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Polariton experiments: Momentum/Energy distribution
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Polariton experiments: Momentum/Energy distribution
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Other polariton condensation experiments

@ Stress traps for polaritons 1608
[Balili et al Science 316 1007 (2007)] i x
@ Temporal coherence and line narrowing g e
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Other polariton condensation experiments

@ Quantised vortices in disorder potential
[Lagoudakis et al Nature Phys. 4, 706 (2008)]

@ Soliton propagation
[Amo et al Nature 457 291 (2009)]
@ Driven superfluidity
[Amo et al Nature Phys. (2009)
@ Josephson Oscillations
[Lagoudakis et al PRL (2010)]
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° Non-equilibrium model — coherence and strong coupling

9 Pattern formation
@ Instability of Thomas-Fermi profile
@ Polarisation degree of freedom
@ Steady vortex lattices

e Condensed spectrum and superfluidity
@ Condensed spectrum
@ Current-current response function
@ Power law decay of coherence
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Non-equilibrium approach: Steady state, and
fluctuations

H= Hsys + Hsys,bath + Hbath7
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Non-equilibrium approach: Steady state, and
fluctuations
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System Bulk photon modes
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Non-equilibrium approach: Steady state, and
fluctuations

H= Hsys + Hsys,bath + Hbath7
Hsys = Zwkwkd}l + Z ga(¢L¢k + HC) + Hex[¢aa Qbiz]
k «

System Bulk photon modes

Pumping Bath

Steady state, i(r, t) = ype /st
Self-consistent equation: (us — wo + i) 1o = x (o, f1s)Y0

Fluctuations

[DR — DA|(t, 1) = —i < (1), v1(1)] _> [D — D#)(w) = DoS(w)

DK(t, 1) = —i<[¢(t),w(r')]+> DX (w) = (2n(w) + 1)DoS(w)

Jonathan Keeling Superfluidity in polariton condensates The Burn 2011 7/28



9 Pattern formation
@ Instability of Thomas-Fermi profile
@ Polarisation degree of freedom
@ Steady vortex lattices
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Complex Gross-Pitaevskii equation
Steady state equation:

(s —wo + ik) W = x (¥, ps)

@ Local density limit:
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Complex Gross-Pitaevskii equation
Steady state equation:

(s — wo + ik) P = x (¥, ps)
@ Local density limit: Gross-Pitaevskii equation
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Complex Gross-Pitaevskii equation
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Complex Gross-Pitaevskii equation
Steady state equation:
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Complex Gross-Pitaevskii equation
Steady state equation:

(s —wo + ik) W = x (¥, ps)

@ Local density limit: Gross-Pitaevskii equation

(100 in— [Vt = 5] ) ) = x93

Nonlinear, complex susceptibility

10| in = Ul Py
10| 1pss = — iKY 10| gain = Mef(p)t — i [PY

2

00 = |~ V) Ul 41 (o) — = TIof%) |

Jonathan Keeling Superfluidity in polariton condensates The Burn 2011 9/28



Gross-Pitaevskii equation: Harmonic trap

2
i) = [—Z'i + mT“r + U+ (e = 1 - rW)] v

ERER

S
o

Jonathan Keeling Superfluidity in polariton condensates The Burn 2011 10/28



Gross-Pitaevskii equation: Harmonic trap
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Gross-Pitaevskii equation: Harmonic trap
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Gross-Pitaevskii equation: Harmonic trap
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e Pattern formation

@ Polarisation degree of freedom

o = = = = DAl
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Polariton spin degree of freedom

@ Left- and Right-circular polarised states.

o = = E = vace
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Polariton spin degree of freedom

@ Left- and Right-circular polarised states.
@ For weakly-interacting dilute Bose gas model:

!V‘VL\Z !V“’R\

H= 2m 2m

2 (i + waP)”
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Polariton spin degree of freedom

@ Left- and Right-circular polarised states.
@ For weakly-interacting dilute Bose gas model:

_!V‘|’L|2 !V"’H\
H= 2m 2m ('w =+ vl )
A
—2U; [V PRl + 5 (w ~[Val)

@ Tendency to biexciton formation — Uj.
@ Magnetic field: A
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Polariton spin degree of freedom

@ Left- and Right-circular polarised states.

