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Bose-Einstein condensation: macroscopic occupation

Polaritons. ~ 20K Atoms. ~ 107K

[Kasprzak et al. Nature, '06] [Anderson et al. Science '95]
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Macroscopic coherence: vortices

Polaritons: Atoms:

[Lagoudakis et al. Nat. Phys. '08] [Abo-Shaeer et al. Science '01]

But also, nonlinear optics:
[Arecchi et al. PRL °91]
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Excitons

Electronic spectrum:

Energy

Momentum
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Excitons

Electronic spectrum:
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Bound state: Exciton,
M ~ me + mh

Approximate Bose statistics:
[Cexciton,ka Clxciton,k/] ~ O K/
If p(aB,exciton)D <1

Jonathan Keeling Polariton condensation UMass Amherst, January 2012 4/32



Excitons

Electronic spectrum:

Energy

Holes
r P

- 2mj

Momentum

i ical rum
Bound state: Exciton, Optical spectru

M ~ mg + mp

Approximate Bose statistics:
[Cexciton,ka Clxciton,k/] ~ O K/
If P(aB,exciton)D <1

H= Z 7-ie+Tih+Z ‘/I](?e+\/1],'7h_ Vi](;'h
I i

e2

erlri — 1l

ij_

Excitons

e-h continuum

Absorption

Jonathan Keeling Polariton condensation

7/ \ Energy

UMass Amherst, January 2012 4/32



Microcavity polaritons

0

Cavity Quantum Wells
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Microcavity polaritons

0

Cavity

Cavity photons:

Quantum Wells

wk = \/w3 + C2k?

~ wy + k?/2m*
m* ~10"*me

Jonathan Keeling

Energy

n=4

n=3

i

Polariton condensation

Momentum
UMass Amherst, January 2012

5/32



Microcavity polaritons
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Microcavity polaritons
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Microcavity polaritons
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Polariton experiments: occupation and coherence

Emission angle, 6 (degree)
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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

@ Polariton traps
[Balili et al. Science '07)]

@ Multimode condensate el : ..

and sharp lines g
[Love et al. PRL ’08] , ————eld T

m % 05
£
o

@m Z 00
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Photon Energy eV)

@ Wavepacket propagation O il e
[Amo et al. Nature ’09] ) 1 -

Jonathan Keeling Polariton condensation UMass Amherst, January 2012 7132




(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]

s
o

Normalized population AN
o
=Y
Relative phase A¢ ()

Time (psec)

___ Superfluidity Vortex ejection Solitons
@ Pattern formation/Hydrodynamics
[Amo et al. Science ’11, Nature '09;
Wertz et al. Nat. Phys '10]
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6 Introduction to polariton condensation
@ What are excitons and polaritons
@ Experimental features
@ Approaches to modelling

e Pattern formation
@ Experiments
@ Modelling pattern formation

e Superfluidity
@ Non-equilibrium condensate spectrum
@ Experiments and aspects of superfluidity
@ Current-current response function

e Coherence
@ Experiments
@ Power law decay of coherence
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0 Introduction to polariton condensation

@ Approaches to modelling

=] = = E = DA
Jonathan Keeling Polariton condensation



Photgy;

jnergy

Exciton

.

Pump bath

Non-equilibrium approach: Steady state, and

fluctuations

H= Hsys + Hsys,bath + Hpath,
Hsys = Z wkwkw}z + Z ga(¢ka + H-C')
k [ System % In—plane momentum
aY Decay
bath

+ Hex [¢a7 d)Ta]
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Exciton

.

Non-equilibrium approach: Steady state, and

Pump bath

Plioig;;

ﬂ/

fluctuations

H= Hsys + Hsys,bath + Hpath,
Hsys = Z wkiﬁkw}; + Z ga(¢ka + H-C')
k [ System % In—plane momentum
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Fluctuations
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Photgy;

ﬂ/

Pump bath \
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Pattern formation:

e Pattern formation
@ Experiments
@ Modelling pattern formation
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Pattern formation in experiments

Polariton Traps Vortex formation Elliptical ring pump
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[Balili et al. Science ’07]

5

S fsuowy wHoN

[Lagoudakis et al. Nat.  [Manni etal. PRL 1]
. Phys '08]
Patterned lattice: Momentum space image

P/Py, - 0.29 1 17 43 29

[Kim et al. Nat. Phys "11]
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Non-equilibrium features in experiment

K, (1/pim)
2 ) 2
a Pump S00Z
4mE
3008
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2008
-30 E
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Nt Phys 10 [ (K)[2 # (k)|

[Wertz et al. Nat. Phys. '10] .
Broken time-reversal symmetry.

