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Cavity opto-mechanics

Dicke Quantum Phase Transition




Experimental setup
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go = 2m x 10.6 MHz
k = 21 X 1.3MHz
transport ¥ = 27 x 3.0MHz
F = 3x10°
L = 178 ym

dipole trap\\
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probe light

BEC after resonant
probing and free
expansion

See also: Zimmermann, Hemmerich, Stamper-Kurn, Reichel



Spectroscopy

probe laser
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The bare cavity resonance frequency is refractively shifted by BEC

See also: D. Stamper-Kurn group: PRL 99, 213601 (2007), Nat. Phys. 4, 561 (2008)



BEC Cavity Dynamics
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Coupling BEC-Cavity

energy
A

‘>
momentum



BEC as a mechanical oscillator
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-2 0 2 p/hk

W (x,t)=c,(t)|p=0)+c,(t)| p==27k)

W (x,t)] = N +c,+/N cos(2kx)cos(4aw,t)



BEC as a mechanical oscillator




Cavity opto-mechanics with a BEC

H = [P"(x)(2£ £+ 71U cos’ (kx)a'a) W (x) dx— Ara'a—H

&
W(x)=vN|p=0)+&,|+ 27k)
&

H = 4ho, "¢ - Ard'a+ng(E+c')a"a-H
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Cavity opto-mechanics with a BEC

Full Hamiltonian

4

two mode description
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H = 4ho, "¢ - Ard'a+ng(E+c')a"a-H

/T T T

mechanical optical strong coupling: pump/decay
mode mode g=0.3 x

in/out



Cavity opto-mechanics with a BEC
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F. Brennecke, S. Ritter, T. Donner, T. Esslinger, Science 322, 235 (2008)

See also: Stamper-Kurn (Berkeley), Nature Physics 2008



Dynamics of BEC cavity system
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F. Brennecke, S. Ritter, T. Donner, T. Esslinger, Science 322, 235 (2008)



Transverse Pumping
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Theory: H. Ritsch, P. Domokos, Exp. with thermal atoms: V. Vuletic



Phase Transition
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Theory: H. Ritsch, P. Domokos, Exp. with thermal atoms: V. Vuletic



Scattering from a single atom
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Scattering from two atoms: Interference
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Scattering from two atoms: Interference
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Self-organization




Symmetry-breaking
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Observing Self-Organization
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Observing Self-Organization
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Observing Self-Organization
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Observing Self-Organization
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Observing Self-Organization
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Observing Self-Organization
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Observing Self-Organization

Coexistence of:
- non-trivial diagonal long-range order
- off-diagonal long-range order

\

The atoms can be regarded as a Supersolid



Stability
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Stability and Dephasing
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“molecules interacting with a
common radiation field cannot
be treated as independent”
R.H. Dicke (1953)



Super-radiance




Dicke Model

R . \ . .
Hpieke = wala +wol. + ——=(a+a')(Jy + J_)
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On the Superradiant Phase Transition for
Molecules in a Quantized Radiation Field:
the Dicke Maser Model

Kraus Hepp

Physics Department, ETH, Ziirich, 8049 Switzerland

AND

ErLriort H. Ligp*

Mathematics Department, MIT, Cambridge, Mass. 02139, USA

A system of N two-level molecules coupled to finitely many modes of a quantized
radiation field via a truncated dipolar interaction is investigated. The thermodynamic
and correlation functions can be exactly computed in the limit N — co. The system
exhibits_a_second order phase_transition from normal to_superradiance, Different
effective Hamiltonians with linear Heisenberg equations of motion become asymptotic-
ally exact in the limit N —» co.

ANNALS OF PHYSICS: 76, 360404 (1973)



Super-radiant phase transition

Hpjicke = wa'a + woJ. + (a+a)(Jy+ Jo)
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Dicke Model

2\ . .
Hpicke = wala + wod. + ——(a+a")(J4 + J_)
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K. Baumann, C. Guerlin, F. Brennecke, and T. Esslinger, Nature 464, 1301 (2010)
1D theory: D. Nagy, G. Ko'nya, G. Szirmai, P. Domokos, PRL 104, 130401 (2010).



Two-Mode Description

energy diagram momentum diagram
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Pump-cavity detuning (MHz)
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Zero Temperature Phase Diagram
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Pump-cavity detuning (MHz)

=10

Zero Temperature Phase Diagram
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Pump-cavity detuning (MHz)

Zero Temperature Phase Diagram
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K. Baumann, C. Guerlin, F. Brennecke, and T. Esslinger. Nature 464, 1301 (2010)




Phase Sensitive Detection
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Phase Sensitive Detection
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Phase Sensitive Detection
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