@ For weakly-interacting dilute Bose gas model:

_!V‘|’L|2 !V"’H\
H= 2m 2m ('w =+ vl )
A
—2U; [V PRl + 5 (w ~[Val)

.i.
+ AH (\UL\UR + HC)

@ Tendency to biexciton formation — Uj.
@ Magnetic field: A
@ A — inequivalent axes.
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Equilibrium phase diagrams

A =0.
For U; = 0.5, V¥, g decouple.
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Non-equilibrium spinor condensate

H = Hole] + Holyl + (Uo — 2Un)lun Plual? + 55 (1012 — sl
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Spinor Gross-Pitaekvsii equation
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Non-equilibrium spinor condensate

A
H = Holud] + Holval + (Uo — 20l Plval? + - (1l — [val®)
+ A (¥jvg +He)

Spinor Gross-Pitaekvsii equation

. V2 A
O = {—ﬁ + V() + Uolvrl? + (Uo — 2Us)|val? + f

+i<7eff—/~”v—roh/)L|2 )} o

@ Left-right coupling: U,
@ Magnetic field: A |,

Jonathan Keeling Superfluidity in polariton condensates The Burn 2011 14/28



Non-equilibrium spinor condensate
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Non-equilibrium spinor condensate

A
H = Holud] + Holval + (Uo — 20l Plval? + - (1l — [val®)
+ A (¥jvg +He)

Spinor Gross-Pitaekvsii equation

. V2 A
O = {—ﬁ + V() + Uolvrl? + (Uo — 2Us)|val? + f
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o Left-right coupling: Us @ Cross-spin loss terms I

@ Magnetic field: A, A
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Non-equilibrium spinor condensate

A
H = Holud] + Holval + (Uo — 20l Plval? + - (1l — [val®)
+ A (Y] + He.)
Spinor Gross-Pitaekvsii equation

2

. AV A
O = {—ﬁ + V() + Uolvrl? + (Uo — 2Us)|val? + f

1 (01— = ol = T1lun = idr) |+ 3,0

@ Cross-spin loss terms I

@ Energy-dependent gain
[Wouters et al PRB ’10]

@ Left-right coupling: U,
@ Magnetic field: A, A
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Desynchronised phase in homogeneous system

, V2 A
1 = |~ g+ V) + U + (Lo — 2Un) 0l + 5

+i (’Yeff — K —Tolyr[? — T1|vgl? - ?7f3t> } YL+ AR
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Desynchronised phase in homogeneous system

, V2 A
1 = |~ g+ V) + U + (Lo — 2Un) 0l + 5
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Desynchronised phase in homogeneous system
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Desynchronisation and pattern formation

Trapping:

Synchronisation unaffected
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Desynchronisation — half-vortex
separation:

ynchronisation and pattern formation
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9 Condensed spectrum and superfluidity
@ Condensed spectrum
@ Current-current response function
@ Power law decay of coherence
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Superfluidity: Landau Criterion
Why superfluidity:

@ Macroscopic occupation of single wavefunction
@ Linear dispersion — no excitations
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Superfluidity: Landau Criterion

Why superfluidity:
@ Macroscopic occupation of single wavefunction
@ Linear dispersion — no excitations

In moving frame, E(p) — E(p) + p -V + s Mv?
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Superfluidity: Landau Criterion

Why superfluidity:
@ Macroscopic occupation of single wavefunction

@ Linear dispersion — no excitations
In moving frame, E(p) — E(p) +p -V + s Mv?
Normal state:
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Superfluidity: Landau Criterion

Why superfluidity:
@ Macroscopic occupation of single wavefunction

@ Linear dispersion — no excitations
In moving frame, E(p) — E(p) +pP -V +
Normal state:

