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A simple system consisting of a pair of atoms in a two-site “minicrystal” is able to reproduce the
physics of a widely used model of electrons in a solid.
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Understanding and creating models that explain how
electrons move and interact in metals has been at the
heart of theoretical and experiment efforts for nearly 100
years. One approach to probing these systems is to de-
vise a simple mathematical model of the electrons, which
pares down the complexity of the system to its most
basic elements. The Fermi-Hubbard model is one such
model. It reduces electron behavior to two actions: a
hopping motion between sites in the metal lattice and
an interaction between electrons. The hope is that, de-
spite the model’s simplicity, it might capture observed
behaviors, such as a metal’s transition to being insu-
lating or magnetic. However, the predictions—even of
a simple model—become mathematically prohibitive for
large numbers of electrons. This leaves experiment as a
key tool for testing theories, such as the Fermi-Hubbard
model, by simulating them with real particles that are
easier to control than electrons inside metals [1]. Simon
Murmann and his colleagues at the University of Heidel-
berg, Germany, have created tunable, tailored environ-
ments in which two fermionic atoms display key compo-
nents of the Fermi-Hubbard model [2].

Using ultracold neutral atoms to simulate the Fermi
Hubbard model has been an ongoing endeavor over the
past ten years, representing a frontier in ultracold atomic
physics. Pioneering work used “optical lattices,” in which
interfering beams of light create a periodic structure
for ultracold atoms that mimics the crystal structure
within a metal. The atoms move via quantum tunnel-
ing and interact through collisions [3]. When the in-
teraction energy is small compared to the kinetic en-
ergy, the atoms are largely free to move around (al-
though fermionic atoms—like electrons—cannot occupy
the same lattice site unless their spins are different).
The situation changes as the interaction energy between
atoms is increased. The atoms spontaneously arrange
themselves so that only a single atom occupies each lat-
tice site—a spatial configuration that is called a Mott

insulator because the atoms tend to stop moving in anal-
ogy to electronic motion in an insulating material. This is
a key feature of the Fermi-Hubbard model and is known
as the metal-Mott quantum phase transition [4, 5].
In the Mott phase, the position of one atom affects

that of another, but the spin of the atom at one site
does not influence the spin of atoms on neighboring sites.
However, at sufficiently low temperatures, a new energy
scale kicks in associated with a process known as superex-
change. Superexchange affects how the spins themselves
order on the lattice by exacting a tiny energy cost when
the atoms on nearest sites share the same spin state.
Consequently, for a truly zero-temperature system, one
expects the spins to form a quantum magnet in which the
spins are ordered in an alternating (antialigning) pattern.
Signatures of quantum magnetism in optical lattices have
been observed quite recently by applying ingenious cool-
ing techniques [6, 7]. However, achieving near-zero tem-
peratures with optical lattices has proven experimentally
challenging.
Murmann et al.’s novel approach realizes an extremely

low-temperature fermionic system, which they use to ob-
serve physics at superexchange energy scales. Their ob-
servations are enabled by a versatile optical tweezer plat-
form [8, 9], which can trap ultracold atoms at the beam
center of a highly focused laser. They first prepared a
sample of fermionic lithium atoms of opposing spin by
immersing an optical tweezer in a gas of atoms, to tweeze
out the coldest atoms [8]. By introducing a second op-
tical tweezer next to the first, the researchers created a
tiny two-site crystal. The atoms can “hop” from one site
to the other by tunneling through the potential barrier
that separates them. The researchers induced an inter-
action between the atoms by tuning a magnetic field that
modifies the magnitude of their collision energy. As such,
the system has all the features for simulating the Fermi-
Hubbard model.
The dual tweezer system is uniquely tunable, allow-
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FIG. 1: Researchers have created a simple model of electrons
in a solid by capturing two atoms in a pair of optical tweez-
ers (represented by potential wells). The team can control
the interaction energy (U) between the atoms and observe
how the atoms occupy the two tweezers. For large repulsive
interactions (U → ∞), the atoms are increasingly likely to
be observed in different tweezers (Mott insulator). By con-
trast, large attractive interactions (U → −∞) lead to atoms
pairing on the same site (charge-density regime). (APS/Alan
Stonebraker)

ing Murmann et al. to prepare nearly arbitrary two-
atom quantum states. After selecting a particular state,
the researchers varied the interaction strength and then
observed how the atoms arranged inside their minicrys-
tal. The ability to directly observe single fermions in
an optical lattice has been a challenging and persistent
experimental goal. Murmann et al. succeed at number-
and site-resolved observation by releasing atoms from one
tweezer and recapturing them in a large magnetic trap,
where they can be fluorescently imaged. The group’s
technique allows detailed characterization of the current
two-particle system and, importantly, can be extended
to larger modestly sized samples.

As they cranked up the repulsive interactions between
the fermions, Murmann et al. observed the two-particle
analog of a Mott-metal transition. When the interactions
are small, the atoms either occupied the same optical
tweezer or different ones, exhibiting a metal-like freedom
of movement. By contrast, for strong repulsive interac-
tions, the atoms preferred to occupy different sites, as
expected for a Mott insulator (see Fig. 1). Furthermore,
by tuning to attractive interactions, the researchers ob-
served the onset of the two-particle analog of the “charge-
density regime,” in which the atoms pair up to always
occupy the same optical tweezer, but without preference
for one site over the other.

The researchers were also able to measure the energy
of the total system and how it varied with the interac-
tion energy. They used this spectroscopic capability to
compare two different excited states, whose energy dif-
ference is known to be influenced by the superexchange
energy scale. They observed that the energy splitting
decreased with increasing interaction energy, in beauti-

ful correspondence to the two-site Fermi-Hubbard model
prediction.
By benchmarking a platform that mirrors the physics

expected for the Fermi-Hubbard model of two particles,
the experimentalists can now try to scale up their system
to more particles and possibly observe a variety of in-
triguing physical effects. They could simulate the ground
state of a larger Fermi-Hubbard model by first preparing
a one-dimensional chain of individual atom pairs in dou-
ble wells and slowly merging them to create an ultralow
entropy chain of interacting fermions. Alternatively, they
could prepare a square array of four fermions to probe
d-wave superfluidity [10], which is believed to be a key
ingredient in high-temperature superconductors. Ulti-
mately, a variety of interesting physics inside and outside
of the Fermi-Hubbard model can be experimentally inves-
tigated, depending on how the experimentalists choose to
put together their fermions.

This research is published inPhysical Review Letters.
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