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e Dicke model for polaritons.

e Summary of results from mean field theory.

e Diversion: Atomic gases near Feshbach resonance — analogies
e Fluctuations in two dimensions; fluctuations with condensate

e Consider crossover between “B.E.C.” and “B.C.S.-like” transition.
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Exciton Polaritons

e Strong coupling of photons to excitons Photon
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Microcavity polaritons

Quantum well excitons coupled to photons confined in a microcavity.
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Why polariton

Why polariton condensation:
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Why polariton condensation

Why polariton condensation: iy P
m. ~10 m Upper
i . /Pollolo't
o Polariton mass 10~ *mejectron, high k. \ artton
e Photon component — Non-classical light.  Qw Exciton
\
e Greater control. Lower
" Polariton
m__.=2m
pol ph

Problems?

e Cavity lifetime is short (ps), hard to thermalise.
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Polariton Experiments

Non-linear ground state occupation.
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Polariton Experiments (2)

Second order coherence of photons.
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Localised two level systems
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Localised two level systems
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/

2 Level systems
e Effective hard-core exciton-exciton interaction exists.
e Energy difference between levels represents energy of bound exciton state.
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The Dicke Model Hamiltonian
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The Dicke Model Hamiltonian
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Assume thermal equilibrium with fixed number of excitations, H = H — ulN
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Mean field theory

At zero temperature, BCS-like ansatz is exact minimum
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Fluctuation spectrum

Consider fluctuations about mean field — Poles of greens function for
photon response.
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Fluctuation spectrum

For small Kk, linear
dispersion mode,

& = +ck + O(k?)

At large k, recover bare
exciton /photon spectra.

Consider fluctuations about mean field — Poles of greens function for
photon response.
15 | l T l T T l /|
6 I I I | I I I I
B LT T T
- T ) T -
H 1_| B . I B —__
S| 2 - 3L -
Q | :’//_: - 1 |
: 05101 02 03" T oo
IT).S— Q/ 102 . l/ 1020 2|
Npn co Sed Condensed
O ] | ] | ] | ] | ]
0 0.1 3 0.4 0.5

J. Keeling, MIT CMT Informal Seminar, 2005

0.2 )
Density

10



BCS-BEC crossover in a system of microcavity polaritons

Diversion: Feshbach resonance

Condensation in system of bosons coupled to fermion pairs — analogies to
Feshbach resonance.
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Condensation in system of bosons coupled to fermion pairs — analogies to
Feshbach resonance.

A e Interaction  between  fermions
S Closed channe depends on spin states.
D Bound states /
T
g / /—’ e At resonance, “strong-coupling” of
Particle separation ) Z)
M — ——————= atoms and molecule: % - S
|\ -
Open channel e Detuning gives crossover from BCS

of atoms to BEC of molecules.
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Comparison of physical systems:
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Diversion: Analogies and differences

Comparison of physical systems:

Feshbach resonance
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Atoms

Inter-channel coupling
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Diversion: Analogies and differences

Comparison of physical systems:

Feshbach resonance
Closed channel molecules
Atoms

Inter-channel coupling
Background potential

Microcavity Polaritons
Microcavity Photons
Electron/Holes

Electric dipole interaction
Coulomb attraction

Trree

Important differences

e Polaritons: Measure only emitted photons.

e Cannot dynamically change exciton-photon detuning.

J. Keeling, MIT CMT Informal Seminar, 2005 [Contentd



BCS-BEC crossover in a system of microcavity polaritons

Diversion: Holland-Timmermans model

One model of Feshbach resonance, very similar to Dicke model:
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Gives energy dependant fermion-fermion scattering.
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Diversion: Holland-Timmermans model

One model of Feshbach resonance, very similar to Dicke model:

H—uN = Z(ek - ,u)c,tﬁck,a + Z(Ek + 2A — 2,u)b,1bk
k,o k

T T T
T 9 Z (ch—k+q/27ick+q/2ﬁ T Ck+q/2,TC—k+q/2,ibQ>

k,q
u bt
B 5 Z Ck+Q7TCk5/_Q7le7le/’T
k,k’,q

Gives energy dependant fermion-fermion scattering. Unnecessary for current
experiments. e.g. [Simonucci et al. Europhys. Lett. 69 713 (2005)]
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BCS-BEC crossover in a system of microcavity polaritons

Comparing mean field theories

General form

L _ /l/s(e)tanh(ﬁ(e_’u))de

Ueff € — U
BCS superconductor Holland-Timmermans Dicke model
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BCS-BEC crossover in a system of microcavity polaritons