Energy

Momentum

Jonathan Keeling Superfluidity in polariton condensates The Burn 2011

18/28



Superfluidity: Landau Criterion

Why superfluidity:
@ Macroscopic occupation of single wavefunction

@ Linear dispersion — no excitations
In moving frame, E(p) — E(p) +pP -V +
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Fluctuations above transition

When condensed
—soundmode—

—1
Det [DR(w, k)} T g
, g' momentum
With & ~ ck g
Poles:
w* =&k
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Fluctuations above transition

When condensed

— ea|_
—Imaginary

1
Det [DR (w, k)} = (w+ivnet)®+1Pe—E2

momentum
Poles:

With &, ~ ck
w'= — IYnet = \/ 5;% - ’Yﬁet

frequency
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Non-equilibrium superfluidity checklist

Quantised Landau  Metastable Two-fluid Local Solitary
vortices critical persistent hydrody- thermal waves
velocity  flow namics  equilib-

rium

Superfluid “He/cold atom v v v v v v

Bose-Einstein condensate

Non-interactin
Bose-Einstein condensate

Classical irrotational fluid

\*x N

Incoherently pumped
polariton condensates

Lagoudakis et al Nature Phys. 4, 706 (2008). Utsunomiya et al Nature Phys. 4 700
(2008). Amo et al Nature 457 291 (2009); Nature Phys (2009)
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Asking about non-equilibrium superfluidity

Currrent:

J=pv =9liVy = [¢2V¢

=} = = = = DAl
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Asking about non-equilibrium superfluidity

Currrent:
J=pv=9livy = [y[*Ve

@ Response function:

(e = 0.9 0) = (L@, J(-a)) = 2 U 4 2N
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Asking about non-equilibrium superfluidity

Currrent:
J=pv=9livy = [y[*Ve

@ Response function:

(e = 0.9 0) = (L@, J(-a)) = 2 U 4 2N

2k + q;
2m

@ Given Dand J; = w,qu Yk
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Asking about non-equilibrium superfluidity

Currrent:
J=pv=9livy = [y[*Ve

@ Response function:

qiq;
xilw = 0.0 0) = (@), J(-a)l) = 25" + 10
2k + q;
om Yk
@ Vertex corrections essential for superfluid part.

@ Given Dand J; = wl]:-i-q
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Non-equilibrium superfluid response

@ Superfluid response exists because:

/wo@ (1 _1)DR(q, — ) (_1) I¢0%

2m
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Non-equilibrium superfluid response

@ Superfluid response exists because:

“ﬁOQI (1 _1)DR(q, — O) (_1) I,(/}Oq]

2m

@ DR(w=0)x1/eq desplte pumping/decay — superfluid response
exists.
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Non-equilibrium superfluid response

@ Superfluid response exists because:

“ﬁOQI (1 _1)DR(q, — O) (_::) I,(/}Oq]

2m

@ DR(w=0)x1/eq desplte pumping/decay — superfluid response
exists.
@ Normal density:

d
o = / d%key / T [0:D 0, (D + D)
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Non-equilibrium superfluid response

@ Superfluid response exists because:
qu/ N\PR 1\ /tog;
(11070 =0)( _}) o

@ DF(w=0)«x 1/eq desplte pumping/decay — superfluid response
exists.

@ Normal density:

d
o = / d%key / ST [0:D" o, (D7 + DY)

@ Is affected by pump/decay: 3 =00
Does not vanish at T — 0. Y =0.1
2 2L T e/t =05
E
&
0

0 1 2 3 4 5
T/u
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0 Condensed spectrum and superfluidity

@ Power law decay of coherence

o = = = = DAl
Jonathan Keeling Superfluidity in polariton condensates



Correlations in a 2D Gas

Correlations (in 2D):
g1(r.¥) = (wH(r, 0)6(0,)) = [vol2 exp | ~D,(t, . 1)
e D<=DK_ DR DA

[Szymanska et al., PRL '06; PRB '07]
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Correlations in a 2D Gas

Correlations (in 2D):

g1(r. ) = (! (r.0)(0,7)) = [vol* exp | ~D5(t. .1
e D<=pDK_DR4 DA
@ Generally, get: <¢T(r, t)¢(0,0)> ~

