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Polariton experiments: occupation and coherence
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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]
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___ Superfluidity Vortex ejection Solitons
@ Pattern formation/Hydrodynamics
[Amo et al. Science ’11, Nature '09;
Wertz et al. Nat. Phys '10]
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@ Microscopic model and lasing vs condensation
@ Introducing model
@ Stability of normal state
@ Comparison to standard laser

9 Coherence and superfluidity of condensate
@ Condensed spectrum
@ Aspects of superfluidity
@ Current-current response function
@ Power law decay of coherence
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Microscopic model
Polariton model
@ Disorder-localised excitons

@ Treat sites as 2-level
systems
(exciton/no-exciton)

@ Propagating (2D) photons
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Luminescence spectrum and Green’s functions
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Luminescence spectrum and Green’s functions
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Luminescence spectrum and Green’s functions

D7~ DAt ) =i ([0 /()] ) D"~ DA(w) = Dost)
p(t.t) =i ([wn. ()], )

Jonathan Keeling Condensation etc... of coupled light-matter IOP TCM Meeting 7/19



Luminescence spectrum and Green’s functions
[DF — DA(t,t) = —i < [¢(t),¢f(t’)] _> [DF — D)|(w) = DoS(w)

DK(t,t) = —i < [¢(t),wT(t’)]+> DX (w) = (2n(w) + 1)DoS(w)
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Luminescence spectrum and Green’s functions
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Stability and evolution with pumping
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Stability and evolution with pumping
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Stability and evolution with pumping
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Stability and evolution with pumping
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Green’s function and stability for a laser

F/% QDFNO Maxwell-Bloch equations:
% '

gf O = —lwktp — Ky + gP
K = 4 .
P = —2ieP — 2yP + gyN
N = 27(No — N) = 29(4"P + P*4))
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Green’s function and stability for a laser
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9 Coherence and superfluidity of condensate
@ Condensed spectrum
@ Aspects of superfluidity
@ Current-current response function
@ Power law decay of coherence
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Spectrum above transition

When condensed
—Sound modg_—

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

Jonathan Keeling Condensation etc... of coupled light-matter IOP TCM Meeting 11/19




Spectrum above transition

When condensed

— ea|_
—Imaginary

1
Det [DR (w, k)} = (w+ivnet)®+1Pe—E2

frequency

With &, ~ ck

momentum
Poles:

W' = — et £ \/ 5;% - ’Yﬁet

Jonathan Keeling Condensation etc... of coupled light-matter IOP TCM Meeting 11/19




Aspects of superfluidity

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
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VN X
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Incoherently pumped ?
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Lagoudakis et al. Nat. Phys. '08. Utsunomiya et al. Nat. Phys. '08. Amo et al. Nature
'09; Nat. Phys. ‘09
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Superfluid density

@ Currrent:

J=pv =1tV = [y[?Ve

2k + qi
@) = Vg g i
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Superfluid density

@ Currrent:

J=pv =1tV = [y[?Ve
2k + q;
(a) — o i+ 4qi
(@) = Vg
@ Response function:

H—H=> f(q)-Jdi(@) Jia)=x;(a)fa)
q
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Superfluid density

@ Currrent:

J=pv =1tV = [y[?Ve
2k + q;
A
J,'((]) —¢k+q I2m I¢k
@ Response function:

H—H=> f(q)-Jdi(@) Jia)=x;(a)fa)
q

Ps4iqi  pN
xjj(w = 0,9 — 0) = ([Ji(a), J(—q)]) = - 6'72’ + i
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Superfluid density

@ Currrent:

J=pv =1tV = [y[?Ve
2k + q;
(a) — o i+ 4qi
@ Response function:

H—H=> f(q)-J;i@) Ji(q) = xz(a)f(q)
q

Xil = 0.0 0) = (@) J(-a)) = 2T+ O,

@ Vertex corrections essential for superfluid part.
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Non-equilibrium current response functions
@ Superfluid response exists because:

o — (I’L/JOCII)DR(q’ _0)<M)

2m 2m

[JK, arxiv:1106.0682]
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Non-equilibrium current response functions
@ Superfluid response exists because:

0Qi\ ~R iboQq;
ANS—P— - — — - J
(%) D7(a.=0) ("
@ Dfi(w = 0) x 1/g? despite pumping/decay — superfluid response
exists.

