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Outline

0 Pairing phases of polaritons
@ Pairing phases and Feshbach for polaritons
@ Phase diagram: Critical detunings
@ Signatures
@ Phase diagram: Critical temperatures

e Photon condensation
@ Modelling organic molecules: Vibrational modes
@ Strong coupling?
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Pairing phases of atoms

Fermions
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@ BEC-BCS crossover

[Eagles, Leggett, Keldysh, Noziéres,
Randeria, ...]

Jonathan Keeling Pairing phases & photons

ICSCE?, April 2014

3/21



Pairing phases of atoms

Fermions Bosons
06 - T

Y
MSE / AMSF
(B-By)

@ BEC-BEC transition
o I:I =... +77$}Ln7ﬁa1¢,\32 + h.c.

> If (m) # 0, MSF
From Randeria, Nat. Phys. 10 > If (Ya,) # 0, (Yg,) # 0. AMSF

@ BEC-BCS crossover

[Eagles, Leggett, Keldysh, Noziéres,
Randeria, ...]

»»»»»»»»

[Nozieres, St James, Timmermanns,

Mueller, Thouless, Radzihovsky, Stoof,
Sachdev ...]
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Pairing phases of atoms

Fermions Bosons
06 - T

Y
MSE / AMSF
(B-By)

@ BEC-BEC transition

A~

e H= ...—I-ZZ)LnZZa"QBaZ + h.c.

> 1f (hm) # O, MSF
From Randeria, Nat. Phys. 10 > If (a,) # 0, (tha,) # 0. AMSF

@ BEC-BCS crossover @ High density — metastability.
[Nozieres, St James, Timmermanns,
Mueller, Thouless, Radzihovsky, Stoof,
Sachdev ...]

[Eagles, Leggett, Keldysh, Noziéres,
Randeria, ...]
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Polariton Feshbach

@ Hybridisation of bound states:
» Biexciton: opposite spins (two-species): 2wy — Ep

[lvanov, Haug, Keldysh 98], [Wouters '07], [Caursotto et al. '10], [Deveaud-Pledran et
al.’13]
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Polariton Feshbach
@ Hybridisation of bound states:
» Biexciton: opposite spins (two-species): 2wy — Ep
» Hybridisation with photons: 2 [%(woc +wf) — 32 + 52}

[lvanov, Haug, Keldysh '98], [Wouters *07], [Caursotto et al. '10], [Deveaud-Pledran et
al.’13]
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Polariton Feshbach

@ Hybridisation of bound states:
» Biexciton: opposite spins (two-species): 2wy — Ep
» Hybridisation with photons: 2 [%(woc +wf) — 32 + 52}
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Polariton Feshbach

@ Hybridisation of bound states:
» Biexciton: opposite spins (two-species): 2wy — Ep
» Hybridisation with photons: 2 [%(woc +wf) — 32 + 52}
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Polariton Feshbach

@ Hybridisation of bound states:
» Biexciton: opposite spins (two-species): 2w{f —Ep
> Hybridisation with photons: 2 [ (w + w) — 3/QF + 7]
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[lvanov, Haug, Keldysh 98], [Wouters '07], [Caursotto et al. '10], [Deveaud-Pledran et
al.’13]
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Phase diagram (ground state, T = 0)
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Phase diagram (ground state, T = 0)
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@ ¢ < 0: “standard” BEC.
@ Small |4]: 1st order transition
» Larkin-Pikin mechanism

[m] = - =
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Phase diagram (ground state, T = 0)
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@ 0 < 0: “standard” BEC.
@ Small |4]: 1st order transition

» Larkin-Pikin mechanism
» Large phase-separation region

[m] = = =
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Consequences and Signatures

@ Phase separation

=} = = = = DAl
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Consequences and Signatures

@ Phase separation
@ Phase coherence

[m] = = =
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Consequences and Signatures

@ Phase separation
@ Phase coherence
» AMSF: standard g% = (11 (r, 1), (0,0)). (2D, QLRO)
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Consequences and Signatures

@ Phase separation
@ Phase coherence

» AMSF: standard g% = (11 (r, 1), (0,0)). (2D, QLRO)

