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either upwards or downwards. The ground state of the atoms in the BEC corresponds to a 
downwards oriented spin. A microwave pulse which is applied to the BEC now rotates the 
spins such that each atom is in a superposition of both spin states.  

The BEC is then exposed to a state-dependent potential which is exerted by a second micro-
wave field. “Under the influence of this field the atoms are only allowed to collide with atoms of 
the same spin state. Therefore the dynamic evolution of their states depends on the states of 
all other atoms. This effect leads to an entanglement of the atoms”, explains Max Riedel, doc-
toral student at the experiment.  

In a measurement on a BEC of non-entangled atoms, on average half of the atoms are found 
in the ground state (spin downwards), the other half in the excited state (spin upwards). “De-
viations from this mean value that occur from measurement to measurement, lead to a quan-
tum noise that is evenly distributed among the spin components orthogonal to the mean spin”, 
adds Pascal Böhi, another doctoral student.  

In order to investigate the influence of the state-dependent potential on the quantum noise the 
scientists determined the noise for each spin component using yet another microwave pulse. 
As they could clearly demonstrate, for one spin component the noise could be “squeezed” be-
low the limit given by the Heisenberg uncertainty relation. From the observed noise reduction 
the scientists concluded that inside the BEC clusters of at least four atoms are entangled.  

Using entangled ensembles of atoms the precision of atomic clocks could be increased signifi-
cantly. Further applications include highly sensitive atom interferometers for the detection of 
extremely weak forces and the realisation of a quantum gate, a key element in future quantum 
computers. But the scientists also hope to get a deeper understanding of the processes that 
lead to quantum correlations in quantum many body systems.  

The experiments were carried out with support from the Deutsche Forschungsgemeinschaft in 
the framework of the cluster of excellence “Nanosystems Initiative Munich (NIM)” and with 
support from the European Union in the framework of the project “Atomic Quantum Technolo-
gies (AQUTE)”. Olivia Meyer-Streng 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experimental set-up used for trapping atomic clouds with micro chips. 
Photo: Max Riedel, LMU Munich 

 



Original publication: 
Atom chip based generation of entanglement for quantum metrology 
Max F. Riedel, Pascal Böhi, Yun Li, Theodor W. Hänsch, Alice Sinatra, and Philipp Treutlein 
Nature (Advance Online Publication, DOI: 10.1038/nature08988, 31 March 2010) 
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