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- Recent experimental realization  of spin-orbit coupled 

configurations  provide new challenging many-body physics 

in ultra-cold atomic gases 

 

- Conservation laws are modified  by spin coupling 

                     (current is not conserved)  

 

-   New quantum phases and new phase transitions 

 

- New dynamic properties (to be discussed  today) 

 

- Focus on stripe phase and connections with supersolidity 

Stripe phase exhibits spontaneous  breaking of both 

gauge (BEC) and translational (crystal) symmetries  



BEC with two minima 

 

extzx

zx

V

pkph



 





2

1

2

1

][
2

1 22

00

Two polarized laser beams 

Local rotation in spin space 

Raman coupling fixed  

by laser intensity 



If effective magnetic field  

is zero two minimima are  

given by 

 

Two minima disappear for  
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First experimental  

Implementation with 

BEC’s 

Spielman, Nature 2011) 



stripes  

k=0 min 

Plane wave  

The new quantum phases  
Theory:  

Ho and Zhang (PRL 2011)  

many theoretical papers (……) 

 
Recent Trento paper (Li, Pitaevskii, S.S,  PRL 2012) 

 

 

 

 

 

 

 

 

 



Order parameter in the new phases 

 

I) Stripe phase                                                     + higher 

                                                                                                     harmonics 

 

                                                                            density  

                                                                                           modulations 

 

 

I) Plane wave phase                               or 

 

 

 

II) Zero momentum phase  
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Transition between mixed (stripe)     and 

spin-separated (plane wave) phases 

observed at the predicted value of the  

Raman coupling                    with 

  

Lin et al.,  

Nature 2011 
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Contrast in density modulations is not visible 

in in situ density profile.  

Effects can be more easily revaled by studying  

dynamic behavior (excitation spectrum) 



Rb parameters 

in Spielman exp 

Optimized choice 

with larger 

In Rb        is small. To increase the effects of the 

contrast (fixed by      ) choose larger values of     
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Density modulations at    
2
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Bogoliubov excitation spectrum 
(Martone et al. PRA, 2012) 

Plane wave phase  

 

Despite spinor nature the 

occurrence of Raman  

coupling gives rise to  

a single gapless branch 

 

Occupation of sp state  

with finite momentum  

gives rise to rotonic  

structure. 

 

Anisotropy + parity breaking 

in excitation spectrum 
Raman coupling close to  

transition to stripe phase 



             Stripe phase  

      (Li et al, in preparation) 

 

Emergence of two gapless bands  



Nature of  two  

gapless branches: 

 

Upper branch is a density 

wave. Exhausts static 

structure factor  

       

  

at small q 

 

Lower branch is a spin wave 

at small q. Responsible for 

divergent behavior of S(q) at 

the Brillouin vector 

Density structure factor 

Spin structure factor 

 ),()(  qSdqS

Dynamic structure factor 

measurable with 2-photon 

Bragg spectroscopy 



Dynamic structure factor 

In the interval                             lowest bands are 

not easily excited by density operator  

8.1/1 1  kqx



Questions under investigation 

 

- Effect of stripes on quantum 

depletion of condensate 

 

- Behavior of supercurrents 



Relevant papers in BECs with dipolar    and 

finite range soft core potentials. 









Superfluid 

Normal Solid 

Supersolid 





Smoking gun for supersolidity ? 

 

- Density modulations  

- Double gapless band structure  

- Divergent behavior of S(q)   


