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1. Bragg Scattering as a Probe of Atomic Wavefunctions and Quantum 
Phase Transitions in Optical Lattices 

We have observed Bragg scattering of photons from quantum degenerate 
87

Rb atoms 

in a three-dimensional optical lattice demonstrating how Bragg scattered light directly 

probes the microscopic crystal structure and atomic wavefunction [1].  The intensity of 

the Bragg scattered light is proportional to the Debye-Waller factor which depends on the 

size of the atomic wavepacket at each lattice site.  Our results show that the size is given 

by the ground state of the harmonic oscillator potential at each side.  Furthermore, by 

studying the loss of the Bragg signal after lattice switch off, we could monitor the 

expansion of those wavepackets and show directly that they are Heisenberg limited. 

The spatial coherence of the wavefunction leads to revivals in the Bragg scattered light 

due to the atomic Talbot effect [2].   The decay of revivals across the superfluid to Mott 

insulator transition indicates the loss of superfluid coherence.  This is the near field effect 

connected to the observation of diffraction patterns after long expansion times in the far 

field. 

 

 

Revivals of Bragg scattered light. Bragg scattered intensity vs. the expansion time in three dimensions for 

three different initial lattice depths, where circle is 5 recoil energies ER,  triangle is 8 ER and square is 15 

ER.  Revivals at lower lattice depths indicate coherence of the atoms across multiple lattice sites 

characteristic for the superfluid phase.  Inset is a solution to the one-dimensional Gross-Pitaevskii equation 

with experimental parameters and an initial state of a chain of Gaussian wavefunctions, showing the 

revivals of the density distribution as a function of time. 

2. Correlations and Pair Formation in a Repulsively Interacting Fermi 
Gas. 

Many-body systems can often be modeled using contact interactions, greatly 

simplifying the analysis while maintaining the essence of the phenomenon to be studied. 



Such models are almost exactly realized with ultracold gases due to the large ratio of the 

de Broglie wavelength to the range of the interatomic forces. For itinerant fermions with 

strong short-range repulsion, textbook calculations predict a ferromagnetic phase 

transition the so-called Stoner model.  Here we simulate this system using an ultracold 

gas of fermionic lithium atoms, and observe that the ferromagnetic phase transition does 

not occur.  Previously, sudden changes in the loss rate, kinetic density and chemical 

potential of the gas were observed for strong repulsive interactions [3].  They were 

tentatively explained by a ferromagnetic phase transition, but not conclusively, since the 

smoking gun of ferromagnetism, the formation of domains, could not be observed. 

In our new study, we have rapidly quenched a degenerate Fermi into the regime of 

strong effective repulsion near a Feshbach resonance. The spin fluctuations are monitored 

using speckle imaging [4].  The variance of the spin fluctuations should increase by the 

number of atoms per domain, and diverge at the ferromagnetic phase transition. 

The absence of any major increase of spin fluctuations shows conclusively that the 

samples remain in the paramagnetic phase for arbitrarily large scattering length [5].  Over 

a wide range of interaction strengths a rapid decay into bound pairs is observed over 

times on the order of 10 h/EF (where EF is the Fermi energy) preventing the study of 

equilibrium phases of strongly repulsive fermions.  Recent theoretical work predicted that 

the pairing instability is faster than the ferromagnetic instability [6].  Therefore, Nature 

does not realize a strongly repulsive Fermi gas with short range interaction, and the 

widely used Stoner model is unphysical since it neglects the rapid decay into pairs. 
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