[UK, arXiv:1106.0682]
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Non-equilibrium current response functions
@ Superfluid response exists because:

0Qi\ ~R iboQq;
e = () Oa =0) ()
@ Dfi(w = 0) x 1/g? despite pumping/decay — superfluid response
exists.
@ Normal density:

dw R
= d T K A
pN—/d kék/ F[O'ZD O'Z(D +D )]

[JK, arxiv:1106.0682]
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Non-equilibrium current response functions
@ Superfluid response exists because:
1YoQi\ AR ioq;
ANS——0 - — _—
(%22) (.- 0) (2

@ DF(w = 0) x 1/g? despite pumping/decay — superfluid response
exists.

@ Normal density:

dw
_ d hahadt K R A
pN—/d kék/ Ir [O'ZD UZ(D +D )]

@ |s affected by pump/decay: 3 =00
Does not vanish at T — 0. Y =0.1
3 2rF _/‘{1'1et/p“20'5
E
&
0

[JK, arxiv:1106.0682]
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e Coherence and superfluidity of condensate

@ Power law decay of coherence

Jonathan Keeling
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Correlations in a 2D Gas

Correlations: + =

gi(r.¥, 1) = (vH(r. (0. )

Uncondensed Condensed

e T saa Tt
Fringe Visibility (%) Fringe Visibility (%)

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

Correlations: (in 2D)

gi(r.¥, 1) = (vH(r. (0. )
~ |4o|? exp [—D;z)(t, r, r’)]

e D< =DK - DR+ DA

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

Correlations: (in 2D) + =

gi(r.¥, 1) = (vH(r. (0. )
~ |4o|? exp [—D@)(t, r, r’)]

e D< =DK - DR+ DA
@ Generally, get: <¢T(r, t)¢(0,0)> ~

|1/1o|2 exp [—ap {In(r/ro) r— oo, t~ 0]

%|n(02t/’ynetf§) rﬁ,t—>OO

[Szymanska et al. PRL '06; PRB '07]

Jonathan Keeling Condensation etc... of coupled light-matter IOP TCM Meeting 16/19



Experimental observation of power-law decay

10° 10

4 M
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X (um) X (um)

G. Rompos, Y. Yamamoto et al. submitted
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Experimental observation of power-law decay
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Exponent in a non-equilibrium 2D gas

i (0wt 10) = wfen o50-1] xem] - (2)]

0

@ Experimentally, ap ~ 1.2
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Exponent in a non-equilibrium 2D gas

. 2r
Jim (01(r,0)u(r,0)) = [l exp | ~Dy(r, )] ox exp [—apln (E)}
@ Experimentally, ap ~ 1.2

@ In equilibrium a, = mkg T /27h%ns < 1/4 (BKT transition)
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Exponent in a non-equilibrium 2D gas

rll[go <¢T(r, 0)y(—r, 0)> = |bo|* exp [_inﬁ(r’ _r)} o &xp [—apln <%)}

@ Experimentally, ap ~ 1.2
@ In equilibrium a, = mkg T /27h%ns < 1/4 (BKT transition)
@ Non-equilibrium theory depends on thermalisation.
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Exponent in a non-equilibrium 2D gas

r|l>n;o <¢T(r, 0)y(—r, 0)> = |bo|* exp [_D;ﬁ(r’ _r)} o &xp [—apln <%>}

@ Experimentally, ap ~ 1.2
@ In equilibrium ap = mkgT /2rh?ns < 1/4 (BKT transition)
@ Non-equilibrium theory depends on thermalisation.

» Thermalised (yet diffusive modes) a, = mkg T /2rh2ns
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Exponent in a non-equilibrium 2D gas

lim <¢T(r, 0)y(—r, O)> = [4o|2 exp [—D@(r, —r)} o exp [apln <ir>}

r—oo 0

@ Experimentally, ap ~ 1.2
@ In equilibrium a, = mkgT /2rh?ns < 1/4 (BKT transition)
@ Non-equilibrium theory depends on thermalisation.

» Thermalised (yet diffusive modes) a, = mkgT /27h%ns
» Non-thermalised, ar « Pumping noise/n;.
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Conclusion

@ Strong-coupling & condensation vs lasing.

