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Bose-Einstein condensation: macroscopic occupation

Polaritons. ~ 20K

[Anderson et al. Science '95] [Kasprzak et al. Nature, '06]
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Microcavity polaritons
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Microcavity polaritons
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Microcavity polaritons
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Microcavity polaritons

Cavity photons:
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Polariton experiments: occupation and coherence
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[Kasprzak, et al. Nature, ’06]
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Polariton experiments: occupation and coherence
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(Some) other polariton condensation experiments

@ Quantised vortices
[Lagoudakis et al. Nat. Phys. 08. Science '09,
PRL ’10; Sanvitto et al. Nat. Phys. "10; Roumpos
et al. Nat. Phys. '10]

@ Josephson oscillations
[Lagoudakis et al. PRL ’10]

Normalized population AN
=3
=Y
Relative phase A (m)

Time (psec)
[ Superfluidity

Vortex gjection Solitons. 100
@ Pattern formation/Hydrodynamics :
[Amo et al. Science 11, Nature '09; o
Wertz et al. Nat. Phys '10]
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&What can you do beyond BEC (atoms)

=} = = = = DAl

Jonathan Keeling Pairing Phases of Polaritons



wWhat can you do beyond BEC (atoms)

@ Optical lattices .
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@ Feshbach resonance — strong interactions
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wWhat can you do beyond BEC (atoms)

) Coupled matter- Ilght systems

How

ﬁamp
@ Spinor condensates, spin-orbit, gauges

~=-.Image: Weiss group//Stamper Kurn group
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&What of this can polaritons do?
@ Engineered potentials; lattices

» Bloch — etched micropillars

» Yamamoto — metal lattices &

» Snoke — stress traps
» Krizhanovskii — Surface Acoustic Waves

@ TE-TM interaction — Spin-Orbit
» Theory: Malpuech, Rubo
@ “Feshbach” resonances

» Theory: Wouters, Carusotto
» Deveaud, Biexciton resonance
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&What of this can polaritons do?
@ Engineered potentials; lattices

» Bloch — etched micropillars

» Yamamoto — metal lattices

» Snoke — stress traps
» Krizhanovskii — Surface Acoustic Waves

@ TE-TM interaction — Spin-Orbit
» Theory: Malpuech, Rubo

@ “Feshbach” resonances
» Theory: Wouters, Carusotto
» Deveaud, Biexciton resonance

This talk: Spin structure, pairing phases of bosons
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Outline

° Introduction
e Pairing phases of atoms: review

e Modelling polariton pairing
@ Exciton spin structure
@ Microscopic and effective Hamiltonian

e Ground state phase diagram
@ Origin of multicritical behaviour
@ Signatures of phases

e Finite temperature phase diagram
@ Variational MFT
@ Required temperatures, detuning
@ Candidate material systems
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Outline

e Pairing phases of atoms: review
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Tuning atomic interactions
@ Open/closed channel — different F; states (F=J + /)
@ Magnetic field, AE(r — oo) = const + (g — pp)B;
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Tuning atomic interactions
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Tuning atomic interactions
@ Open/closed channel — different F; states (F=J + /)
@ Magnetic field, AE(r — oo) = const + (g — pp)B;
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Tuning atomic interactions

@ Open/closed channel — different F; states (F=J + /)

@ Magnetic field, AE(r — oo) = const + (ua — 1p)B:
@ Hybridisation by hyperfine coupling

N "closed" > "closed" >
2 24 iy
Q o Q
=] = =]
s3] m s3]
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Closed channel (atoms) _—--" -
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Bound state
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Feshbach resonance
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True bound state exists.
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Feshbach resonance
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Feshbach resonance

”c/losed"
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Hybridisation with continuum: Fano—Feshbach resonance
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Pairing phases of Fermions
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@ Attractive interaction of
open channel:
BCS condensate.
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Pairing phases of Fermions
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@ Attractive interaction of

open channel:
BCS condensate.
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Pairing phases of Fermions
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@ Attractive interaction of
open channel:
BCS condensate.