Comparing mean field theories

General form

1

Ueff

BCS superconductor

A

€E— U
Holland- Timmermans

DOS

Occupation

Energy

J. Keeling, MIT CMT Informal Seminar, 2005
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BCS-BEC crossover in a system of microcavity polaritons

Comparing mean field theories

General form

A

o= [ v

BCS superconductor Holland-Timmermans

DOS

Occupation

tanh(5(e — p))
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BCS-BEC crossover in a system of microcavity polaritons

Comparing mean field theories

General form

L _ /l/s(e)tanh(ﬁ(e_’u))de

Uett c— H
BCS superconductor Holland-Timmermans Dicke model
A A
5OS Occupation
DOS
Occupation
Energy ) = Energy €ex ~

1 () 1 Q)
5= (7). = v (),
U T Ubs + 2= g
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BCS-BEC crossover in a system of microcavity polaritons

Comparing mean field theories

General form

1 :/l/s(é)tanh(ﬁ(e_'u))de

Ueff € — U
BCS superconductor Holland-Timmermans Dicke model
A
A 50S Occupation
DOS
Occupation

Energy ) = Energy €ex -
1 Q 1 Q _ tanh(3(e., —
— =v(u)In (—), 2 = v(p) In <_>7 * 2,u: anh(6(e 1)
U T Ubg _|_ AJ—,U T g 6627 T /’L
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BCS-BEC crossover in a system of microcavity polaritons

Fluctuation corrections

e Consider crossover to BEC with changing density.
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BCS-BEC crossover in a system of microcavity polaritons

Fluctuation corrections

e Consider crossover to BEC with changing density.

e Treatment similar to [Nozieres € Schmitt-Rink J.L.T.P 59 195 (1985)]

e However:

o Two dimensional system — consider Kosterlitz-Thouless
o Boson field dynamic, with chemical potential — similar to Holland-
Timmermans model, e.g. [Ohashi & Griffin, PRA. 67 063612 (2003)]
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BCS-BEC crossover in a system of microcavity polaritons

Fluctuations in 2d

==

Superfluid density

\
\
\
\

—

Temperature Tt To
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BCS-BEC crossover in a system of microcavity polaritons

Fluctuations in 2d

==

Superfluid density

\
\
\
\

Temperature Tt To

2m/~cBT

ps = # 72
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BCS-BEC crossover in a system of microcavity polaritons

Fluctuations in 2d

==

Superfluid density

\
\
\
\

Temperature Tt To

2m/~cBT

ps = # 72
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BCS-BEC crossover in a system of microcavity polaritons

Fluctuations in 2d

A

=
D
T
L®)
2
=
T
o

3 .

Temperature Tt To
2kaT
Ps = #T

J. Keeling, MIT CMT Informal Seminar, 2005

Need Psf = Ptotal — Pnormal-
Pnormal found by current response:

Ji(a) = xij(q)Fj(a).
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BCS-BEC crossover in a system of microcavity polaritons

Fluctuations in 2d

A

=
D
T
L®)
2
=
T
o

3 .

Temperature Tt To
2m/<:BT
Ps = #T

J. Keeling, MIT CMT Informal Seminar, 2005

Need Psf = Ptotal — Pnormal-
Pnormal found by current response:

Ji(a) = xij(q)Fj(a).

diq; qiq;
Xij = XL q2‘7 + X1 (5@‘ — q—;)

Thus Pnormal — mXT(q — 0)
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BCS-BEC crossover in a system of microcavity polaritons

Fluctuations in 2d

A
2
% Need Psf = Ptotal — Pnormal-
< Pnormal found by current response:
E Ji(a) = xij(a)Fj(q).
3
R qiq; qiq;
S Xij = XL—5+ + XT (5@‘ — —23>
Temperature Tt To q q
2kaT Thus Pnormal — mXT(q — 0)
Ps = #T

Thus, need to find: ptotal in presence of condensate.
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BCS-BEC crossover in a system of microcavity polaritons

Fluctuations in presence of condensate

Density is total derivative of free
energy:

_ OF  dypo OF
£ O dp 0o
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BCS-BEC crossover in a system of microcavity polaritons

Fluctuations in presence of condensate

Density is total derivative of free
energy:

_ OF  dypo OF
£ O dp 0o

Write F' = F, ¢ + Fauct.

