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•  atomic (ASF) and spinor-molecular (MSF) superfluids  
•  atomic-molecular superfluid (AMSF) with finite momentum atomic BEC 
•  quantum and thermal phase transitions 

p-wave 



•  Motivation 
•  Feshbach resonances 
•  Model 
•  Phases and transitions 
•  Excitations 
•  Conclusions  



•  Bosonic Feshbach resonances exist in e.g., Rb87, Rb85,… 
      →→ ultracold coherent bosonic atom-molecule mixtures 

Resonant fermionic systems led to molecular superfluids, BEC-BCS crossover,
strongly interacting superfluid, etc. 

• Allow SF-SF quantum phase transitions (cf. just crossover for fermions)  
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• Bosonic Feshbach resonances exist in e.g., Rb87, Rb85,… 
      → ultracold coherent bosonic atom-molecule mixtures 

•  Resonant fermionic systems led to molecular 
superfluids, BEC-BCS crossover, strongly 
interacting superfluid, etc.  

• Allow SF-SF quantum phase transitions (cf. just crossover for fermions)  



Feshbach resonance (Fermi) 

Physical Review Letters 92, (2004)



• Bosonic Feshbach resonances exist in e.g., Rb87, Rb85,… 
      → ultracold coherent d bosonic atom-molecule mixtures 

• Resonant fermionic systems led to molecular superfluids, BEC-BCS crossover,
strongly interacting superfluid, etc. 

•  Allow SF-SF quantum phase transitions (cf. just crossover for 
fermions) even for s-wave resonance  

original proposal in continuum: 
LR, Park, Weichman, PRL ’04 
Romans, et al, PRL’04 

more recently on lattice: 
-  Diehl, et al, 2010 
-  Ejima, et al, 2011 (DMRG) 
-  Bonnes, Wessel, 2011 (QMC) 

Ising 



•  tunability (strength and sign) of interactions (sudden and adiabatic) via 
   Feshbach resonances 
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see also:  
Sachdev + Read ’91 
(spin liquids) 



•  two distinguishable open-channel bosonic atoms: 
•  p-wave closed-channel molecule:  

•  model: 

- detuning 



conserved: 
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large negative detuning 
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large positive detuning 



large positive detuning 

Esry, Greene ‘97 



intermediate detuning 



intermediate detuning 

transition to AMSF at νc1 (μ+ = 0 > μ-) 

BEC momentum physics of Q ≠ 0: 

(tunable with ν) 
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 co-linear (FF) for MSFPolar 
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•  AMSFPolar  

•  AMSFFM  

  OP:  

  breaks:  

  GM: θ1 , θ2 , φ ,             Higgs’ed:  θc , θs   

Q

  

FM
  OP:  

  breaks:  

  GM: θ1 , θ2 , φ ,     ,             Higgs’ed:  θc , θs , γ  
Q
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MSFp AMSFp 

Abelian Higgs (quantum de Gennes) model: 



•  momentum distributions nk
(a) , nk

(m) 

•  Bragg peaks at Qn in AMSF 

•  thermodynamic singularities at transitions 

•  excitation spectra (phonons, Bogoluibov and spin-wave modes)  

          via Bragg spectroscopy 

Q

•  novel vortices and dislocations 
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•  resonantly interacting Bose gas: 
  atomic and molecular superfluids 
  atomic supersolid, tunable Q(ν) 
  quantum, thermal transitions 
  topological defects… 

•  questions: 
  nature of the AMSF solidity: vortex lattice? 3d crystal? 
  stability? expect short lifetime due to 3-body instabilities 
  … 

•  fixes: 
  optical lattice? 
  avoid immediate vicinity of FBR? 