’¢0|2 exp [_ap{ln(r/ro) f—}ooJ:o]

% In(c2t/netld) =, t— oo
[Szymanska et al., PRL '06; PRB '07]
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Power law experiment

5 1o P
-15 -10 -5 o 5 10 15 -15 -10 -5 0 5 10 15
X (um) X (um)

G. Rompos, Y. Yamamoto et al., submitted
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Power law experiment

1.
1.2f
000
1.15f .4
14f ¢
3 ¢
S qosk
©
1+ ¢
©
0.95 ¢
oé
0.9 L L
100 200 400
5 WL Pumping power(mW)
-15 <10 -5 o 5 10 15 10-15 -10 -5 0 5 10 15
X (um) X (um)

G. Rompos, Y. Yamamoto et al., submitted
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Power law experiment — non-equilibrium theory

<¢T(r, 0)y(—r, O)> = [¢o|? exp [—ng)(r, —r)] x exp [—apln (%)]

lim
r—oo

@ Experimentally, ap ~ 1.1

G. Rompos, Y. Yamamoto et al., submitted
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Power law experiment — non-equilibrium theory

<¢T(r, 0)y(—r, 0)> = |io|? exp [—D(jd)(r, —r)] x exp [—apln <2r—or)]

lim
r—oo

@ Experimentally, ap ~ 1.1
@ In equilibrium a, = mkg T /27h%ns < 1/4 (BKT transition)

G. Rompos, Y. Yamamoto et al., submitted
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Power law experiment — non-equilibrium theory

<¢T(r, 0)y(—r, 0)> = |io|? exp [—D(jd)(r, —r)] x exp [—apln <2r—or)]

lim
r—oo

@ Experimentally, ap ~ 1.1
@ In equilibrium a, = mkg T /27h%ns < 1/4 (BKT transition)
@ Non-equilibrium theory depends on thermalisation.

G. Rompos, Y. Yamamoto et al., submitted
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Power law experiment — non-equilibrium theory

2r

i st ) = o5 <o (2)]

@ Experimentally, ap ~ 1.1
@ In equilibrium ap = mkgT /27h?ns < 1/4 (BKT transition)
@ Non-equilibrium theory depends on thermalisation.

» Thermalised (yet diffusive modes) a, = mkgT /27h?ns

G. Rompos, Y. Yamamoto et al., submitted
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Power law experiment — non-equilibrium theory

2r

i st ) = o5 <o (2)]

@ Experimentally, ap ~ 1.1
@ In equilibrium a, = mkgT/2wh?ns < 1/4 (BKT transition)
@ Non-equilibrium theory depends on thermalisation.

» Thermalised (yet diffusive modes) a, = mkgT /27h?ns
» Non-thermalised, ap o« Pumping noise.

G. Rompos, Y. Yamamoto et al., submitted
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Summary

REER

@ Instability of Thomas-Fermi and spontaneous rotation

@ Desynchronis

ation and vortex lattices
W7 ) @

@ Power law decay of correlations

) J\ (@

x(im) x(im)
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Extra slides

e Non-equilibrium pattern formation
e Other polariton experiments

e Green'’s functions and stability
@ Spinor problem

@ T=0 Keldysh results

[m] = = =
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Other polariton condensation experiments:
Non-equilibrium features

(a)

Kk, (1/um) (b) Kk, (1fum)
o 2 X -2 o 2
<

4x10° 2
i

a Pump

2

!
E] ! E]
£ 005 E 005
Se 308 2o 3008
v wE & 2005
a ws o 1003
E E 108
s o o o ~
o : g
¢
) k (1/um) 7
4x10° -2 4x10° 2 n}J 2 4 < 10
T 800, T g
2 800, 2
=1 = i 6
7 (mf N 005 10
s A £
=° aW00° So 4002
=z £z Z 10°
2005 2003
E] E

