Multiple self-organized phases in cold atoms mediated by optical feedback
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Self-structuring via symmetry breaking is a prominent collective phenomenon occurring in cold and ultracold
atoms coupled to optical fields [1]. Experimental realizations by means of trapped dipolar gases and optical cavi-
ties have shed light onto supersolidity and crystallization in out-of-equilibrium atomic systems [2, 3]. Recent work
demonstrated the occurrence of structural transitions between supersolid phases in dipolar condensates [4]. In this
work, we theoretically address 2D structural transitions occurring in an ensemble of cold thermal atoms with effec-
tive optomechanical interactions mediated by a coherent beam retro-reflected by means of a feedback mirror. The
feedback loop scheme is represented in Fig. 1(a), where the dipole potential induces atomic density structures which,
in turn, scatter photons into side-band modes enhancing the potential itself and leading to transverse light-atom self-
structuring, sharing similarities with an effective-Kerr nonlinear medium [5].

The structural transitions above threshold are characterized in terms of three light-density crystalline phases,
namely, hexagonal (H™), stripe (S), and honeycomb (H™) (See Fig. 1(b)), in dependence on an interaction strength
identified by the linear susceptibility of the cloud y = bpA/2(1+ A), where by is the on-resonance optical thickness
and A the atomic detuning. Thus, within the space spanned by (bg,A) with A > 0, we identify phase boundaries in
terms of a weakly nonlinear formalism, based on the real Ginzburg-Landau amplitude equations and corresponding
free-energy functional. This leads to an analytical dependence of the free energy on y for the different phases, where
the corresponding minima determine the observed phase and theoretical boundaries in good agreement with numer-
ical simulations (See Fig. 1(c)). An intriguing consequence of the structural landscape of our system, theoretically
forbidden by the effective-Kerr picture, is given by the recovery of inversion symmetry in the S phase which results
nontrivially from a self-tuning process, i.e., without recurring to externally imposed symmetry-breaking conditions.
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Fig. 1 a) Optomechanical single-feedback-mirror scheme. A far detuned beam of amplitude & illuminates a cloud of atoms of
optical density by and temperature 7. b) Multiple self-structured phases obtained at fixed by and varying A > 0 (blue detuning).
Note the anti-correlated equilibrium intensity |&,|* and density neq transverse profiles. c¢) Free-energy of the three phases above
threshold. The minimum determines the observed phase while the intersections (dashed lines) identify the phase boundaries.
Moreover, we show that the stability of the H™ phases imply the existence of spatial feedback solitons that can
be used as self-sustained atomic traps. Transverse motion of such feedback localized structures can be controlled by
means of phase structured input &_,¢(r), as demonstrated recently in [6].
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