» MSF: gi" = 0 but -

g% = (l(r, vl (r, 1)y, (0,0)¢,(0,0)) #

R
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Consequences and Signatures

@ Phase separation
@ Phase coherence
» AMSF: standard g = (1 (r, 1), (0,0)). (2D, QLRO)

|
R

» MSF: gi" = 0 but -

g% = (@I, ye(r, 1)v,(0,0)¥,(0,0)) #

@ Novel half vortices, 11 = ™9 ¢ = M7,
MSF has (my, m) = (1/2,1/2) R T

| )
Previous half-vortex (my, m;) = (1,0) [Lagoudakis et al. Science '09]
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Phase diagram, T > 0
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Phase diagram, T > 0
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Phase diagram, T > 0
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Phase diagram, T > 0
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Evolution of triple point
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@ Exciton fraction =
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Evolution of triple point
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Evolution of triple point
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@ Exciton fraction = = |1 + —— | .
2 [ V2 + 92}

@ GaAs, need low T/high exciton fraction
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Evolution of triple point

50 —————rp————————
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excitonic fraction [%]
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1 )
@ Exciton fraction = = |1 + —— | .
2 [ V2 + QZ}

@ GaAs, need low T/high exciton fraction
@ Zn0O, easy to attain MSF
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Outline

e Photon condensation
@ Modelling organic molecules: Vibrational modes
@ Strong coupling?
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Photon BEC experiments

Pump beam Mirror

Vixy)

Camera/
spectrometer

@ Dye filled microcavity

[Klaers et al, Nature, 2010]
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Photon BEC experiments

Pump beam Mirror
N oy
-
Camera/
spectrometer
@ Dye filled microcavity

No strong coupling

[Klaers et al, Nature, 2010]
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Photon BEC experiments

Pump beam Mirror
Dye
b
Camera/
spectrometer

x

[ e
-100pm 0 100pm -100pm 0 100um

@ Dye filled microcavity
@ No strong coupling

[Klaers et al, Nature, 2010]
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Relation to dye laser
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Relation to dye laser

4 Level Dye Laser
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Relation to dye laser

4 Level Dye Laser

Energy

=
=

/
/ Cavity

nuclear coordinate

N
™

1
N

But:
@ No single cavity mode

» Condensate mode is not maximum gain
» Gain/Absorption in balance
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Relation to dye laser

4 Level Dye Laser

Energy

=
=

/
/ Cavity

nuclear coordinate

N
™

1
N

But:
@ No single cavity mode

» Condensate mode is not maximum gain
» Gain/Absorption in balance

@ Thermalised many-mode system
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Modelling

Hsys—zwm¢m¢m+2[ oa+9 ¢m0 ‘|‘HC)]

@ 2D harmonic cavity
Wm = Weutoff + MWH.Q.
Degeneracies gn = m+ 1
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Modelling

Hsys = Zwmwnibm + Z [%02 + g (Ymog + H.c.)]
m «
Y +q {bgba +V/So? (bL + ba}>

@ 2D harmonic cavity
Wm = Weutoff + MwH.O.
Degeneracies gm = m+ 1
@ Local vibrational mode

» Phonon frequency Q
» Huang-Rhys parameter S —
phonon coupling
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Modelling

Rate equation
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Modelling

Rate equation
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@ Kennard-Stepanov
M(46) ~ T(—6)e

@ Expt: wp <€

@ —0atlarge §
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Distribution gmnm

@ Rate equation — include spontaneous emission
@ Bose-Einstein distribution without losses

[Kirton & JK PRL '13]
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Distribution gmnm

@ Rate equation — include spontaneous emission
@ Bose-Einstein distribution without losses
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[Kirton & JK PRL ’13]
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Distribution gmnm

@ Rate equation — include spontaneous emission
@ Bose-Einstein distribution without losses
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Outline

e Photon condensation

@ Strong coupling?

