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Tuning pair interactions

o Different F; states (F=J + /), tune by
AE(r — oo) = const + (pa — pp) Bz
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Tuning pair interactions

o Different F; states (F=J + /), tune by
AE(r — oo) = const + (pa — pp) Bz

> "closed" N
3 " " £
E z closed 3
& 5 4
AuB$ 5
= - AuB@
wpen"
- -
_ -
_ -
4 A0 -
Qs —~
Open channel (atoms) _--"
M e e e e e e e — ——— ———— T o —— —————————— — -]
Bound state

(B-By)

Jonathan Keeling Pairing Phases of Polaritons

St Petersburg, March 2014

3/11



Tuning pair interactions

o Different F; states (F=J + /), tune by
AE(r — oo) = const + (pa — pp) Bz

Energy
Energy

AuB$

"closed"
"closed"

AuB@

Energy

Au31

E = 0 Repulsive

open
E = 0 Attractive

B

Open channel (atoms)
— g -~

ound state

(B-By)

Jonathan Keeling Pairing Phases of Polaritons St Petersburg, March 2014

3/11



Pairing phases of atoms

Fermions

From Randeria, Nat. Phys. '10

@ No phase transition, BEC-BCS
crossover

[Eagles, Leggett, Keldysh, Noziéres,
Randeria, ...]
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Pairing phases of atoms
Fermions Bosons

T

Y
MSE / AMSF
(B-B)

@ BEC of atoms or pairs
o H = ... +¢Ajnwa1¢a2 + hC
= > If (m) # 0, MSF
From Randeria, Nat. Phys. '10 > If (Ya,) # 0, (¢a,) # 0. AMSF
@ No phase transition, BEC-BCS
crossover [Noziéres, St James, Timmermanns,
R Mueller, Thouless, Radzihovsky, Stoof,
[Eagles, Leggett, Keldysh, Nozieres, Sachdev ...]

Randeria, ...]
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Pairing phases of atoms
Fermions Bosons

T

Y
MSE / AMSF
(B-B)

@ BEC of atoms or pairs
e > If () # 0, MSF

From Randeria, Nat. Phys. '10 > If (1ha,) # 0, (1ha,) # 0. AMSF
@ No phase transition, BEC-BCS @ High density — metastability.
crossover [Noziéres, St James, Timmermanns,
R Mueller, Thouless, Radzihovsky, Stoof,
[Eagles, Leggett, Keldysh, Nozieres, Sachdev ...]

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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[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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al.’13]

Jonathan Keeling Pairing Phases of Polaritons St Petersburg, March 2014 5/11



Polariton Feshbach

@ Hybridisation of bound states:
» Biexciton: opposite spins (two-species): 2w{f —Ep
> Hybridisation with photons: 2 [ (w + w) — 3/QF + 7]

E
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[lvanov, Haug, Keldysh 98], [Wouters '07], [Caursotto et al. '10], [Deveaud-Pledran et
al.’13]
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Phase <:1Ii2agram (ground state, T = 0)
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@ J < 0, no biexciton physics — “standard” BEC.

[m] = = =
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Phase ollizagram (ground state, T = 0)
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@ J < 0, no biexciton physics — “standard” BEC.
@ Small |4]: Fluctuations drive N-AMSF 1st order
» Larkin-Pikin mechanism, coupling gy2¢m

[m] = - =
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Phase ollizagram (ground state, T = 0)
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@ J < 0, no biexciton physics — “standard” BEC.

@ Small |4]: Fluctuations drive N-AMSF 1st order

» Larkin-Pikin mechanism, coupling gy2¢m
» Large phase-separation region

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

10

d[meV]

SN B~ N

| | | |
—6.6 —6.4 -0.2 0
W [meV] n[cm?]

@ J < 0, no biexciton physics — “standard” BEC.
@ Small |4]: Fluctuations drive N-AMSF 1st order

» Larkin-Pikin mechanism, coupling gy2¢m
» Large phase-separation region

@ Naive resonance §, = 3.84,replaced by critical end-point at § > 4,
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Phase dlizagram (ground state, T = 0)
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@ J < 0, no biexciton physics — “standard” BEC.

@ Small |4]: Fluctuations drive N-AMSF 1st order

» Larkin-Pikin mechanism, coupling gy2¢m
» Large phase-separation region

@ Naive resonance §, = 3.84,replaced by critical end-point at § > §,

@ Large 0: MSF-AMSF transition always occurs as Upm
renormalises energy.
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Consequences and Signatures

@ 1st-order near resonance — phase separation
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Consequences and Signatures

@ 1st-order near resonance — phase separation
@ Direct access to polariton phase coherence

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

» MSF: no “atomic” coherence, but: i

==y

g’ = (I, )yl (r, v, (0,0)1,(0,0))

not g» — see time/space labels
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Consequences and Signatures

@ 1st-order near resonance — 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 — novel half vortices, 1y = e 1) = M9,
T
MSF has (my, m)) = (1/2,1/2)  jp==F==T=ww

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

>
Q
E
w

-0.8 0.6 -0.4 -0.2 o

W [meV] nlem”]
=] = = == DA

Jonathan Keeling Pairing Phases of Polaritons




Phase diagram, T > 0
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Phase diagram, T > 0
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Evolution of triple point

@ Required T, § for MSF: Triple point

L . 1 1) .
@ Excitonic fraction ¢2 = = |1 + ———| . § > Q: Pure exciton
° 2 52 + Q2

Jonathan Keeling Pairing Phases of Polaritons St Petersburg, March 2014 9/11



Evolution of triple point

@ Required T, § for MSF: Triple point

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

@ Required T, § for MSF: Triple point

L . 1 1) .
@ Excitonic fraction ¢2 = = |1 + ———| . § > Q: Pure exciton
° 2 52 + Q2

N — 100
r =—a GaAs| T 1 .
40+ 88Zn0 | 95 ¥
L 4L 4 =
.2
90 3
1 &
Q
85 2
8
) k)
| 80 &
obeo vt 1
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 ————
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401 =a7Zn0 |4

— 100
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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
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© Model

@ Exciton spin

e Calculation details
@ Variational wavefunction
@ Variational MFT

e More phase diagrams
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Exciton-photon model

@ Microscopic model — coupled exciton-photon system
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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
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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

Jonathan Keeling Pairing Phases of Polaritons St Petersburg, March 2014 14/22



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

k2 At A k2 TN
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Polariton model

k R R 2
— T
H= Z (ﬁ - ,U> VokVok + (m tv—= 2#) VmkVmk
ko=l
2 Uacr AT
+[ &R 225D Dy + Und 0100, + 2 ($10]6m+hc.)
o=",l,m
E
@ Polariton dispersion m, Zm;;f;‘:ix]'%l“ v-o
detuning v, interactions
depend on § i S
@ Resonance width, dispersion 3 e ‘; " o®
derived from dressed exciton - s ez
T matrix. < arl g
B ) k[pPrﬁl] T4
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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.)
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10'F 0
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(Excitonic limit)
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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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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

st o 1 /1 1\ (B
where b,tm:w}(m and (JJTKL =75 \-1 1 BTklfb ,
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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=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 ]
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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 ]
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

=} = = = = 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 ftp €ky + B a b
+ - bl b < ky y y ) iy _
2 ( ky _k7> Qy €ky T+ By b‘r_k7
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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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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, 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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