[Krizhanovskii et al. PRB '09]
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Complex Gross-Pitaevskii equation
Steady state equation:

(s — wo + i) = X (¥, pus)¥

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

(s — wo + i) = X (¥, pus)¥

@ Local density limit: Gross-Pitaevskii equation

(14 v (r)—v—z])w(r) A (WAr, D)6(r, )

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

(s — wo + i) = X (¥, pus)¥

@ Local density limit: Gross-Pitaevskii equation

v2
(101-+ = | Vin = 3] ) w00 = xtwtr. e
Nonlinear, complex susceptibility

10t lin = Uty
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Complex Gross-Pitaevskii equation
Steady state equation:

(s —wo +ik) P = X (¥, ps)
@ Local density limit: Gross-Pitaevskii equation
v2
(101-+ = | Vin = 3] ) w00 = xtwtr. e

Nonlinear, complex susceptibility

00| i = Ul[*0
iatd}hoss = —"’W Iaﬂ/)|gam Weff@b
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Complex Gross-Pitaevskii equation
Steady state equation:

(s —wo +ik) P = X (¥, ps)
@ Local density limit: Gross-Pitaevskii equation
v2
(101-+ = | Vin = 3] ) w00 = xtwtr. e

Nonlinear, complex susceptibility

10t lin = Uty
iaﬂ/}hoss = —iKkt ’aﬂ/)|ga|n IVeff) — ’r|¢| P
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Complex Gross-Pitaevskii equation
Steady state equation:

(s — wo + i) = X (¥, pus)¥

@ Local density limit: Gross-Pitaevskii equation

(101 in— [V = 5] ) ) = xtwtr. 030

Nonlinear, complex susceptibility

100 lnin = UlY [Py
101 |igss = — iKY 101 gain = ety — iT10 10

2

0 = |~ V) Ul 41 (01— 5= TI01%) [
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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
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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
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Stability of Thomas-Fermi solution

High m modes: dppm =~ ™rm. ..

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

t=0 t=2 t=22 t=30
. . : I :
4 »
)

[Keeling & Berloff PRL '08]
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Why vortices

Density profile
Thomas-Fermi in flattened trap ———

15

-5 0O 5
Cross Section
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Why vortices

% Density profile
2 Thomas-Fermi in flattened trap ———
15
2
‘B
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o
5
-15 1 15

-5 0O 5
Cross Section

Rotating solution: ioy) = (u — 2QL;)%

V-lp(v—=Qxr)]= (metO(ro —r) —Tp)p,

_m. 2 Mo o> o2 Y
,u—2|v Q x| —|—2r(w Q%)+ Up 2m /s
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Why vortices

Density profile
Thomas-Fermi in flattened trap ———
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Why vortices

Density profile
Thomas-Fermi in flattened trap ———
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Why vortices

Density profile
Thomas-Fermi in flattened trap ———
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Superfluidity

e Superfluidity
@ Non-equilibrium condensate spectrum
@ Experiments and aspects of superfluidity
@ Current-current response function
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Fluctuations above transition

When condensed
—Sound model—

—1
Det [DR(w, k)} T g
Q
) % momentum
With ¢4 ~ ck &
Poles:
w* =&k
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Fluctuations above transition

When condensed

— ea|.
—Imaginary

—1
Det [DH(w, k)} = (wtinet)?+Y2e—E2

momentum
Poles:

With &, ~ ck
W' = — et £ \/ 5;% - ’Yﬁet

frequency
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Fluctuations above transition

When condensed

— ea|'
—Imaginary

—1
Det [DH(w, k)} = (wtinet)?+Y2e—E2

_ momentum
With &k ~ ck

Poles:

w'= — IYnet = \/ 5;% - ’Vr%et

@ Generic structure of Green’s function:
[DH]—1 _ ( W‘f‘i’y.net—ek — M /"Ynet_,u
—IYnet — 14 —W — Vet — €k — M

frequency
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Polariton “superfluidity” experiments

