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Lithium-Sodium Lab “BEC 1” 
A number of interacting Fermi 
systems – strongly interacting 
Fermi gases, 2-dimensional Fermi 
gases, spin-orbit coupled Fermi 
gases – are considered to 
describe important natural 
phenomena and yet are 
notoriously difficult to investigate 
theoretically. We emulate such 
model systems with 6Li atoms 
cooled with sodium atoms 
serving as refrigerator. Our 
research provides insight into 
natural phenomena such as high-
Tc superconductors, neutron 
stars, quantum Hall effect, and 
topological phases. 

Thermodynamics of a Strongly Interacting Fermi Gas 

Ultracold atoms interacting as strongly as quantum mechanics allow serve as 
model systems for other strongly interacting Fermi systems, such as, neutron 
stars, quark gluon plasma, and high-Tc superconductors. Through precise 
measurement of its thermodynamics, we observe signature of the superfluid 
transition (e.g. in the heat capacity as shown, which displays characteristic l-
like feature) and provide a benchmark for theories. 
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Ku et al, Science 335, 563 (2012)  

Pairing in Two-Dimensional Fermi Gases 
Applying a strong periodic potential along one direction confines the gas to an 
array of two-dimensional layers. Unlike in three dimensions, atoms in two 
dimensions can form molecules regardless of how weakly they are attracted. 
We have studied the binding energy of dimer molecules in one-dimensional 
optical lattices, varying the lattice strength and the interaction between the 
atoms. We see that binding is enhanced even for moderate lattice strengths, 
before reaching the limit of two-dimensional confinement. 
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Lattice Depth 

Sommer et al., Phys. Rev. Lett.  108, 045302 (2012) 

To the left we plot 
the measured 
binding energy 
versus lattice 
strength for three 
different 
interaction 
strengths, each 
too weak to allow 
binding without 
the lattice. 

Spin Orbit Coupled Fermi Gases 

Li-Na-K Machine “FERMI 1” 
The “LiNaK” machine is capable of 
simultaneously trapping and cooling 
lithium, sodium, and all potassium 
isotopes down to a few hundred nK. 
This amazing versatility combined 
with the precision of atomic physics 
allows us to observe and study novel 
phases of matter and shed light on 
difficult physical problems such as 
high Tc superconductivity and 
quantum magnetism.  
Currently, we are focusing on 
creating a quantum gas of fermionic 
dipolar molecules, where the 
quantum behavior is dominated by 
anisotropic, long-range dipole-
dipole interactions.  
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Strongly Interacting Bose-Fermi Mixture of 23Na-40K 

Creation of Fermionic Feshbach Molecules of 23Na-40K 

Towards Ground State Molecules of 23Na-40K 

Achieving ultracold temperatures and having a knob to tune the interaction 
strength of the trapped atoms are two prerequisites for studying novel quantum 
behavior in trapped alkali gases. 
In our lab, we created for the first time a quantum degenerate Bose-Fermi 
mixture of 23Na and fermionic 40K. The interaction strength between 23Na and 
40K can be easily tuned by using what’s called a “Feshbach resonance.” We 
found over 20 such resonances, some of them exceptionally broad.  

Park et al, PRA 85, 051602(R) (2012) 

Wu et al, PRL 109, 085301 (2012) 

Ultracold gases of dipolar molecules not only offer the prospect to create 
fundamentally new quantum phases of matter, but also open new routes in 
quantum information processing. 

A Feshbach resonance is a magical tool which allows you to tune the scattering 
length of colliding atoms by applying a carefully chosen uniform magnetic field. 
This resonance can also be used to create loosely bound excited molecules. We 
recently created the first Feshbach molecules of 23Na-40K. These fermionic NaK 
molecules are exceptionally long lived (>100ms), giving us enough time to 
perform efficient transfer to the absolute ground state. 

The left figure shows a set of absorption images of 
the trapped atoms after time of flight. Below, a 
typical loss spectroscopy data of a Feshbach 
resonance is shown. 

To the right we show the radio frequency 
spectra of associating Feshbach molecules 
of NaK. An absorption image of the 
molecules are shown below. 

Heteronuclear ground state molecules compared to atoms can have large 
induced electric dipole moments which interact via dipole-dipole interaction. 
Dipole-dipole interaction is anisotropic and long-ranged, and a host of new 
physics including exotic phases of matter will emerge at ultracold temperatures. 
Also, dipolar molecules will be useful as qubits in quantum information 
processing. 
Ground state molecules can be created from loosely bound Feshbach molecules 
by applying two phase coherent laser beams to bridge the binding energy 
difference. NaK ground state molecules in particular will be the first chemically 
stable molecules at ultracold temperatures, and the atomic physics community 
is very excited about the fruitful prospects. 