=] = = E = DA
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Strong coupling limit

; H=wptiy [502+g (voi +vloy)
LE [0
1 +Q {bLba +VS (bL + ba) ag}]
Photor T
: nuclear coordinate
?u @ Phonon frequency
e @ Huang-Rhys parameter S — phonon
o coupling

Jonathan Keeling Pairing phases & photons ICSCE7?, April 2014 16/21



Strong coupling limit

: H=wilir Y (5ot + g (voi +vlo7)
LE [0
0 +Q {bgba +vS (bL + ba) ag}]
Photor T
: nuclear coordinate
%711 @ Phonon frequency
e @ Huang-Rhys parameter S — phonon
o coupling

Strong coupling and vibrational modes
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Strong coupling limit

> — T € z + T =
: DY 502+ g (vol +vioy)
83}
0 +Q {bgba +VS (bg + ba> 05}]
Photor T
: nuclear coordinate
?u @ Phonon frequency ©
na AN @ Huang-Rhys parameter S — phonon

coupling
Strong coupling and vibrational modes
@ Polaron formation (dressing by vibrational modes)
@ Vibrational replicas and BEC

@ Ultra-strong phonon coupling

Jonathan Keeling Pairing phases & photons ICSCE?, April 2014 16/21



Strong coupling limit

> — T € z + T =
: DY 502+ g (vol +vioy)
83}
1 +Q {bgba +VS (bg + ba> 05}]
Photor T
: nuclear coordinate
?u @ Phonon frequency ©
na AN @ Huang-Rhys parameter S — phonon

coupling
Strong coupling and vibrational modes
@ Polaron formation (dressing by vibrational modes)
@ Vibrational replicas and BEC
@ Ultra-strong phonon coupling
First attempt — equilibrium [Cwik et al. EPL ’14]
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Organic materials in microcavities

@ Strong coupling with organic materials [Lidzey, Nature '98]
@ Polariton lasing

[Daskalakis et al. Nat. Photon 2014; Plumhoff et al. ibid.]

@ Ultrastrong coupling regime
Qr ~ 0.6eV! [Canaguier-Durand Ang. Chem. '13, ...]
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Phase diagram

H=wplot) (67 + g(vST +v187) 10 {blb, + VS (bl +b,) S7}]

Cwik et al. EPL '14 o = E =), == Ao
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Phase diagram

H=wply+Y" [e82+g(vSt+4'S; )+9 {blb, + VS (b +1b,) S }]
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@ S suppresses condensation — reduces overlap
@ Reentrant behaviour —Min pat T ~ 0.2

Cwik et al. EPL 14
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Critic
pling with incre
asing S
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Critical coupling with increasing S

@ Re-orient phase diagram
@ gvsu, T
@ Colors — Jump of (z)

g VN
VO — 0 W A DOy
gVN
VO — 0 WA 0Oy
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Summary

@ Polaritons pairing phase feasible for ZnO, signatures in coherence
and vortices

ixi0” 05 ° 04
mev] nfen’] wlmeV]

[Marchetti and Keeling, arxiv:1308.1032]
° Photon condensatlon and thermallsatlon vibrational modes
| [Kirton and Keeling, PRL "13]

* ity Sn(THz)

@ Vibrational modes and strong coupling

,3

[Cwik, Reja, Littlewood, Keeling EPL ’14]

o in (v
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e Pairing phases model
@ Excitons and photons
@ Polaritons
@ Exciton spin

@ cCalculation details
@ Variational wavefunction
@ Variational MFT
@ WIDBG result

e More phase diagrams

e Photon phase diagram

Organic polaritons

@ Polarons

@ Condensation of phonon replicas?
@ Anticrossing vs p
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Exciton-photon model

@ Microscopic model — coupled exciton-photon system

K2 K2
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Exciton-photon model

@ Microscopic model — coupled exciton-photon system

k2 k2
k |o=+2,41 X
+ Z Qr (CIJLJ)A(RU + )A(liaéko

/ d?raPR U, ,(r)
o=+1

o't'to
o,0’ ‘I‘T/ +2,+1

E LR PALRPACRPACHS

@ Interaction UXX has exchange structure
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Exciton-photon model