=)
o

ax10’ 2
ax10’ 2

Flow from pumping spot

[W(K)[Z # [)(—k)[>:
Broken time-reversal symmetry. [Wertz et al., Nat. Phys. (2010)]

[Krizhanovskii et al, PRB (2009)]
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Complex Gross-Pitaevskii equation
Steady state equation:

(s —wo + ik) W = x (¥, ps)

@ Local density limit:
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Complex Gross-Pitaevskii equation
Steady state equation:

(s —wo + ik) W = x (¥, ps)

@ Local density limit: Gross-Pitaevskii equation

(1o in = [Vi) - 3] ) vy = xwir oy

Nonlinear, complex susceptibility
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Complex Gross-Pitaevskii equation
Steady state equation:

(s — wo + ik) P = x (¥, ps)
@ Local density limit: Gross-Pitaevskii equation
o v2
(1014 = | Vin = 3] ) w00 = xtwtr e
Nonlinear, complex susceptibility

10| in = Ul Py
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Complex Gross-Pitaevskii equation
Steady state equation:

(s —wo + ik) W = x (¥, ps)

@ Local density limit: Gross-Pitaevskii equation
2
(1014 = | Vin = 3] ) w00 = xtwtr e

Nonlinear, complex susceptibility

00| in = U]
iat"ﬂloss = _i’ﬂp i8i¢|gain = ierff(uB)w
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Complex Gross-Pitaevskii equation
Steady state equation:

(s —wo + ik) W = x (¥, ps)

@ Local density limit: Gross-Pitaevskii equation

(100 in— [Vt = 5] ) ) = x93

Nonlinear, complex susceptibility

10| in = Ul Py
10| 1pss = — iKY 10| gain = Mef(p)t — i [PY
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Complex Gross-Pitaevskii equation
Steady state equation:

(s —wo + ik) W = x (¥, ps)

@ Local density limit: Gross-Pitaevskii equation

(100 in— [Vt = 5] ) ) = x93

Nonlinear, complex susceptibility

10| in = Ul Py
10| 1pss = — iKY 10| gain = Mef(p)t — i [PY

2

00 = |~ V) Ul 41 (o) — = TIof%) |
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Gross-Pitaevskii equation: Harmonic trap

, V2 muw? ,
00 = | g+ T+ U+ (v = = TIof?) |

EERE
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Gross-Pitaevskii equation: Harmonic trap

, V2 muw? ,
00 = | g+ Tt 4 U+ (e = = T Z) | 0

EERE

30 Density

N

0 2 4 6 s Radius

Jonathan Keeling Superfluidity in polariton condensates The Burn 2011 33/45



Stability of Thomas-Fermi solution

RERR

1
§8rp+V‘(pV) = (et —Tp)p
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Stability of Thomas-Fermi solution

High m modes: dppm =~ ™rm. ..

RARR

Unstable growth

1
§8rp+V‘(pV) = (et —Tp)p

Jonathan Keeling Superfluidity in polariton condensates The Burn 2011 34/45



Stability of Thomas-Fermi solution

High m modes: dppm =~ ™rm. ..

ERRR

Stabilised

1
500+ V-(pV) = (1net®(ro—r)=Tp)p
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Stability of Thomas-Fermi solution

High m modes: dppm =~ ™rm. ..

RERR

1
500+ V-(pV) = (1net®(ro—r)=Tp)p
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Time evolution:

- 4 »

'
t:40
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Polariton experiments: Momentum/Energy distribution

wa—é °0.02
J o

Emission angle, ¢ (degree)
-10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20

Occupancy

60

o 0000P00 0000900000000 00 0B, o WS
Tk T
0.0 0.

e H%rg&f

2.0 25

Energy (meV)

332-10123-3-2-101 23
In-plane wavevector (104 cm-")

[Kasprzak, et al., Nature, 2006]
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Polariton experiments: Momentum/Energy distribution

Emission ang le, (i (degree)

-10_ 0 10 20 -20 -1 20 -20 <10 0 10 20

2-10123-3=2-10123-<3-2-101 23
Sample In-plane wavevector (104 cm-")