@ True bound state.
Molecule BEC

@ Always pair coherence: No
phase transition (for
s-wave).

Pisa, January 2014 14 /34



Pairing phases of Fermions

0.6 :
Unbound oG
fermions 0
i
o - f4—paiing
5 5 ' Normal
= /' Pseudogap! Bose
K ; liquid
p—— Tc
02 Condensation
« g
Normal
Fermi & oY
liquid s & 8
Superfluid % wde
e Unitarity:
0 =0 I
-2 1
«— BCS 1/(ksa) BEC—>

Attraction—»>

From Randeria, Nat. Phys. News & Views 10

Jonathan Keeling Pairing Phases of Polaritons

@ Attractive interaction of
open channel:
BCS condensate.

@ True bound state.
Molecule BEC

@ Always pair coherence: No
phase transition (for
s-wave).

@ BEC-BCS crossover
[Eagles, Leggett, Keldysh,
Nozieres, Randeria, .. .]
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Pairing phases of Bosons
@ Pair (molecule) coherence,
MSF, vs atom coherence ASF,
vs both AMSF.
MSE AMSF

(B-B))

[Radzihovsky et al. PRL ‘04, Romans et al. PRL '04, building on Nozieres & St James,
Timmermanns, Mueller, Thouless ...]
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Pairing phases of Bosons

@ Pair (molecule) coherence,

MSF, vs atom coherence ASF,
vs both AMSF.
@ Homonuclear/heteronuclear
MSE AMSF

cases distinct, symmetry
U(1) x Zp vs U(1) x U(1). (B-R)

[Radzihovsky et al. PRL ‘04, Romans et al. PRL '04, building on Nozieres & St James,
Timmermanns, Mueller, Thouless ...]
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Pairing phases of Bosons

@ Pair (molecule) coherence,

MSF, vs atom coherence ASF,
vs both AMSF.

@ Homonuclear/heteronuclear MSF

cases distinct, symmetry AMSEF

U(1) x Zo vs U(1) x U(1). (B-R)
e Heteronuclear: A = ...+ {liha, s, + h.c.

> If (Ym) # 0, free atomic phase. MSF
» I (105,) # 0, (1ha,) # 0 no free phase. AMSF

[Radzihovsky et al. PRL ‘04, Romans et al. PRL '04, building on Nozieres & St James,
Timmermanns, Mueller, Thouless ...]
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Pairing phases of Bosons

@ Pair (molecule) coherence,

MSF, vs atom coherence ASF,
vs both AMSF.

@ Homonuclear/heteronuclear MSF

cases distinct, symmetry AMSEF

U(1) x Zo vs U(1) x U(1). (B-R)
e Heteronuclear: A = ...+ {liha, s, + h.c.

> If (Ym) # 0, free atomic phase. MSF
» I (105,) # 0, (1ha,) # 0 no free phase. AMSF

@ Homonuclear: H = ...+ {ldatha + h.cC.
> If (¢)m) # 0, free atomic sigh — Z,. MSF

[Radzihovsky et al. PRL ‘04, Romans et al. PRL '04, building on Nozieres & St James,
Timmermanns, Mueller, Thouless ...]
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Problems with cold atoms

@ Signatures?

» Momentum distribution —
indirect

[m] = = =
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Problems with cold atoms

@ Signatures?
» Momentum distribution —
indirect
> HaIf vortices

-—-———————
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Problems with cold atoms

@ Signatures?