@ Microscopic model — coupled exciton-photon system

k2 k2
k |o=+2,41 X
+ Z Qr (CIJLJ)A(RU + )A(liaéko

/ ProR UXX,. (1)
o=-+1

o,0’ ‘I‘T/ 42,41
E LR PALRPACRPACHS

@ Interaction UXX has exchange structure
@ For large Qp, neglect 0 = +2
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Exciton-photon model

@ Microscopic model — coupled exciton-photon system

k2 k2
Z <2mx_ >X Xka+z <5+2m_ >Ckcrcka

=42, +1 o=-+1

/ ProR UXX,. (1)

o,0’ ‘I‘T/ +2,+1
E LR PALRPACRPACHS

@ Interaction UXX has exchange structure
@ For large Qp, neglect 0 = +2

@ Interaction supports bound states in U _; _; ; channel —
bipolariton

HZ{

+ Z Qr (CIJLJ)A(/(U + )A(liaéko
o=+1
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Exciton-photon model

@ Microscopic model — coupled exciton-photon system

k2 k2
Z <2mx_ >X Xka+z <5+2m_ >Ckocka

=42, +1 o=-+1

/ ProR UXX,. (1)

o,0’ ‘I‘T/ +2,+1
E LR PALRPACRPACHS

@ Interaction UXX has exchange structure
@ For large Qp, neglect 0 = +2

@ Interaction supports bound states in U _; _; ; channel —
bipolariton

@ NB, bipolariton, bound polaritons, but larger exciton fraction.
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Exciton-photon model

@ Microscopic model — coupled exciton-photon system

k2 k2
Z <2mx_ >X Xka+z <5+2m_ >Ckocka

=42, +1 o=-+1

/ ProR UXX,. (1)

o,0’ ‘I‘T/ +2,+1
E LR PALRPACRPACHS

@ Interaction UXX has exchange structure
@ For large Qp, neglect 0 = +2

@ Interaction supports bound states in U _; _; ; channel —
bipolariton

@ NB, bipolariton, bound polaritons, but larger exciton fraction.
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Polariton model
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Polariton model
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Polariton model

k A 2
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o=",l,m
E
@ Polariton dispersion m, zm;:f::ix %) @y v -0
detuning v, interactions
depend on §
ot
XEO . mg;__ . 5 (Q +52)1/2
- X X X wo T .
—4 =2 k[p?rﬁl] 2 4
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Polariton model

k atoa 2
H = Z (ﬁ - ,U> Yok ok + (m +v— 2#) k¥ mik
k [o=1.d
2 Uacr AT
+[ &R 225D Dy + Und 0100, + 2 ($10]6m+hc.)
o=",l,m
E
@ Polariton dispersion m, m;giffﬁ 1= gy v-o
detuning v, interactions
depend on § I A
@ Resonance width, dispersion X e ‘; o’
derived from dressed exciton =2 s ez
T matrix. < T ol e
—4 -2 k[p?rﬁl] 2 4
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Polariton model

k? At k2 At
H= Z om M) wikwo—k + (2— +v— 2#) w;rnkwmk
k o=t M
+ [ @R 0 b4+ Un 0, + S (8110 + )
> o NPy TrLrm
o=",l,m
Sl — 10
107, s
) 6 —
v >0 gy 4% v<o0
Biexciton in 5”10_3; 12 =~ Bound biexciton.
continuum 19 (Excitonic limit)
10'47 . \~mC/mX L 2
0 10 20 30 40 50

6 [meV]
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Exciton and polariton spin degrees of freedom

@ Photon: two circular polarisation modes
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Exciton and polariton spin degrees of freedom

@ Photon: two circular polarisation modes
@ Exciton: bound state of electron & hole

» J=141/2 hole (p-orbital),
J =1/2 electron

X

k
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Exciton and polariton spin degrees of freedom

@ Photon: two circular polarisation modes
@ Exciton: bound state of electron & hole

» J=141/2 hole (p-orbital),
J =1/2 electron

m S H — | - Spin orbit splits hole bands,

JI=32LH ——
. =12 4 x 2 states.
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Exciton and polariton spin degrees of freedom

z

@ Photon: two circular polarisation modes
@ Exciton: bound state of electron & hole

ey

» J=1+1/2 hole (p-orbital),
J =1/2 electron

C
m I=32HH. — 1 » Spin orbit splits hole bands,
v,J=32LH —

=12 4 x 2 states.