Coherence map:

Beam =
Splitter <> g
oc Tagtle £

= - o Fringe Visibility (%)
hase (Rad)
Retroreflector s

[Kasprzak, et al., Nature, 2006]
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Other polariton condensation experiments

@ Stress traps for polaritons 1608
[Balili et al Science 316 1007 (2007)] i x
@ Temporal coherence and line narrowing g e
[Love et al Phys. Rev. Lett. 101 067404 e
(2008)] 1,508
T ) %1.505
% 10 E: 1.604 e
% E =1.6721eV 1603
2 05
g - 1,606 0
2 = = 1,605
oo 1oz 1em 16 g 1,604 P

Photon Energy (eV) E, =1.67247 eV E,=1.67269 eV 1603

95 um
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Other polariton condensation experiments

@ Quantised vortices in disorder potential
[Lagoudakis et al Nature Phys. 4, 706 (2008)]

@ Soliton propagation
[Amo et al Nature 457 291 (2009)]
@ Driven superfluidity
[Amo et al Nature Phys. (2009)
@ Josephson Oscillations
[Lagoudakis et al PRL (2010)]

S

9
e
=

e
)

o
>
=3
=Y
Relative phase A (1)

S e
n

=
s
o

Normalized population AN

e
i

S
=

Time (psec)
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Polariton experiments: Strong coupling
[Bajoni et al PRL 2008]

J12
100 ’
- 1.0
&
2
g 104
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] 108
2 1
3 1 Qiq&_ﬁﬂgw i
2 * Si10.6
S :
3 Pd EmlE
3 01 * &
d x12
,./’ 210.4
0.01 4 'A—n——araunwum 0
0.01 01 1 10

[Kasprzak, et al., Nature, 2006]
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Polariton experiments: Strong coupling

[Bajoni et al PRL 2008] } —
e H1.2 - 10" Fa) Polariton
L 10"
100 T 5 3
>4 5.5 10" g
g 10 g S 40° S
g 104 § 'é .%‘ 10° §
: 1%z 28 10 3
:"!‘ﬂ 3 Q’Q—Q-@Q’g : g E £ 10° §
2 . So6 S 10° g
9 €
S o1y =
> Ex|g 1600
210.4 S /
c O
0,01 4 W ... 28 of S E 1599 - Polanton
0.01 10 €3 1508] _laser
Densltyofpnwer[chm 2 w %
1597 -
[Kasprzak, et al., Nature, 2006] ]
1.75 [
% 1.50 7c) LA
H - S E 2L Polariton
Strong coupling via: 82 o] e
€2 7777
i w075 Photon
@ Small blueshift compared to Qg B ol //
025f, | §

@ Polaritonic dispersion, m > mgnot 000 Lo LT S
@ Separate photon threshold Fiiiompatver Buifl
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Poles of Green’s function and stability

[DR(M)} - (w—wi) +ia(w — pefr)

1 | 1 \l 1 \| 1
i v

T T T T T T T T
|— Density of states, 2 Im[D"] |

Intensity (a.u.)

P
2

1 05 0 05
Energy (units of g)
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Poles of Green’s function and stability

[DR(M)} - (w—wi) +ia(w — pefr)

w* + 0P et + (et — w*)

Pole =
w 1+ a2

1 | 1 \l 1 \| 1
i v

T T T T T T T T
|— Density of states, 2 Im[D"] |

Intensity (a.u.)

P
o

1 05 0 05
Energy (units of g)
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Poles of Green’s function and stability

Intensity (a.u.)

P
2

Jonathan Keeling Superfluidity in polariton condensates

[DR(M)} - (w—wi) +ia(w — pefr)

+ ia(peft — w*)
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Poles of Green’s function and stability

Intensity (a.u.)