» Momentum distribution —
indirect

> Hah;t vortices

-——— ——— ——

TN
T
L] L]
e e
s~
N~ s < ot
o

@ Cold atoms — (meta)stability MSF
issues =
» Enhanced scattering at (B-B))
resonance
» First order transitions —
high densities
» Vibrationally hot molecules
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Outline

e Modelling polariton pairing
@ Exciton spin structure
@ Microscopic and effective Hamiltonian
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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
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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,

JJI=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
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Exciton-photon model

@ Microscopic model — coupled exciton-photon system

K2 K2
H_Ek:{ > (m— )X ng+z (“W‘ )ckgcka

o=%2,+1

+ Z Qr (élia),\(ka + )A(liaéko

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

o't'to
o,0’ 7‘7'/ +2,+1

E LR PALRPACRPACHS

Jonathan Keeling Pairing Phases of Polaritons Pisa, January 2014 19/34



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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Polariton model
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Polariton model

k /\—'- ~ 2
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Polariton model

k atoa 2
H= Z (ﬁ - M) Vokok + (m tv-— 2#) Uk ik
k [o=1.d
2 Uacr AT h
+[ &R 225D Dy + Und 0100, + 2 ($10]6m+hc.)
o=",l,m
E
@ Polariton dispersion m, o 1% gy v-0
detuning v, interactions 20,1
depend on § . e
> 4 \/C P up | .,/.
xf 2 Z(;x Lo 5 @, +52)1/2
= . . . wuLP" ®
—4 -2 X [£ﬁ1] 2 4

Jonathan Keeling Pairing Phases of Polaritons Pisa, January 2014 20/34



Polariton model

k A 2
H = Z (ﬁ - M) %bik%k + (m +v— 2#) Uk mk
k [o=1.d
+[ &R Voo bty + Un by, + 2 (#]dm+ne)
5 YY) T ¥m
o=",l,m
E
@ Polariton dispersion m, o 1% gy v-0
detuning v, interactions 20,1
depend on § I A
@ Resonance width, dispersion % 4 e 0l o®
derived from dressed exciton -+ 5T s oz
T matrix. e wl e
—4 -2 « [}Ptﬁl] 2 4
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Polariton model

k2 N k2 A
H = g = om M) VokVok + (ﬂ tv-— 2#) Yk mic
d’R Yoo 5t 1) U h.
+ 22 G105y, + Und 0100, + 2 ($10]0m+hc.)
o=1,l,m
10'F 0
v>0 g107°F v<0

Bound biexciton.
(Excitonic limit)

Biexciton in S
continuum

I N IR R N
b O N koo =
vV [meV]

- - \~mC/mX L
10 0 10 20 30 40 50
6 [meV]
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Outline

e Ground state phase diagram
@ Origin of multicritical behaviour
@ Signatures of phases
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Phase diagram (ground state, T = 0)

12/

10
> 8¢
ERGR
) 4; ,,,,,,

2F

| | | | | |
0"206 =04 =02 0
i [meV] n[em’]

@ Parameters for GaAs Qg = 4.4meV, E, = 2meV.
@ Dashed: Mean-field. Solid: Next order fluctuations

[m] = - =
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Phase diagram (ground state, T = 0)
12 ;
10-

S [meV]
ERLCEE S

| | | | | |
~06 -04 -02 0 x10'!
i [meV] n[em’]

@ Parameters for GaAs Qg = 4.4meV, E, = 2meV.
@ Dashed: Mean-field. Solid: Next order fluctuations

@ Two condensed phases: R
MSF, (¢1) = (¢;) = 0, (¢¥m) # 0. AMSF VY, : (¢)5) # 0.

[m] = - =
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Phase diagram (ground state, T = 0)
12 ;
10-

S [meV]

S N B O ©
T T T [ T T

N

| | | | | |
-06 -04 -02 0 0 Ix10!!
1 [meV] n [cm’]

@ Parameters for GaAs Qg = 4.4meV, E, = 2meV.
@ Dashed: Mean-field. Solid: Next order fluctuations
@ Two condensed phases:

MSF, (1) = (y) = 0, ($m) # 0. AMSF ¥, : (ib5) # 0.
@ Small (or —ve) §: v > g, no biexciton physics — “standard”
WIDBG.
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Mean field ansatz