@ Quantised vortices in disorder potential
[Lagoudakis et al. Nature Phys. '08]

@ Changes to excitation spectrum
[Utsunomiya et al. Nature Phys. '08]

@ Wavepacket propagation
[Amo et al. Nature '09]

@ Driven superfluidity
[Amo et al. Nature Phys. ('09)
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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

X
v
2

\x N
XN\ N\

v

v
Incoherently pumped ?
polariton condensates

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

@ Two-fluid hydrodynamics

1

Pnormal

Psuperfluid

P/Protal

@ ps, pp distinguished by slow
rotation
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Superfluid density

@ Two-fluid hydrodynamics @ Experimentally, rotation:

1

Pnormal
Psuperfluid

P/Protal

T,

@ ps, pp distinguished by slow
rotation
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Superfluid density

@ Two-fluid hydrodynamics @ Experimentally, rotation:

1

Pnormal
psupen‘luid

P/Protal

@ To calculate,
transverse/longitudinal:

1

@ ps, pp distinguished by slow
rotation
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Superfluid density

@ Currrent:

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

2k + qi
@) = Vg g i

o = = E = vace
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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) — o i+ 4qi
(@) = Vg
@ 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
(@) = Vg
@ 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

@ Vertex corrections essential for superfluid part.
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Calculating superfluid response function
@ Using Keldysh generating functional

i 2
x,'j(Q)z—écﬁi?@i—[é’(e_]q), Z[f,0] = / Dy exp(iS[f, 0])
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Calculating superfluid response function
@ Using Keldysh generating functional

i 2
xq(q)z—écﬁi?@i—%, Z[f,0] = / Dy exp(iS[f, 0])

@ f,0 couple as force/response current.

_ - 0,' f,+0, 2kl+ i C
S[f,0]=5+2(¢c/ ¢Q)k+Q<f,—9/ —0; > qu (iql)k
q

k’q
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Calculating superfluid response function
@ Using Keldysh generating functional
i d?Z[f,0] / .
i(Q) = —c— ', Z[f, 0] = | Dy exp(iS[f,o
@ f,0 couple as force/response current.

_ - 0,’ f,—{—@, 2kl—i_ i C
S[f.01=S+> (Y ¢q)k+q<fi_9i _9/_) zmq (i;)k

k’q
@ Saddle point + fluctuations:
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Calculating superfluid response function
@ Using Keldysh generating functional
i d?Z[f,0] / .
i(Q) = —c— ', Z[f, 0] = | Dy exp(iS[f,o
@ f,0 couple as force/response current.

_ - 0,’ f,—l—@, 2kl—i_ i C
S[f.01=S+> (Y ¢q)k+q<fi_9i _9/_) zmq (i;)k

k.q
@ Saddle point + fluctuations: Only one diagram for y
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Non-equilibrium superfluid response
@ Superfluid response exists because:

ioq; R _ 1\ og;
29 (1,1 0 (qw = 0) (] )

[JK PRL "11]
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Non-equilibrium superfluid response
@ Superfluid response exists because:

ioq; R 1\ og;
AN — — — =
29 (1,1 0 (qw = 0) (] )
@ DF(w = 0)  1/¢q despite pumping/decay — superfluid response
exists.
[JK PRL ’11]
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Non-equilibrium superfluid response
@ Superfluid response exists because:

ioq; R 1\ og;
AN — o — — — =
29 (1,1 0 (qw = 0) (] )
@ DF(w = 0)  1/¢q despite pumping/decay — superfluid response

exists.
@ Normal density:

dw R A

[JK PRL "11]
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Non-equilibrium superfluid response
@ Superfluid response exists because:

e = T (1 1) D0 = 0) () T

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

exists.
@ Normal density:

dw
_ d aw K R A

@ Is affected by pump/decay: 3

. —— Yo/ = 0.0
Does not vanish at T — 0. Y /u=0.1
5 2t — Yo/ = 0.5
£
Z
&
O I
o 1 2 3 4
T/
[JK PRL 1]
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Coherence:

9 Coherence
@ Experiments
@ Power law decay of coherence
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Correlations in a 2D Gas

Correlations: + =

gi(r.¥, 1) = (vH(r.u(r,0) )