» Quantum well fixes k, of hole
2 x 2 states.
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Exciton and polariton spin degrees of freedom

z

@ Photon: two circular polarisation modes
@ Exciton: bound state of electron & hole

ey

» J=1+1/2 hole (p-orbital),
J =1/2 electron

m J=3HE — | - Spin orbit splits hole bands,
v,J=3/2LH ——
=12 4 x 2 states.
// \\ » Quantum well fixes k; of hole
7/ \ 2 x 2 states.

k
@ Exciton spin states J, = +2,+1,—-1,-2
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Exciton and polariton spin degrees of freedom

z

@ Photon: two circular polarisation modes
@ Exciton: bound state of electron & hole

ey

» J=1+1/2 hole (p-orbital),
J =1/2 electron

m J=3/2 b » Spin orbit splits hole bands,
v, J=3/2 LH
v, J=172 4 x 2 states.

» Quantum well fixes k, of hole
2 x 2 states.

k
@ Exciton spin states J, = +2,+1,—-1,-2
@ Optically active states J, = +1

Jonathan Keeling Pairing phases & photons ICSCE?, April 2014 28/39



Beyond mean-field

@ Fluctuation effects?

» Polariton fluctuations irrelevant; mU ~ 10~4.
» Exciton fluctuations important: m,U ~ 1.

@ Next order theory: [Noziéres & St James, J. Phys '82]

Wyocexp | = > Yotk—oo+ Y tanh(fk,)bf b,

UZT»L)m kv’Y:avb’m

2o oy 1 /1 1\ (B
where b} = and (JJTKL =5 \-1 1 BT—k:b ;
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Beyond mean-field
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» Exciton fluctuations important: m,U ~ 1.

@ Next order theory: [Noziéres & St James, J. Phys '82]
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Beyond mean-field

@ Fluctuation effects?

» Polariton fluctuations irrelevant; mU ~ 10~4.
» Exciton fluctuations important: m,U ~ 1.

@ Next order theory: [Noziéres & St James, J. Phys '82]

Wyocexp | = > Yotk—oo+ Y tanh(fk,)bf b,
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™
ot _ Viey T (1 1\ [ b
where b, . ¢km and <¢ k¢) 73 (_1 1 bT—kb ,

@ Variational functional E[tq, ¢m, Ok ]
Ay

@ Can show minimum 6y, has form tanh(26,) = B, + k2 jam,
Y

» Finite only if |, | < B4
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Beyond mean-field

@ Fluctuation effects?

» Polariton fluctuations irrelevant; mU ~ 10~4.
» Exciton fluctuations important: m,U ~ 1.

@ Next order theory: [Noziéres & St James, J. Phys '82]

Wyocexp | = > Yotk—oo+ Y tanh(fk,)bf b,

o="1,4,m k,y=a,b,m

™
ot _ Viey T (1 1\ [ b
where b, . ¢km and <¢ k¢) 73 (_1 1 bT—kb ,

@ Variational functional E[tq, ¢m, Ok ]
Qy
@ Can show minimum 6y, has form tanh(26,) = B, + k2 jam,
» Finite only if |, | < B4
» Variational function E (v, ¥m, ay, 8+)
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Finite T calculation

@ Finite T — minimize free energy

=] = = E = DA
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Finite T calculation

@ Finite T — minimize free energy
@ Use Feynman-Jensen inequality:

F= —kgTln [Tre*H/kBT} < Fur + (H — Fve)we

Where (...)we calculated using p = e(Fur—Five)/ksT
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Finite T calculation

@ Finite T — minimize free energy
@ Use Feynman-Jensen inequality:

F= —kgTln [Tre*’;’/kBT} < Fur + (H — Fve)we

Where (...)we calculated using p = e(Fur—Five)/ksT
e Ansatz Ay — Variational F(t, ¥m, .y, ).