@ Hamiltonian: Weakly Interacting Bose Gas
@ First ansatz: mean-field theory [Zhou et al. PRA '08]

W) cexp [ — D votk—o0
o=",],m
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Mean field ansatz

@ Hamiltonian: Weakly Interacting Bose Gas
@ First ansatz: mean-field theory [Zhou et al. PRA '08]

v ocexp( > otk oa).

o=",],m

@ No magnetic field, take ¢ = 1| = 1)g (real):

U+ U
— (WIHWY = —2u + <u ; UN) i

2
Umm
+ (v — Zﬂ)w;‘)n ¢m + g¢0wm
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Mean field ansatz

@ Hamiltonian: Weakly Interacting Bose Gas
@ First ansatz: mean-field theory [Zhou et al. PRA '08]

v ocexp( > wawkoa).

o=1,l,m

@ No magnetic field, take ¢ = 1| = 1)g (real):

U U
— k) = 2+ (A5 0y of
U
+ (v = 200 + =5 U + GUGUm

@ Minimise E(vo,vm): first order transitions exist.
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Phase Iciczaundaries (ground state, T = 0)

L /A
10- ‘
> 8
Eo G
w oy SO HLE____PS_ T
oL
07 [ R B
206 -04 -02 0 1x10'!
{t[meV] n [cm’]

@ Small §: Fluctuations drive N~AMSF 1st order
» (Larkin-Pikin mechanism, coupling gw§¢m)

[m] = - =
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Phase Iciczaundaries (ground state, T = 0)

K

10

d[meV]

SN B~ N

06 04 02 0
u[meV] n[cm?]
@ Small §: Fluctuations drive N~AMSF 1st order
» (Larkin-Pikin mechanism, coupling gw§¢m)

» Large phase-separation region — high densities.
First-order BEC transition!

[m] = - =
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Phase Icig)undaries (ground state, T = 0)

T
/
,

10

d[meV]

SN B~ N

206 -04 02 0
W [meV] n[cm?]
@ Small §: Fluctuations drive N-AMSF 1st order
» (Larkin-Pikin mechanism, coupling g¢g¢m)

» Large phase-separation region — high densities.
First-order BEC transition!

@ Naive resonance 4, = 3.84, tricritical point at (4, 1) = (6r,0)
replaced by critical end-point at § > 4,
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Phase Icig)undaries (ground state, T = 0)

T
/
,

10

d[meV]

SN B~ N

206 -04 02 0
W [meV] n[cm?]
@ Small §: Fluctuations drive N-AMSF 1st order
» (Larkin-Pikin mechanism, coupling g¢g¢m)

» Large phase-separation region — high densities.
First-order BEC transition!

@ Naive resonance 4, = 3.84, tricritical point at (4, 1) = (6r,0)
replaced by critical end-point at § > 4,

@ Large 6: MSF-AMSEF transition always occurs as Unm
renormalises energy.
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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,

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

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

o=14,m k,y=a,b,m

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

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

Jonathan Keeling Pairing Phases of Polaritons Pisa, January 2014 26/34



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 ]
Ay

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

» Finite only if |, | < B4

Jonathan Keeling Pairing Phases of Polaritons Pisa, January 2014 26/34



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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Outline

° Ground state phase diagram

@ Signatures of phases

=] = = E = DA
Jonathan Keeling Pairing Phases of Polaritons



Detecting MSF vs AMSF

@ Phase separation

=} = = = = DAl
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Detecting MSF vs AMSF

@ Phase separation
@ Direct access to polariton phase coherence
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Detecting MSF vs AMSF

@ Phase separation
@ Direct access to polariton phase coherence
» AMSF: standard g$") = (4} (r, )y, (0,0)). (2D, QLRO)
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Detecting MSF vs AMSF

@ Phase separation
@ Direct access to polariton phase coherence

» AMSF: standard g$") = (4} (r, )y, (0,0)). (2D, QLRO)