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

Correlations: (in 2D) + =

gi(r.¥, 1) = (vH(r.u(r,0) )
~ [t exp |~Dj,(r. ¥ )]

e D<=DK_DR 4+ DA

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

Correlations: (in 2D) + =

a(r. ¥ 1) = (wi(r, (¢, 0))
~ [t exp |~Dj,(r. ¥ )]

@ D<=DK_DF DA
@ Generally, get:

<¢T(r’ t)¢(0,0)> ~ [1bo|* exp [—ap {In(r/ro) t~0

$In(c?t/netrd) r~0
[Szymariska et al. PRL '06; PRB '07]
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Experimental observation of power-law decay

107 107 L L L L L
-15 -10 -5 0o 5 10 15 -15 -10 -5 o 5 10 15
X (um) X (um)

G. Rompos, Y. Yamamoto et al. submitted
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Experimental observation of power-law decay

1.25
1.2}
QQO
1.15 ¢
14 ¢
BR ¢
1.05f o
1k ¢
©
0.95F o ¢
©
09 A L L
(] 100 200 300 400
5 SL . Pumping power (mW)
10 -15 -10 -5 0o 5 10 15 10—15 -10 -5 o 5 10 15
X (um) X (um)

G. Rompos, Y. Yamamoto et al. submitted
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Exponent in a non-equilibrium 2D gas

lim <z/ﬁ(r, 0)y(—r, 0)> = |4o|? exp [—D@(r, —r)} x exp [—apln (Zr_orﬂ

@ Experimentally, ap ~ 1.2

1.25
1.2
1.15)
1.1

ap
<

1.05

0.95| ' ¢

400

=)

100 200 300
Pumping power (mW)
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Exponent in a non-equilibrium 2D gas

2r

<¢T(r, 0)y(-r, 0)> = |4o|? exp [—D(jq&(r, —r)} x exp [—apln (E)}

lim
r—oo

@ Experimentally, ap ~ 1.2

—_ mkgT 1 "
@ In equilibrium a, = ﬁ < I (BKT transition)
™ s
1.25
1.2]
24
115 ¢ ¢
4
a 1.1
S 1.05) o@
1 ¢
¢
. ¢
0.95 QOI
%% 100 400

200 300
Pumping power (mW)
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Exponent in a non-equilibrium 2D gas

<z/ﬁ(r, 0)y(—r, 0)> = [o|? exp [—D(jq&(r, —r)} ox exp [—apln (%)}

lim
r—oo

@ Experimentally, ap ~ 1.2

A kaT 1 .,
@ In equilibrium a, = ———— < - (BKT transition
9 b= oren: <4l )
oy . 1.25,
@ Non-equilibrium theory depends on b
thermalisation. ek 00
¢
a 1.1F
S 1.05F Oo
1k 4
L4
.95 L4
0.95| QOI
%% 100 400

200 300
Pumping power (mW)
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Exponent in a non-equilibrium 2D gas

2r

YRS SRR P I )

@ Experimentally, ap ~ 1.2

@ In equilibrium a, = ———— < - (BKT transition
9 P = 2un2n; < 4\ )
@ Non-equilibrium theory depends on 112
thermalisation. ek 0%
» Thermalised (yet diffusive modes) < b M
a, — kaT S 1.05f o‘)
b 27‘('712[73 1 oo
0.95F QOI L
%% 100 400

200 300
Pumping power (mW)
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Exponent in a non-equilibrium 2D gas

2r

YRS SRR P I )

@ Experimentally, ap ~ 1.2

@ In equilibrium a, = ——— < - (BKT transition
9 P = 2un2n; < 4\ )
e . 1.25
@ Non-equilibrium theory depends on b
thermalisation. ek 000
» Thermalised (yet diffusive modes) < b ¢
kaT S 1.05 M
8 = 535 0 ®
2nh nsl 1 o
» Non-thermalised, ot o 0
Pumping noise 0 3
ap X ——. ) 100 200 300 400
Ng Pumping power (mW)
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Conclusion

@ Instability of Thomas-Fermi and spontaneous rotation

@ Power law decay of correlations

h %) ﬁ' (@ .z

5 w .W o

x(om) o

Plamping power ()
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Extra slides