J. Keeling, MIT CMT Informal Seminar, 2005
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BCS-BEC crossover in a system of microcavity polaritons

Fluctuations in presence of condensate

Schematically,

Density is total derivative of free Fane = —kpTn <e—ﬁ(HﬂuCt[¢0]—,upuncondensed)>
energy:

_ OF  dypo OF
£ O dp 0o

Write F' = F, ¢ + Fauct.
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BCS-BEC crossover in a system of microcavity polaritons

Fluctuations in presence of condensate

Schematically,

Density is total derivative of free Fane = —kpTn <€—ﬁ(HﬂuCt[¢0]—upuncondensed)>
energy:

OF  diyg OF By definition, 0Fy,¢./0%g = 0, so:
7T T0p T du ady

Write F' = F, ¢ + Fauct.
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BCS-BEC crossover in a system of microcavity polaritons

Fluctuations in presence of condensate

Schematically,

Density is total derivative of free Faww = —kgpTln <e—ﬁ(HﬂuCt['¢0]—upuncondensed)>
energy:

OF  diyg OF By definition, 0Fy,¢./0%g = 0, so:
7T T0p T du ady

L ( CWO a‘Fﬂuct> aFﬂuct
P =\ Pm.f. — -

Write F' = Fi ¢ + Fauct. dp - Oy O
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BCS-BEC crossover in a system of microcavity polaritons

Fluctuations in presence of condensate

Schematically,

Density is total derivative of free Faww = —kgpTln <€—5(Hﬂuct[zp0]—upumondensed)>
energy:

_ OF  dyp OF By definition, 0Fy,¢./0%g = 0, so:
7T T0p T du ady

L ( CWO a‘Fﬂuct> aFﬁuct
P =\ Pm.f. — -

Write F' = Fi ¢ + Fauct. dp - Oy O

Condensate depletion changes critical chemical potential.
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BCS-BEC crossover in a system of microcavity polaritons

Simple example: Weakly interacting Bose gas

9
H — uN = Z(ek — ,u)a,iak + 5 Z a£+qa2,_qakak,.
k kik'\q
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Simple example: Weakly interacting Bose gas

9
H — uN = Z(ek — ,u)aliak + 5 Z a£+qa2,_qakak,.
k kiK' \q

0 6’ '— Mean field density (u/g)|

o
N
1
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Chemical potential

J. Keeling, MIT CMT Informal Seminar, 2005 [Contents 18



BCS-BEC crossover in a system of microcavity polaritons

Simple example: Weakly interacting Bose gas

9
H — uN = Z(ek — ,u)aliak + 5 Z a£+qa2,_qakak,.
k kiK' \q

| |— Mean field density (u/g)

0.6 | Depleted condensate density i
0.4 |
& 0.21 ]
D L

0
0.2- |
1 ) l ‘ 1

05 _ . 0 05
Chemical potential

J. Keeling, MIT CMT Informal Seminar, 2005 [Contents 18



BCS-BEC crossover in a system of microcavity polaritons

Simple example: Weakly interacting Bose gas

9
H — uN = Z(ek — ,u)aliak + 5 Z a£+qa2,_qakak,.
k kiK' \q

| |— Mean field density (u/g)
0.6] | Depleted condensate density ]
- |— Total density
@04l |
= :
502 1 Normal state exists for u > O:
| Need self
. / eed self energy.
L /
/
0.2f 7
-1 | | | 1

05 _ . 0 .05
Chemical potential
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BCS-BEC crossover in a system of microcavity polaritons

The phase diagram

Calculate density where pgyperfivia = 0.

o o ~ |BECof -7 ]
. hotons .-~ .~ |
1ok [— Meanfidd A
: ---M=0.05 APCE
I M=0. PR
o M=0. P
5 M=0.
® =
e E
g ,
— BCS-like regime 1
0. 3
S |
=~ .- ,.~ .~ BEC of polaritons
0_01-‘\*‘m innnafln o nnnanaln 0 nononnnnal Lnar
0.001 0.01 1 10

0.1
Density
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BCS-BEC crossover in a system of microcavity polaritons

The phase diagram

Calculate density where pgyperfivia = 0.
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BCS-BEC crossover in a system of microcavity polaritons

The phase diagram

Calculate density where pgyperfivia = 0.
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BCS-BEC crossover in a system of microcavity polaritons

The phase diagram

Calculate density where pgyperfivia = 0.

R T oF B - :
_ hotons -~ .- ’ ’ 1
10} _Meanfleld p // /'/ 3 ? 7
- ---M=005 AT I ] |
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&~ .+ ,7 .~ BECof polaritons T = ﬁ 2 0 A g\/ﬁ
001=500i 601 o1 1 ~10 deg ° —In(p/n)
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0.1
Density

Current experiments in BCS-like regime: pcrossover/M

experiments around p/n = 0.01.
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BCS-BEC crossover in a system of microcavity polaritons

Conclusions

e Including fluctuations, B.E.C. transition at low density, internal structure
matters at higher densities.

