
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Attractive polaron to trion-continuum _

[Tiene ... FMM, PRB (2023)]
incoherent m regime « | — Attractive ole|=l{olaRi=le]lnals [Mulkerin ... FMM ... PRL (R0R3)]

0.1 0.3 0.5 0.7 0.9 1.1
1 | . .
no QP
0.8
Q“ 0.6
= 0.4
0.2

0

exact quantum virial expansion z < 1 (T > Er)
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Comparison to experiments [zipfel et al, PRB (2022)] _

> MoSe, monolayer > Comparison with polaron theory [Tiene ... FMM, PRB (2023)]
e hole doping (HO fitting parameters!) [Mulkerin ... FMM ... PRL (2023)]
e n=05x10"cm™? | |

+ T=5-50K

1.60 1.62 1.64
Energy (eV)

-1 -0.5 0 0.5

(w—er)/er
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Comparison to experiments [zipfel et al, PRB (2022)] & el_

> MoSe, monolayer > Comparison with polaron theory [Tiene ... FMM, PRB (R0R3)]
« hole doping (no fitting parameters!) [Mulkerin ... FMM ... FRL (023)]
e n=~0.5x10"1cm™? | |
e T=5-50K z K1
analytical: virial expansion
| | | |
A R
z ﬁ.
.E lf:
= I
£ /i
g N
> b_]-* Exp. ta11 /
~ I Onset
1.60 1.62 1.64 2 - w/8;0 o 05
Energy (eV)
Recover electron recoil
effect for exponential tail at
-1 -0.5 0 0.5 WS =8y
(w— &r)/er [Esser et al, PRB (2000)]
wmp
P(w)~eTmx
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Fermi polaron polaritons

> two anti-crossings with attractive & repulsive branches
- 3 polariton branches: LP, MP, UP

Reflection Spectra

Theory Measured
, (Normalized) (Normalized) Photon energy (meV)
S| 1.72 : 1660 1650 1640 1630 1620
© 5
~N
3 &
Ex S -0t
5 5 '
— Q ’
(O] W 5 ,/
g~ g oor
S /@
| 2 10 g
A/ © K N)
¢ 87| 8
20|/
S ,
£ - |
—40 20 0 20 o 745 750 755 760 765 770
C-X detuning (meV) k, (£m™) Wavelength (nm)
[Emmanuele et al Nat Comm (2020)] [Koksal et al PRR (2021)] [Sidler et al Nature Phys (2016)]
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3. Bose polaron p
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41T

moln Eg [Vladimirova et al. PRB (2010)] rE
X"\ 2[wipol/ [Bleuetal PRR (2020)]
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41t
( Eg ) [Vladimirova et al. PRB (2010)] AE
lerl
2|wipol/ [Bleuetal. PRR (2020)]

I I I I I I |

grl X

2(1))(0 1

- i,

~
Z ~

4 N

w = )

XXO0 ( '

\ ’

N ’
\\ ’/

_____

200 1@ @

)
(48

gr, [107° meVyum? |
-

dp [meV |

30

Wco —

Wipo —

/Qﬁ + 62

From Fermi & Bose polaron polaritons to quantum droplets of light



Biexciton Feshbach resonance: Bose pol—

k/kq

0.02

[Takemura et al. Nat Phys (2014)]
[Takemura et al. PRB (2014)] AE
[Takemura et al. PRB (2017)]
[Tan et al. PRX (2023)]

'

[Levinsen, FMM... PRL (2019)] ’XX0 ——‘:m}‘

_____

200 1@ @

)
(48

Wypo ]
Wxo ]

/ 2 2
Wipo —
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Biexciton Feshbach resonance: Bose pol—

k/ke
0 0.02

[Takemura et al. Nat Phys (2014)]
[Takemura et al. PRB (2014)] AE
[Takemura et al. PRB (2017)]
[Tan et al. PRX (2023)]

'

[Levinsen, FMM... PRL (2019)] ’XX0 ——‘:m}‘

_____
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Biexciton Feshbach resonance: Bose pol—

k/ke
0 0.02

[Takemura et al. Nat Phys (2014)]
[Takemura et al. PRB (2014)] AE
[Takemura et al. PRB (2017)]
[Tan et al. PRX (2023)]
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Biexciton Feshbach resonance: Bos_

> Pump 1 [Levinsen, FMM... PRL (2019)]
o coherent state+quantum fluctuations : Ly, = /6y o + L1

> Probe |
o (%)) basis ©

dressing
&-point
correlations

impurity 1l-excitation
|®1)
k k’

|P> (/YCOJ, + €x0¢ T Z Ckm k¢ + Z nkk’x k— k/iLT LL,T

2-excitation
dressing
3-point
correlations
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Biexciton Feshbach resonance: Bose polaron polariton _

[Levinsen, FMM... PRL (2019)]

> Pump 1
o coherent state+quantum fluctuations : Ly, = /6y o + L1
> Probe | PRREPE ()
! 1 I ( 1 S
o (&, ¢,) basis L) © @ © (1)
) ) L. 1 A L impurity 1l-eXcitation &-excitation
Py = | véh, + &80, + D Gty Ll + 3 > macdl o L Ll | [®4) dressing dressing
) a &-point 3-point
correlations correlations
ny = 3x10°%cm—2 ny = 1.25x10cm™2

splitting of branches close
to the biexciton resonance

X 2 = ‘:@) ‘::@:)

Additional splitting close to
the triexciton resonance

,/-\\ /f-\\ ,/-\\

X = (01 (Ql ( )
3 \ 7 N\ /7 N\ 7
S S S

(w — wirpo)/Qr

6/Qr
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4. Quantum drople



Joor [107° meVpum? ]