Below, we show a possible two photon STIRAP scheme to transfer the NaK Feshbach molecules 
into the absolute ground state. An octave-spanning frequency comb will be used to mediate the 
phase coherence of the two lasers. 

Our group studies ultracold gases near Absolute Zero temperature. At temperatures a million times colder than interstellar space, and at densities a million times 
thinner than air, quantum mechanics takes center stage: Atoms behave as waves, they interfere like laser light, and form novel states of matter, such as Bose-Einstein 
condensates and fermionic superfluids. In ultracold Fermi gases, atoms team up in pairs that can flow without friction. This is directly related to superconductivity in 
metals, where electron pairs transport current without resistance. In contrast to bulk materials, we can freely tune the interaction between atoms and, for example, 
explore the crossover from a Bose-Einstein condensate of tightly bound molecules to a Bardeen-Cooper-Schrieffer superfluid of long-range fermion pairs. Our goal is 
to use these gases as model systems for strongly interacting quantum matter, from High-Tc superconductors to Neutron Stars. 

Towards a Fermion Gas Microscope  
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Strongly correlated electron systems are technologically important but very 
poorly understood. 

Goal: Single-site imaging of fermions in a lattice 

Main Chamber Design: from the side 

Spintronic Devices 

Ultracold atomic gases can simulate strongly 
correlated electronic physics in a controllable 
manner. 

Atoms in an optical lattice potential 

 An optical lattice provides a periodic potential 
that mimics a crystal structure in a solid and 
fermionic atoms mimics valence electrons 
that give the electronic properties of the 
material. 

In our lab, we are building an experiment to 
observe fermionic 6Li and 40K atoms in an 
optical lattice with single side resolution. 

 A high-resolution imaging system allows 
detection of fermionic atoms on individual 
lattice sites.  
Single-site single-atom resolution opens many 
new frontiers like directly imaging fluctuations 
and correlation functions, engineering new 
Hamiltonians, addressing individual fermions, et 
cetera. 

Previous work at Harvard and Munich has 
achieved single-site detection for bosonic 
atoms. 

 Bakr et al., Nature 462, 74-77 (2009)  Sherson et al., Nature 467, 68-71 (2010) 

 Matter is made of fermions  
↓  

a fermion microscope! 

An Application: Fermi-Hubbard Physics 

 Esslinger, Ann. Rev. of Cond. Matt. Phys. 1, 129-152 (2010)  

Joerdens et al., Nature 455, 204-207 (2008) . Rev. 
of Cond. Matt. Phys. 1, 129-152 (2010)  

Direct imaging of both the Mott 
insulating and the antiferromagnetic 
phases in the Fermi Hubbard model 
might be possible. 

Experimental Concept 
Three species machine: 
- Two fermionic species: 40K and  6Li  
Bosonic sympathetic coolant:  23 Na  

Main Chamber Design: from the top 

Current State of the Experiment: 

We are starting our experiment with 40K atoms. So 
far, they are trapped in the main chamber. Currently, 
23Na is about to come in to play as sympathetic 
coolant.  Next step is to cool 40K further and put 
them into the optical lattice. 
 

23Na atoms are going to the main chamber! 

The coupling of the spin of electrons to their motional state lies at the heart of 
recently discovered topological phases of matter. Here we create and detect 
spin-orbit coupling in an atomic Fermi gas, a highly controllable form of 
quantum degenerate matter. We reveal the spin-orbit gap via spin-injection 
spectroscopy, which characterizes the energy-momentum dispersion and spin 
composition of the quantum states. For energies within the spin-orbit gap, the 
system acts as a spin diode. To fully inhibit transport, we open an additional spin 
gap, thereby creating a spin-orbit coupled lattice whose spinful band structure 
we probe. In the presence of s-wave interactions, such systems should display 
induced p-wave pairing, topological superfluidity, and Majorana edge states. 

Above, we show the spinful energy-momentum dispersion as measured via spin-injection 
spectroscopy. The color of the two energy bands indicate the spin state of the atom, which is 
locked to the momentum via spin-orbit coupling. 

Cheuk et al., Phys. Rev. Lett.  109, 095302 (2012) 
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