Jonathan Keeling Superfluidity in polariton condensates

[DR(M)} - (w—wi) +ia(w — pefr)

+ ia(peft — w*)

Pole w =
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L|— A(w) ]
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— — Zeroof Im T
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Poles and stability for a laser

8

K

= 4

F/% QDFNO Maxwell-Bloch equations:
% '

o = —lwkp — kp + gP
0P = —2ieP — 24P + gi)N
N = 27(No — N) — 29(4"P + P*4))
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Poles and stability for a laser

F/% Q)FNO Maxwell-Bloch equations:
% '

gf oY = —lwp — kY + gP
KAV .
P = —2ieP — 24P + gyN
0N =29(No — N) —29(¢*P + P*)

=1 . 2N
[Dﬂ(w)} = w—wk—l-lliﬁ-#ﬁizv

)4/: R

() %)
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Poles and stability for a laser

F/% Q)FNO Maxwell-Bloch equations:
% '

gf op = —iwk) — Kk + gP
K = 4 .
0P = —2ieP — 24P + guiN
OtN = 2v(Nyg — N) —29(p* P + P*%)

92Ny "

-1
DR :| = — j _ Weak -
[ (w) w wk+ll<a+w et 2y

\ Coupling -
/ \
N
Zero of Re ~J
— — Zero of Im
— p— 2
— -vie? i)

System inversion, N

Energy of zero

® %)

Jonathan Keeling Superfluidity in polariton condensates The Burn 2011 41/45



Spin in terms of twefour-level systems
To include spin, replace 2 level system with 4 levels: |0), |L), |R|), |LR)

[Marchetti et al PRB, ’08]
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Spin in terms of twefour-level systems
To include spin, replace 2 level system with 4 levels: |0), L), |R|), |LR)

0 gy, gvg 0
oo | 9 ca—B—p 0 9Y,
“ 9vR 0 EatA—p 9Vr
0 gy 9Vg 2(ea — 1) — Exx

[Marchetti et al PRB, ’08]
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Spin in terms of twefour-level systems
To include spin, replace 2 level system with 4 levels: |0), L), |R|), |LR)

0 gy, gvg 0
oo | 9 ca—B—p 0 9Y,
“ 9vR 0 EatA—p 9Vr
0 gy 9Vg 2(ea — 1) — Exx

@ Bi-exciton binding Exx <> U,

[Marchetti et al PRB, ’08]
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Spin in terms of twefour-level systems
To include spin, replace 2 level system with 4 levels: |0), L), |R|), |LR)

0 gy, gvg 0
oo | 9 ca—B—p 0 9Y,
“ o Uy 0 cat+ A —p 9¥r
0 gv; 9VR 2(eq — 1) — Exx

@ Bi-exciton binding Exx <> U,
@ Mean-field: find polarisation
given ¢, ¢g.

[Marchetti et al PRB, ’08]
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Spin in terms of twefour-level systems

To include spin, replace 2 level system with 4 levels: |0), |L), |R|), |LR)

0 gy, gvg
i.‘, _ g¢z Ea — A— 19 0
« gUg 0 Ea+ A —
0 gv; gvr

L

0

e[ln
9vg
2(eq —

©) — Exx

30F
250

@ Bi-exciton binding Exx < U,

20F

@ Mean-field: find polarisation £ 1 -
. ——Nobinding |5

given Y, YR. 10} |__E,, =4meV 7

Exx h Kk effect on T, L N R £
o XX aS Wea e eCt On (o] ‘ 107‘4 10° ‘ 10" 10°

% 5x10° 1x10° 2x10°  2x10%
nfcm
[Marchetti et al PRB, ’08]



Non-equilibrium spinor condensate

H = Hole] + Holyl + (Uo — 2Un)lun Plual? + 55 (1012 — sl
+ A (¥jvg +He)

Spinor Gross-Pitaekvsii equation

. V2 5
O = [—% + V(r) + Uo|v
+i<7eff—/~”v—ro\¢L|2 )} N
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Non-equilibrium spinor condensate

A
H = Holud] + Holval + (Uo — 20l Plval? + - (1l — [val®)
+ A (¥jvg +He)

Spinor Gross-Pitaekvsii equation

. V2 A
O = {—ﬁ + V() + Uolvrl? + (Uo — 2Us)|val? + f

+i<7eff—/~”v—roh/)L|2 )} o

@ Left-right coupling: U,
@ Magnetic field: A |,
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Non-equilibrium spinor condensate