~Red ——=00
z ANO—P—O . =2 s
5] e
g . momentum z, /
0

@ Power law decay of correlations

) ﬁ (d)

x(im) T
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Extra slides

0 Mean field theory

e Green’s functions and stability

e Measuring superfluid density
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Non-equilibrium theory; mean-field
Look for mean-field solution, v (r, t) = ype~"#st.
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Non-equilibrium theory; mean-field
Look for mean-field solution, v (r, t) = 1ge~"#s!. Gap equation:

(IOt—wo + ik)Y = ZQ<S;>
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Non-equilibrium theory; mean-field
Look for mean-field solution, v (r, t) = 1ge~"#s!. Gap equation:

(s — wo + K)o = x(vo, ps)o

Susceptibility:

dv (Fa + Fb v+ (Fp — Fa)(iv + € — 3s)
X (%o, ps) = —g% Z / EY2 ++2[(v + E)2 _,_72?

excitons
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Non-equilibrium theory; mean-field
Look for mean-field solution, v (r, t) = 1ge~"#s!. Gap equation:

(s — wo + K)o = x(vo, ps)o

Susceptibility: £2 = ¢ + g2|uo[? , Fap(v) = tanh[15(v 1 (us — )]
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Non-equilibrium theory; mean-field
Look for mean-field solution, v (r, t) = 1ge~"#s!. Gap equation:

(s — wo + K)o = x(vo, ps)o

Susoeptbilty: £2 = ¢ + g7/uof? , Fas(v) = tanh[}5( F (s — ue))
- dv (Fa + Fb v+ (Fp — Fa)(iv + € — bus)
o)== ), / EP + 2l + EP + 77

excitons

o
=

Bath Temperature

05

o
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Poles of Green’s function and stability

Intensity (a.u.)

[DR(M)} - (w—wi) +ia(w — pefr)

1 /<\<

0

o 1 1 l n 1 n \l n 1 wl 1 n

S T T T T T T T T T T
s |— Density of states, 2 1Im[D"||
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Poles of Green’s function and stability

Intensity (a.u.)

[DR(M)} - (w—wi) +ia(w — pefr)

Pole w=

w* + 0P et + (et — w*)

! /<\<

0

o 1 1 l n 1 n \l n 1 wl 1 n

S T T T T T T T T T T
s |— Density of states, 2 1Im[D"||

2, —
n
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Poles of Green’s function and stability

Intensity (a.u.)

[DR(M)} - (w—wi) +ia(w — pefr)

Pole w=

+ ia(peft — w*)

! /<\<

0

o 1 1 l n 1 n \l n 1 wl 1 n

S T T T T T T T T T T
s |— Density of states, 2 1Im[D"||
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n

1+ a2
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Poles of Green’s function and stability

[DR(M)} - (w—wi) +ia(w — pefr)

+ ia(peft — w*)

Pole w= 5
1+
1 — T T T
& T =
P
S 0 ]
Z
E L =7
o _lr———//,/""/':
— N -
E s F L g
8 B S~
> 52 S~ 1
2 g ~~o
I F|[—— Zero of Re =<
= Jl== Zero of Im T
- - 06 05 04 0.3

Bath occupation, W /g
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Strong coupling and lasing — low temperature
phenomenon

g*No
(w—2€)% +4~2

-1
@ Laser result: B(w) = Im [DR(w)} } =K — 2
Uniformly invert TLS
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Strong coupling and lasing — low temperature
phenomenon
g*No

—1
@ Laser result: B(w) = Im [DR(w)} } =K—2y
Uniformly invert TLS
@ Non-equilibrium model

v 292 V+w)— Falw
Bw) dZ[ PG (Folv + ) = Fal))

:K/—f— _—
2r T wrw=—eP+ 2] [+ P 442

Inverts low energy part of homogeneous spectrum
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Strong coupling and lasing — low temperature
phenomenon
g*No

—1
@ Laser result: B(w) = Im [DR(w)} } =K—2y
Uniformly invert TLS
@ Non-equilibrium model

[N PRy )~ Falw))
)= +/ (v +w=ef+22| |+ +72

Inverts low energy part of homogeneous spectrum
@ Non-equilibrium model, T > ~

[Fb €a) — Fa(€q — w)]
P
" Zg — 2¢,)2 + 492

Inhomogeneous broadening required for strong-coupling lasing
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Measuring superfluid density

1. Effect rotating frame
Polariton polarization: (1, 1)) @

2 r2 g2ic
H = )\( Re-2i6  _ 42 )
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Measuring superfluid density

1. Effect rotating frame
Polariton polarization: (¢, ¢r))

2 r2 g2ic
H= )\( Re-2i6  _ 42 )

Ground state Berry phase:

~ [

QAgii = Mw X F =

]
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Measuring superfluid density

1. Effect rotating frame

Polariton polarization: (¢, ¢r)) @
/2 r2g2id
H= )\< rRe-2i6  _y2 )
bf3
Ground state Berry phase: ( o
202
i
At =mMw xr=—-|1—- ——

QA w p FET .

2. Measure resulting current
Energy shift of normal state:
AE = (1/2)mv? = 0.08/m¢? ~ 0.1meV

Energy (meV)
P
&

3-2-10 1 2 3
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