» MSF: no “atomic” coherence, but:

g’ = (I, )yl (r, v, (0,0)1,(0,0))

R

==y

not g» — see time/space labels

Jonathan Keeling Pairing Phases of Polaritons

Pisa, January 2014

28/34



Detecting MSF vs AMSF

@ Phase separation
@ Direct access to polariton phase coherence
» AMSF: standard g%" = (%(r, t)¢,.(0,0)). (2D, QLRO)

» MSF: no “atomic” coherence, but: 1|

g’ = (I, )yl (r, v, (0,0)1,(0,0))

not g» — see time/space labels

@ Vortex structure — half vortices, ¢y = eM? ¢ = M9,
T
MSF has (my, m)) = (1/2,1/2)  jp==F==T=ww

Polariton “half-vortex” (my, m;) = (1,0) [Lagoudakis et al. Science '09]

Jonathan Keeling Pairing Phases of Polaritons Pisa, January 2014 28/34



Outline

e Finite temperature phase diagram
@ Variational MFT
@ Required temperatures, detuning
@ Candidate material systems
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Finite T calculation

@ Finite T — minimize free energy

=} = = = = DAl
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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 '
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Phase diagram, finite temperature

N ——_

I IR B!
-0.6 -04 -02 0
i [meV]

|
0.8
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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

15>
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Phase diagram, vs temperature
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Phase diagram, vs temperature

155>
2
10 =
w

-0.8 -0.6 -0.4 o

W [meV] nlem?]
o = = na

Jonathan Keeling Pairing Phases of Polaritons




Evolution of triple point

@ Required T, § for MSF: Triple point

I , 1 J ,
@ Excitonic fraction ¢ = > [1 + m] . 0 > Q: Pure exciton
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Evolution of triple point

@ Required T, § for MSF: Triple point

@ Excitonic fraction ¢ = % [1 + ﬁ] . 8> Q: Pure exciton

N — 100
r =—a GaAs| || 1 —
40+ 88Zn0 | 95 ¥
L 4L 4 =
.2
90 o
Q
85 2
8
) k)
80 &
ol ! ! L ! ! L]
0 10 150 10 15
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Evolution of triple point

@ Required T, § for MSF: Triple point
@ Excitonic fraction ¢ = 1 [1 + L] . 0 > Q: Pure exciton
2 52 + Q2

50 e ————

r =—a GaAs| ||
401 =a7Zn0 |4

— 100
95
90

85

excitonic fraction [%]

80

OHH\HH\HH\:HH\HH\HH\’
0 5 10 150 5 10 15

T K] T[K]

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

@ Required T, ¢ for MSF: Triple point
@ Excitonic fraction ¢ = 1 [1 + L] . 0 > Q: Pure exciton
2 52 + Q2

50 e ————

r =—a GaAs| ||
401 =a7Zn0 |4

— 100

95

excitonic fraction [%]

5
T K] T[K]

@ GaAs, need low T/high exciton fraction
@ ZnO, easy to attain MSF
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Summary
° Polanton — biexciton detuning — Feshbach resonance

s
6 —

10 1) 0

uimev)

° MSF easny attalnable for ZnO possible” for GaA”

“ &
2| s
i
23 §

T

[Marchetti and Keeling, arxiv:1308.1032]
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Differences & new opportunities

gi Atoms &Polaritons

Metastable, isolated Finite lifetime, in semiconductor
Fixed mass ~ 103mq Tunable mass ~ 10~*my
Couples to light Is part light

Can be 3D Always 2D or less.

Spin: S; =-S,-S+1,...,8 Light polarisations S, = +1
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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:

Fve = —VAp(a + B) (Bl + bo)

X (B B (07

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

g
a
I~

)@

Tf(u/T)

= —_ [ w IS w o

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

/
Vi
V4
/
Z

R— ey
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

@ CF Hartree-Fock-Popov-Bogoluibov method, include Up in ©
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