A
H = Holud] + Holval + (Uo — 20l Plval? + - (1l — [val®)
+ A (¥jvg +He)

Spinor Gross-Pitaekvsii equation

. V2 A
O = {—ﬁ + V() + Uolvrl? + (Uo — 2Us)|val? + f

+i(7eff—f<—roh/)L|2 )} YLt B YR

@ Left-right coupling: U,
@ Magnetic field: A, A
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Non-equilibrium spinor condensate

A
H = Holud] + Holval + (Uo — 20l Plval? + - (1l — [val®)
+ A (¥jvg +He)

Spinor Gross-Pitaekvsii equation

. V2 A
O = {—ﬁ + V() + Uolvrl? + (Uo — 2Us)|val? + f
+i (’Yeff — K — TolYo|? — T1|vRl? )} YL+ AR

o Left-right coupling: Us @ Cross-spin loss terms I

@ Magnetic field: A, A
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Non-equilibrium spinor condensate

A
H = Holud] + Holval + (Uo — 20l Plval? + - (1l — [val®)
+ A (Y] + He.)
Spinor Gross-Pitaekvsii equation

2

. AV A
O = {—ﬁ + V() + Uolvrl? + (Uo — 2Us)|val? + f

1 (01— = ol = T1lun = idr) |+ 3,0

@ Cross-spin loss terms I

@ Energy-dependent gain
[Wouters et al PRB ’10]

@ Left-right coupling: U,
@ Magnetic field: A, A
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Non-equilibrium spinor system: two-mode model

Two-mode case (neglect spatial variation) [Wouters PRB ’'08]

) A .
0 = |Uglw? + (Up — 2Uy)[ygl? + TL + ('Ynet — r0|¢L|2)] YL+A Y,

Write:

b = VR ze®i/2,
vp = VR — zelo—i"/2

Simplecasel'y =n =0
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Non-equilibrium spinor system: two-mode model

Two-mode case (neglect spatial variation) [Wouters PRB ’'08]

) A .
ioppL = | Uolvr|? + (Uo — 2Us)[wml* + TL + i (%et - ro|¢L|2)] YL+D )

Write:

b = VR ze®i/2,
vp = VR — zelo—i"/2

Simplecasel'y =n =0

Josephson regime: A < U1R, z < R.
Damped, driven pendulum

0+ 2’7ne19 = 8U1AH7FL:[ Sin(@) — 2’7netAL
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Non-equilibrium spinor system: two-mode model

Two-mode case (neglect spatial variation) [Wouters PRB ’'08]

) A .
ioppL = | Uolvr|? + (Uo — 2Us)[wml* + TL + i (%et - ro|¢L|2)] YL+D )

Write:

V= R+Zelq§+l()/27 o
vr=vVR— Zeiqb—i()/z 'Yne(A

Simplecasel'y =n =0
Josephson regime: A < U1R, z < R. Cartoon:

Damped driven pendulum

Stable fixed point

T
15 et
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Zero temperature phase diagram

dv Fa-l-Fb V—I—(Fb— Fa)(€a + i7)
=Y [ o R A B A

o o o
L e e
T

Pump bath coupling y/g

o
N
T

Hg/9
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Zero temperature phase diagram

dv Fa-l-Fb V—I—(Fb— Fa)(€a + i7)
=Y [ o R A B A

o o o
L e e
T

Pump bath coupling y/g

o
N
T
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=
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Zero temperature phase diagram

dv Fa-I-Fb V—I—(Fb—Fa)(€a i)
wo—IH—Q’YZ/ 2 +2[(v+ E.)?+~?3]

1 :
%
(o)) b
208/
g 7
S 0.6¢] r
8 Y /
< /
g 0.47// ar
o
€ W
€ 02/} nglg=-0.05 Jt Hg/g=0.05 ]
7
TR T SR AT N TR TN I SR R TR S TR I T RN T
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