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Magnetic quantum crystals

In experiments with ultracold rubidium atoms MPQ scientists create
magnetic quantum crystals made of gigantic Rydberg atoms

Materials with a defined crystal structure are a familiar phenomenon in
condensed matter physics. A crystal exhibits a regular structure, due to a
periodic repetition of its building blocks. The resulting geometry depends
on external parameters such as pressure and temperature, and even
more strongly on the type of interaction between the building blocks, for
example the Coulomb force or the van der Waals force. For the first time a
team of scientists around Prof. Immanuel Bloch (Director at MPQ und
Chair of Experimental Physics at the LMU), in cooperation with theorists
from Dresden, have succeeded in generating incompressible magnetic
quantum crystals containing several hundred rubidium atoms. Depending
on the shape of the crystal and the strength of the magnetization different
geometries are formed. In these experiments the scientists exploit the
extremely enhanced interactions between highly excited gigantic
Rydberg atoms that have a diameter a thousand times larger than ground
state atoms (Science, 27 March 2015).

In their experiment the scientists prepare an ensemble of about 250 to 700
rubidium atoms in an optical lattice — a checkerboard-like pattern of dark and
bright spots generated by crosswise superposition of standing laser waves. The
number of atoms and the intensity of the laser beam are chosen such that each
lattice site is occupied with exactly one atom. For a first series of
measurements the scientists cut out a line-shaped segment, for a second
series a disc-shaped one. This procedure resembles the cutting out of cookies
from flat dough — but with atomic precision! In the next step the sample gets
exposed to laser light that excites single atoms to a so-called Rydberg state.
Here the outermost shell electron is located at such a large distance from the
atomic nucleus that the radius of the atom is blown up by a factor of about
1000. These huge Rydberg atoms repel each other very strongly even when
they are separated by a large distance.

An intriguing question is how the number of Rydberg atoms evolves over time
when the laser radiation is changed, and what kind of structures emerge due to
the repulsive interactions between them. “The influence of laser light on the
state of the atoms can be compared to the magnetization of solid crystals by an
external magnetic field in classical physics”, Dr. Christian Grof3, leader of the
project, explains. “The rubidium atoms play the role of little elementary magnets
that have two orientations with respect to the external field. Atoms in the
ground state correspond to magnets pointing down, i.e. being aligned with the
field, whereas the excited Rydberg atoms are the pendant to magnets pointing
upwards.”

In order to flip single magnets classically one would start to rotate the direction
of the external field. In the quantum physics experiment, the scientists shift the
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frequency of the pump laser across the resonance frequency, simultaneously changing the
laser power. At different times the radiation is switched off, and the “status quo” of the
system is registered. With the technique of fluorescence microscopy single Rydberg atoms
can be directly imaged. That way it is possible to trace the formation of the crystal on the
microscopic scale.
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Fig. 1: With growing system length the number of upwards oriented magnets rises in steps. At each
plateau the system represents an incompressible crystal. The green curve displays the numerical
calculations of a group of theoretical physicists around Thomas Pohl. The insets at each step show
the measured (left) und the predicted (right) distribution of Rydberg atoms.

(Graphic: MPQ, Quantum Many-Body Systems Division)

In addition the scientists investigated how the behaviour changed with the size of the system.
This measurement showed a stepwise rise of the magnetization, revealing plateaus with a
constant number of Rydberg atoms up to a critical system size — the onset of a new crystal
structure (see figure 1). In the plateau regions the system is incompressible as expected for
a crystal. For the elongated system the emergence of crystalline states at different steps of
magnetization is directly apparent. “At the beginning of the pulse we observe delocalized
Rydberg atoms throughout the cloud characteristic for the magnetically disordered phase in
this parameter regime.” Peter Schauld says, doctoral candidate at the experiment. “After a
while the upwards oriented magnets gather at the two ends of the elongated cloud. The next
steps are characterized by the ordering of further Rydberg atoms in between in regular
distances. That way we were able to generate one-dimensional crystals of up to four
Rydberg atoms. The measured dynamics of this process agree very well with the theoretical
expectation.”

A similar behaviour was observed for the two-dimensional disc-shaped ensemble. As before
the geometric structure of the emerging crystal was clearly dependent on the number of
Rydberg atoms (figure 2). “In fact, we find a distinct geometry for each magnetization step”,
Christian Grol3 emphasizes. “The spatial orientation of the resulting quantum crystals is not
fixed, instead, all possible orientations are superimposed. It is the measurement that
determines the orientation that we observe.”

The fragile quantum crystals are interesting not only for their geometry but also for their
magnetic properties. Because the interaction between two Rydberg atoms (the upwards
oriented magnets) is extremely strong and extends over several lattice sites there are always



a couple of ground state atoms in between. This resembles the structure of antiferromagnetic
materials (example: manganese-oxide MnQO), where, however, every second elementary
magnet is oriented opposite to its neighbour.
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Fig. 2: The figure shows single Rydberg crystals of varying sizes as they were observed. The change
of geometry is clearly visible, especially by comparing crystals with six (left) and seven (middle)
Rydberg atoms. (Graphic: MPQ, Quantum Many-Body Systems Division)

Considering the short lifetime of Rydberg atoms — they decay after a couple of ten
microseconds — the generation of distinct crystal phases made of a few atoms is an amazing
experimental success made possible only by the sophisticated methods of high precision
steering of atoms developed in the Bloch group. In the future, this techniqgue might be used to
explore quantum phase transitions and long-range quantum magnets. The demonstrated
level of control over Rydberg many-body systems also is an important step towards the
quantum simulation of dynamical gauge theories in high energy physics. Olivia Meyer-Streng
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