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Quantum Simulator for Complex Electronic Materials

Researchers from MPQ, Mainz, Cologne and Jiilich simulate complex elec-
tronic insulator with ultracold atoms in artificial crystals of light

The design of new materials with specific properties is a difficult and im-
portant challenge in physics and chemistry. Nobel Prize winner Richard P.
Feynman in 1982 therefore suggested to build a “quantum simulator” in
order to understand and predict the properties of complex materials by
simulating them using an artificial, but highly controllable different quan-
tum system. In the latest issue of the journal Science a team of scientists
led by Prof. Immanuel Bloch, director at MPQ and chair of physics at the
Johannes Gutenberg Universitidt of Mainz show how to simulate the proper-
ties of electrons in a real crystal by using ultracold atoms trapped in an
artificial crystal formed by interfering laser beams - a so called optical lat-
tice. The researchers from the University of Mainz, the University of Co-
logne and the Forschungszentrum Jiilich succeeded in demonstrating one
of the most dramatic effects of the electron-electron repulsion: When the
interactions between the electrons get too strong, a metal can suddenly
become insulating. The resulting so-called Mott-insulator is probably the
most important example of a strongly correlated state in condensed matter
physics, and it is a natural starting point for the investigation of quantum
magnetism. In addition, high temperature superconductivity is found to
arise in close proximity to it.

"Atoms in an optical lattice are a nearly perfect quantum simulator for electrons in
a solid, as they offer a very flexible model-system in a clean and well-controlled
environment" explains Ulrich Schneider from the University of Mainz. Investigat-
ing complex materials and high temperature superconductors is difficult because
of the presence of disorder and many competing interactions in the real crystal-
line materials. "This makes it difficult to identify the role of specific interactions
and, in particular, to decide whether repulsive interactions between fermions
alone can explain high temperature superconductivity" says Prof. Bloch.

In the experiment, a gas of potassium atoms is first cooled down to almost zero
temperature. Subsequently, an optical lattice is created by overlapping several
laser beams. To the atoms, the resulting standing-wave laser field appears as a
regular crystal of hundreds of thousands of individual micro-traps, similar to an
array of optical tweezers. The ultracold atoms, which assume the role of elec-
trons in real solids, will line up at the nodes of this standing-wave field.

By investigating the behaviour of the atoms under compression and increasing
interaction strength, and thereby measuring their compressibility, the experimen-
talists have been able to controllably switch the system between metallic and
insulating states of matter and find evidence for a Mott-insulating phase within
the quantum gas of fermionic atoms. In such a Mott insulating phase, the repul-
sive interactions between the atoms force them to order one-by-one into the reg-
ular lattice structure.
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The observation of the fermionic Mott-insulator in the context of optical lattices opens
up a new possibility to simulate and study strongly correlated states and related phe-
nomena. This is affirmed by the excellent agreement achieved in comparing the expe-
riment with theoretical calculations of modern condensed matter theory performed in
Cologne and Jilich, which included extensive simulations on the Jilich based super-
computer system JUGENE. [I.B.]

Fig.: An artists impression of the fermionic Mott insulating
state: Due to the dominating repulsive interaction every lattice
site is occupied by exactly one atom. The different colors indi-
cate different spin states.
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