I:IMF = Z { - \/.711/}7 (Ot’y + ﬁ»y) (B(Jg,y + 607)

v

1 I ky + By Qy Bkv
+ > ? (bkw b—kw> < Qy €ky T+ By Z‘)T_k7 '

Jonathan Keeling Pairing phases & photons ICSCE7?, April 2014 30/39



Variational MFT for WIDBG

2
o Test validity. WIDBG A = Zk—m@z)lwk + % / d?rytytyy
k

@ VMFT for WIDBG:

Fve = —VAp(a + B) (Bl + bo)

1 PN ek + 5 « b
(e ) (%07 ()
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Variational MFT for WIDBG

e Test validity. WIDBG A = Z ¢k¢k+ /dzf@/ﬁ@/ﬁ@/}?ﬁ

@ VMFT for WIDBG:

Five = —V Ay (o + 8) (B} + bo)

A2 620 ("0 00 ()

@ Compare to 2D EOS, p(u) = Tf(p/T)

= —_ [ w IS w o

—-——= QMC [PRA 66 043608]
mU=0.01, £.=100 [a.u.] |

/
Vi
V4
/
Z

P
0.02 0 0.02 0.04 0.06

wT
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Variational MFT for WIDBG

R 2
o Test validity. WIDBG A = :—m@blwk + % / d?rytytyy
k

@ VMFT for WIDBG:

Fve = —VAp(a + B) (Bl + bo)

23 (8 b (*

@ Compare to 2D EQS, p(u) =

+ 8

(07

a Bk
ek + B

y p/T

Densit;

6
5
4
3
2

)

Tf(u/T)

- QMC [PRA 66 043608]
mU=0.01, £.=100 [a.u.] 1

1.25

N\
Temperature, T [a.u.]

0.5

@ CF Hartree-Fock-Popov-Bogoluibov method, include Up in ©
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Phase diagram, finite temperature

S [meV]
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Phase diagram, finite temperature
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Phase diagram, finite temperature
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Phase diagram, finite temperature
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Phase diagram, vs temperature
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Phase diagram, vs temperature
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Phase diagram, vs temperature
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Threshold condition

[ K=10 MHz === K=0.5GHz ==== K=5GHz |
600F E
500 b
— 4 Compare threshold:
N 400F RGN
= S, @ Pump rate (Laser)
& 300} . @ Critical density
(condensate)
200 - b
t- / L /
1

i
107°107*107°107210"

FT/F¢ A Niot

[Kirton & JK PRL '13]
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— 4 Compare threshold:
N 400F e
= %s; @ Pump rate (Laser)
& 300} @ Critical density
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Threshold condition

[ K=10 MHz === K=0.5GHz ==== K=5GHz |
600F
500
4 Compare threshold:
g 400} 2%
= %s; @ Pump rate (Laser)
& 300} @ Critical density
(condensate)
200 -
L~ /
1 i .l ./.J ul
107°107*107°107210"
Ly/Ty ,
@ Thermal at low x/high temperature
@ High loss, x competes with I'(£dp) o
—QZDD —lD DD 200

[Kirton & JK PRL '13]
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Threshold condition

[ K=10 MHz === K=0.5GHz ==== K=5GHz |
600F
500
4 Compare threshold:
g 400} 2%
= %s; @ Pump rate (Laser)
B 300f @ Critical density
(condensate)
200 -
L~ /
1 i .l ./.J ul
107°107*107°107210"
Ly/Ty ,
@ Thermal at low x/high temperature
@ High loss, x competes with I'(£dp) o

@ Low temperature, I'(£dp) shrinks

[Kirton & JK PRL '13]
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Explanation: Polaron formation

@ Unitary transform

H, — H, = ef“H,e %« K =+/SS?(bl, - b,)

[m] = = =
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Explanation: Polaron formation

@ Unitary transform
H, — H, = ef*H,e %« K =+/SS%(bl —b,)
@ Coupling moves to S*

H, = const. + ¢SZ + Qblb, + g [wS;re*/g(bL_ba) + H.c.}
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@ Optimal phonon displacements, ~ /S
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Explanation: Polaron formation