[Keeling et al., Phys. Rev. Lett. 93 226403 (2004)]
[Keeling et al., Phys. Rev. B 72 115320 (2005)]
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Conclusions

e Including fluctuations, B.E.C. transition at low density, internal structure

matters at higher densities.
e Fluctuations in 2D require considering fluctuations in condensate

e Fluctuations in condensate deplete order parameter.

e Density crossover set by wavelength, so experiments in B.C.S. regime.
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Conclusions

e Including fluctuations, B.E.C. transition at low density, internal structure

matters at higher densities.
e Fluctuations in 2D require considering fluctuations in condensate

e Fluctuations in condensate deplete order parameter.

e Density crossover set by wavelength, so experiments in B.C.S. regime.
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BCS-BEC crossover in a system of microcavity polaritons

Supplementary material
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BCS-BEC crossover in a system of microcavity polaritons

Experimental signatures: N(k)

From spectrum find:

N(k) = (L(r + mun(n))
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BCS-BEC crossover in a system of microcavity polaritons

Experimental signatures: N(k)

From spectrum find:

_ T 1000 T ‘ Y : Y |
N (k) = (w}(r + n)ey(r) e
: o 0.4 <«
100/} = ]
_ £
Can calculate if: : 205
10 & -
= r -
e Uncondensed, S | ]
TN 0.1
e or low 7', phase fluctuations. i B T
0.1+ T~ T =
0.0%5 0.05 01 0.15
k
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BCS-BEC crossover in a system of microcavity polaritons

Experimental signatures: N(k)

From spectrum find:

_ T 1000 T ‘ Y : Y |
N (k) = (w}(r + n)ey(r) e
: o 0.4 <«
100/} = ]
_ £
Can calculate if: : 205
10 & -
= r -
e Uncondensed, S | ]
TN 0.1
e or low 7', phase fluctuations. i B T
0.1+ T~ T =
Universal form: ;
0.0%5 0.05 01 0.15
n k

N(p) x : =
(p) PO = BT
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BCS-BEC crossover in a system of microcavity polaritons

Inhomogeneous broadening — spectral weight

With inhomogeneous broadening of exciton energies, lines become

broadened.
Can plot G (iw = z + in), absorption coefficient.

J. Keeling, MIT CMT Informal Seminar, 2005
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BCS-BEC crossover in a system of microcavity polaritons

Inhomogeneous broadening — spectral weight

With inhomogeneous broadening of exciton energies, lines become
broadened.

Can plot 3G (iw = z + in), absorption coefficient. Figures for broadening,

0.3gy/n other parameters as previously.
6
1
0.5
0
-0.5
-1

w-H
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BCS-BEC crossover in a system of microcavity polaritons

Inhomogeneous broadening — spectral weight

With inhomogeneous broadening of exciton energies, lines become
broadened.
Can plot SG(iw = z + in), absorption coefficient. Figures for broadening,

0.3gy/n other parameters as previously.
6

w-H

0 0.1 0.2 0.3
k

Note Goldstone mode is not broadened.
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BCS-BEC crossover in a system of microcavity polaritons

Inhomogeneous broadening: What the spectrum means

Absorption probability is:

Pabsorn (%) = _ |{m |67 n)|* 2T =E5 (@ — Ern) = (14 n())pu. (@)

n,m
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BCS-BEC crossover in a system of microcavity polaritons

Inhomogeneous broadening: What the spectrum means

Absorption probability is:

Pabsorb Z’ mW‘n ‘ € A En)é(aj_ mn) (1—|—TLB(ZE)),OL(ZC)

Emission probability is:

Pt ( Z |(m || n) B<F_E”)5(x + Fon) = n(x)pL(z).
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BCS-BEC crossover in a system of microcavity polaritons

Inhomogeneous broadening: What the spectrum means

Absorption probability is:

Pabsorb Z’ mlwwn ‘ € A En)é(aj_ mn) (1+nB(:E)):0L(ZC)

Emission probability is:

Pt ( Z |(m || n) B(F_E”)5(x + Fon) = n(x)pL(z).

Where pr,, the difference is given by:

,OL(x) — %1_)1% \sg(zw =T+ 277) Pabsorb(x) — Pemit(aj)-
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BCS-BEC crossover in a system of microcavity polaritons

Inhomogeneous broadening — Emission probability

Alternative plots: P Figures for broadening, 0.1g4/n other parameters

as previously.
6

AR
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