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We study symmetry breaking at the Dicke quantum phase transition by coupling a motional degree of
freedom of a Bose-Einstein condensate to the field of an optical cavity. Using an optical heterodyne
detection scheme, we observe symmetry breaking in real time and distinguish the two superradiant phases.
We explore the process of symmetry breaking in the presence of a small symmetry-breaking field and
study its dependence on the rate at which the critical point is crossed. Coherent switching between the two

ordered phases is demonstrated.
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Theory of atoms in a cavity
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Simple but hard to realize



Single-atom Hamiltonian
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Jaynes-Cummings
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Dicke Model Coupling
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Later: Can be realized by considering the two
motional states of a BEC as “Ground” and
“Excited” states!



Dicke Phase Transition for a BEC

Pump standing wave
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Ficure 2.3.: The distribution of atoms with respect to the combined mode of the cavity and
pump fields. (i) The atoms are distributed equally over all sites suppressing the scattering
due to destructive interference. (1) The atoms are distributed on either the even or odd

sub-lattice, thereby maximizing the scattering of pump light into the cavity.



Fluctuations and spontaneous
symmetry breaking
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Positive feedback!!
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Order Parameter
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F1cURE 2 4.: Ground state below and above the critical pump amplitude 1. The normal
phase 1s characterized by no coherent cavity-field population and a constant atomic density.
A coherent population of the cavity-light field and a modulated atomic field characterize the

ordered phasc.



Driving the phase transition

Competing Effects
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Higher pump power = deeper lattice



So how is this the Dicke Model?
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Motional states!

Controlled by pump
power
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More Intuitively...
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Coupled Momentum States
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Figure 2 | Analogy to the Dicke model. In an atomic two-mode picture, the
pumped BEC—cavity svstem is equivalent to the Dicke model including
counter-rotating interaction terms. a, Light scattering between the pump
field and the cavity mode induces two balanced Raman channels between

P P} = | 0,0}, the atomic zero-momentum state, and | ik, *fik), the diagram.
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Birth of a BEC
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Ficure 3.1.: Timing =sequence and sketch of the experimental apparatus. The atoms are
pre-cooled in a magneto-optical trap, transported into an ultra-high vacuum chamber and
evaporatively cooled to near quantum degeneracy. After optieal transportation, the atoms
are lrapped in the eavily by a crossed-bean dipole Leap where a last step ol evaporalive

coaling yields a BEC.



More experimental details

e 200,000 Rb-87 atoms in the cavity

e Cavity finesse ~ 1075

Pump = 784.5 nm, red detuned 10 cavity
inewidths (from cavity)

Pump is far detuned from atomic resonance




Observations
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Figure 3 | Observation of the phase transition. a-d, The pump power
(dashed) is gradually increased while the mean intracavity photon number
( solid; 20-pis bins) is monitored. After the sudden release of the atomic cloud
and its subsequent ballistic expansion for 6 ms, absorption images ( dipped
equally in atomic density) are made for pump powers corresponding to
lattice depths of 2.6E, (b), 7.0E, (c) and 8.8E, (d). Self-organization is
manifested by an abrupt build-up of the cavity held accompanied by the
formation of momentum components at (p., p.) = | *fik, Thk) (d). The
weak momentum components at (0, = 24ik) (c) resultfrom loading the atoms
into the one-dimensional standing-wave potential of the pump laser. The
pump—cavity detuning was A, = —2n > 14.9(2) MHz and the atom number
was N = 1.5(3) % 10° (parentheses show uncertainty in last digit).



Symmetry Breaking
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FIG. 2 (color online). Observation of symmetry breaking and
steady-state superradiance. Shown are simultaneous traces of
(a) the coupling laser power P, (b) the mean intracavity photon
number nyy,, and (c) the relative time phase ¢ between the
coupling laser and cavity field (both averaged over 150 ws).
The coupling laser frequency is red-detuned by 31.3(2) MHz
from the empty cavity resonance, and the atom number is
2.3(5) 10°. Residual atom loss causes a slight decrease of
the cavity photon number in the superradiant phase.



Phase Diagram
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Figure 5 | Phase diagram. a, The pump power is increased to 1.3 mW over
10ms for different values of the pump-cavity detuning, A_. The recorded
mean intracavity photon number, n, is displayed (colourscale) as a function
of pump power (and corresponding pump lattice depth) and pump—cavity
detuning, . A sharp phase boundary is observed over a wide range of A,
values; this boundaryis in very good agresment with a theoretical mean-field
maodel { dashed curve). The dispersively shifted cavity resonance for the non-
organized atom cloudis marked by the arrow on the vertical exds. b, €, Typical

traces showing the intracavity photon number for different pump—cavity
detunings: A_ = —2m ¥ 23.0(2) MHz, 20-ps bins

(b); A, = —2r ¥ 4.0(2) MHz, 10-ps bins (€). The atom number was

N = 1.0(2) ¥ 10°. In the detuning range

—2n X TMHz= A, = —21 ¥ 21 MHz, the pump power ramp was
interrupted at 540 pW. Therefore, no photon data was taken in the area of
a under the insets.



Conclusions

e Realization of the Dicke model via motional
states of a BEC coupled to a cavity

e Observation of 2" order phase transition

e Exploration of spontaneous symmetry
breaking



Questions?