Polariton spin mixture

W

|
N

(N
T

)
T

|
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| g1y

L

—30 | —20 | —10 | 0 10 20
dp [meV |

30

interspecies attraction

gn <0
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4L | interspecies attraction | @—> <—@| gn <0

% 2L intraspecies repulsion ﬂ ﬂ g>0

= | Y <@ O—
F o 3 L o 6g=9+9gn <0

o - \ mean-field interaction quantum droplet regime

= o I _

® 59 :

S ) I [Petrov PRL (2015)] | quantum repulsion

] | ] | ] | ] | ]
-30 —-20 —-10 O 10 20 30

do [meV |

> Enhance quantum fluctuations by suppressing
mean-field effects
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Polariton spin mixture

[ L=~
ne interspecies attraction | @—> <—@ g1 <0
i 2L intraspecies repulsion ﬂ ﬂ g>0
= | Y <@ O—
F oo 6g =9+ <0
| [ f‘ ld H t t‘ ) ~
o> F \ mean-fietd interaction quantum droplet regime
AP ) i
< 0g :
ST [Petrov PRL (2015)] | quantum repulsion
4 |
! | ! | ! | ! | !
-30 —-20 -10 0 10 20 30
5() [meV]

> Enhance quantum fluctuations by suppressing

mean-field effects
> Experimentally realized in ultracold atoms
o homonuclear
o heteronuclear
o dipolar condensates
> Signatures of elusive polariton quantum nature
(no need to increase polariton interactions)

:|- binary mixtures

From Fermi & Bose polaron polaritons to quantum droplets of light



Balanced mixtures : Bogoliubov the_

< .
- bt [ — Mo Qr/2 Cko
Hy = ; (Cho io) ( Or/2 € — po ) \Exko

A v X L o |2 . L [Noziéres&Saint James JPF (1982)]
Vo 3 Gibiartheantin — o~ 3 (il + 075w -

Ko ” O = —vpy ) (Tptd—py)
> Renormalisation of contact interactions: v - g, v, = gy

> Mean-field + quantum corrections (zero-point energy of Bogoliubov modes)
Q(Tl, CD; .u): QMF (n; CI)J :u) + QLHY (nl (D, ”)

[Caldara et al. (in preparation)]
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Balanced mixtures : Bogoliubov theory Wit_

C A
HO %‘: (Cka xka) ( QR/Z ef{( — Uo ika
X v X o | |2 5 e [Noziéres&Saint James JPF (1982)]
V= Z §$L+qa$k/_qa$k’axka - —'UN — Z (<I>:I:LT:1:T_1¢ + CL'—kwIkT) A
Ko ” O = —vpy ) (Tptd—py)
> Renormalisation of contact interactions: v - g, v, = gy
> Mean-field + quantum corrections (zero-point energy of Bogoliubov modes)

Q(Tl, CD; .u): QMF (n; CI); I’t) + QLHY (nl CDJ .u)

m ) = —0.10meV
| T | T T T T T

m Oup = —0.22meV
T | T T T | T T T T

m oy = —0.40 meV
| T T T | T T T T T T T

B | | | 1 1 | | 1 | | | 1 | | | 1 | | | | | | | | 1 1 1 | | | | | | | | | |_
0 1 2 3 4 0 2 4 6 8 10
o [me\/] n [ 1011 Cm_2 ] [Caldara et al. (in preparation)]
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Quantum droplet: phase separation_

1 | | | o
, i
— LHY, / -
I -
g2 0 -
= N\ .
S
coa —Lr \\ (angD) N
(-
\
— MF \ )
v =2 \\ (MD+4(50—MD)) |
| 1 \I | I | | | I
0 2 4 6 8

n [10" em™?]
moup = —0.22meV m oy = —0.40 meV
T T T | T T T | T T T | T T | T T T

m Op = 0.0meV

m ) = —0.10meV
I T T T T | T T T T T T

| T T T | T

| | | | 1 1 1 1 | | | | | I | | | |—
0 2 4 6 8 10
n [ 1011 Cm_2 ] [Caldara et al. (in preparation)]
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Quantum droplet: phase separation _

_52_

_102‘ vacuum E

—15F E

_203_ | | | | | | | | | | | | | | | _f

—0.8 —0.6 —0.4 —0.2 0.
dp [meV |

dg [meV ]
0o [meV |

> GPE-like equation
« droplet profile

\
\ —6 E
\ .
\3 N E
) \ =
0.E||||||||||| \-h._A\:\.-b._E
0 10 20 30 40
T [Mm] [Caldara et al. (in preparation)]
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»
Take %messages

1. Microcavity polaritons & very strong &=
light-matter coupling :

2. Fermi polaron (polaritons) in gated
TMD monolayers

o finite temperature crossover from
polaron to trion continuum

P(w) (norm, offset)

‘ \
-1 -0.5 0 0.5

(w—er)/er

Probing & tuning Fermi polaron (polaritons)



»
Take %messages

1. Microcavity polaritons & very strong
light-matter coupling

2. Fermi polaron (polaritons) in gated
TMD monolayers

o finite temperature crossover from
polaron to trion continuum

P(w) (norm, offset)

-1 -0.5 0 0.5

(w—er)/er
3. Biexciton Feshbach resonace

- Bose polaron polaritons in pump-
probe

- Quantum droplets of light

towards quantum polaritonics

— Probing & tuning Fermi polaron (polaritons)
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