© GPE stability
@ Detecting vortex lattice
@ Measuring superfluid density

@ Coherence Finite size and Schawlow-Townes

[m] = - =
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Instability of Thomas-Fermi: details

EERE

1
éatp + V- (pV) = (met — Tp)p
2

o+ V(Up+ T+ Tv?) = 0
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Instability of Thomas-Fermi: details

EERE

1
éatp + V- (pV) = (met — Tp)p
2

o+ V(Up+ T+ Tv?) = 0

Normal modes for ynet, [ — 0:

5,0n’m(r, 9, t) — eimehmm(r)eiwn’mt

wnm = w2y/m(1 +2n) +2n(n+1)
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Instability of Thomas-Fermi: details

EERE

1
éatp + V- (pV) = (met — Tp)p
2

o+ V(Up+ T+ Tv?) = 0

Normal modes for ynet, [ — 0:

5pn’m(r, 9, t) == eimehmm(r)eiwn’mt

wnm = w2y/m(1 +2n) +2n(n+1)

Add weak pumping/decay:
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Instability of Thomas-Fermi: details

L1

Unstable growth

1
éatp + V- (pV) = (met — Tp)p
2

o+ V(Up+ T+ Tv?) = 0

Normal modes for ynet, [ — 0:

5pn’m(r, 9, t) == eimehmm(r)eiwn’mt

wnm = w2y/m(1 +2n) +2n(n+1)

Add weak pumping/decay:

m(1 +2n)+2n(n+1)—m?
2m(1 +2n) +4n(n+1) + m?

Wn,n — Wnm + [Vnet
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Instability of Thomas-Fermi: details

ERRR

Stabilised

1
éatp + V- (pV) = (met — Tp)p
2

o+ V(Up+ T+ Tv?) = 0

Normal modes for ynet, [ — 0:

i
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

5pn’m(r, 9, t) == eimehmm(r)eiwn’mt

wnm = w2y/m(1 +2n) +2n(n+1)

Add weak pumping/decay:

m(1 +2n)+2n(n+1)—m?
2m(1 +2n) +4n(n+1) + m?

Wn,n — Wnm + [Vnet
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Detecting vortex lattices

25 - -
20
®45 = =
Snapshot Spectrum: " —
5
0

Defocussed homodyne intereference:

0
Kk
x
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Measuring superfluid density

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

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 )

93
Ground state Berry phase: ( ol
0.
é [ 2 ] Eorl
Agi =Mw xr=— |1 - ——
QR r N 0
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Measuring superfluid density

1. Effect rotating frame

Polariton polarization: (¢, ¢r)) @
/2 r2g2id
HZ)\( rre—2i¢  _p2 )

bf3
Ground state Berry phase: ( ol

5 0.
b [ 2 ] Bl

A = M r==- |1 - ——
e = t=r " VAra :

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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Finite size effects: Single mode vs many mode

(w(r 0y, 0)) = [P exp [~ D5, (1, ¥, )]

o = = E = vace
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Finite size effects: Single mode vs many mode

(w1(r, (¥, 0)) = [0l exp [~ D5, (r. ¥, 1)]
D5, (r, ¥, t) from sum of phase modes. Study ct > r limit:

Nmax

¢¢rrt)o<2/2w|(w

lon(r)2(1 — e1)
+/’Ynet) +'7net fn‘

Jonathan Keeling Polariton condensation UMass Amherst, January 2012 38/38



Finite size effects: Single mode vs many mode

(w(r 0y, 0)) = [P exp [~ D5, (1, ¥, )]

D5, (r, ¥, t) from sum of phase modes. Study ct > r limit:

Nmax

¢¢rrt)o<2/27r|(w

lon(r)2(1 — e1)
+/’Ynet) +'7net fn‘
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Finite size effects: Single mode vs many mode

(w(r 0y, 0)) = [P exp [~ D5, (1, ¥, )]

D5, (r, ¥, t) from sum of phase modes. Study ct > r limit:

n ,
. |on(r)[Z(1 — ")
(r,r,t) /
R oy

/’Ynet) + 'Vnet gn‘
A¢ < \/%;et < Emax

D§¢ ~ 1 +In(Emax/ ﬁ)

Epoy!
Ynet e < 7C t
\/T <K AE < Emax M@L D <2’Ynet> (27net>

(Recovers Schawlow-Townes laser linewidth)
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