@ Unitary transform
H, — H, = ef*H,e %« K =+/SS%(bl —b,)
@ Coupling moves to S*

H, = const. + ¢SZ + Qblb, + g [¢s;e@(bl—ba> + H.c.}

@ Optimal phonon displacements, ~ /S
@ Reduced gess ~ g x exp(—S/2)

@ For ¢y # 0, competition
Variational MFT |44 ~ exp(—nK, — (b})[0, S)a
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Collective polaron formation

(a) Exact diagonalization (b) Ansatz

@ Compares well at S>> 1 giN
@ Coherent bosonic state

[Cwik et al. EPL '14]
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Collective polaron formation

(a) Exact diagonalization (b) Ansatz
6 \
N
@ Compares well at S>> 1 £
@ Coherent bosonic state .
% 4}1—0& 3 ) 0

@ Feedback: Large/small get <> A = ()

[Cwik et al. EPL '14]
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Collective polaron formation

(a) Exact diagonalization (b) Ansatz

@ Compares well at S>> 1 £
@ Coherent bosonic state !

@ Feedback: Large/small get <> A = ()
@ Variational free energy

F:(wc—u))\2+N{ [C _gn2=n) Z ”)} —Tln [2cosh (%)]}

Effective 2LS energy in field:

§2=<€;M S(1—n)> + g?\2e ST

[Cwik et al. EPL '14]
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Polariton spectrum: photon weight

I
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Density p

@ Saturating 2LS: g2 ~ g?(1 — 2p)

[Cwik et al. EPL '14]
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Polariton spectrum: photon weight
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Polariton spectrum: photon weight

‘ ‘ 0.3
a4 | T=04,8=2, A=4, Q=0T =7 —— |
0.2
a
A4S 01
5 46| 0o 2
o g
47 + -0.1 é%
02
48t
i K 03
0 0.1 0.2

Density p

@ Saturating 2LS: g2 ~ g?(1 — 2p)
@ What is nature of polariton mode?

o D(t) = —i(wi(t)¥(0)), Dw)=) =

W —w
n n

[Cwik et al. EPL '14]
Jonathan Keeling Pairing phases & photons ICSCE?, April 2014 37/39




Polariton spectrum: what condensed

@ Repeat weight for n-phonon channel

[Cwik et al. EPL '14]
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Polariton spectrum: what condensed

@ Repeat weight for n-phonon channel
@ Eigenvector that is macroscopically occupied

1

S=2, A=4, Q=0.1, g=2 T=0.00 —
08

0.6

04

Sideband spectral weight

02 r

6 -5-4-3-2-12012 3 456
Absorbed phonons: g-p

[Cwik et al. EPL '14]
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Polariton spectrum: what condensed

@ Repeat weight for n-phonon channel
@ Eigenvector that is macroscopically occupied
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Polariton spectrum: what condensed

@ Repeat weight for n-phonon channel
@ Eigenvector that is macroscopically occupied
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Polariton spectrum: what condensed

@ Repeat weight for n-phonon channel
@ Eigenvector that is macroscopically occupied

@ Optimal T ~ 2Q

S=2, A=4, Q=0.1, g=2 12000 —
z I T=0.15 —
g 08 T=020 — 06 N i
= %:828 — g=2.5=2, A=4, Q=0.1
= L =U. - 0.5
g 06 T=045 — 08
2 0.4 =
Z o4l 063
£ ! =03 E
3 04 &
E 02t 0.2 é
0.1 0.2
0 ' Y
65 4-3-2-101234356 S s 4 s a2 a4 . "
Absorbed phonons: g-p o
e

[Cwik et al. EPL "14]
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Polariton spectrum — coupled oscillators
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Polariton spectrum — coupled oscillators
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Polariton spectrum — coupled oscillators
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Polariton spectrum — coupled oscillators

Photon
1 L EXCitOIl-l’lQ ...........

-2 \
0O 02 04 06 08 1 12 14 16 18 2
Coupling, g

[m] = =
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Polariton spectrum — coupled oscillators

Photon
1 +  Exciton-nQ ==

Energy

\

0O 02 04 06 08 1 12 14 16 18 2
Coupling, g
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