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Short-Range Quantum Magnetism
of Ultracold Fermions in an
Optical Lattice
Daniel Greif,1 Thomas Uehlinger,1 Gregor Jotzu,1 Leticia Tarruell,1,2* Tilman Esslinger1†

Quantum magnetism originates from the exchange coupling between quantum mechanical spins.
Here, we report on the observation of nearest-neighbor magnetic correlations emerging in the
many-body state of a thermalized Fermi gas in an optical lattice. The key to obtaining short-range
magnetic order is a local redistribution of entropy, which allows temperatures below the exchange
energy for a subset of lattice bonds. When loading a repulsively interacting gas into either
dimerized or anisotropic simple cubic configurations of a tunable-geometry lattice, we observe
an excess of singlets as compared with triplets consisting of two opposite spins. For the anisotropic
lattice, the transverse spin correlator reveals antiferromagnetic correlations along one spatial
axis. Our work facilitates addressing open problems in quantum magnetism through the use of
quantum simulation.

Quantum magnetism describes quantum
many-body states of spins coupled by
exchange interactions and lies at the heart

of many fundamental phenomena in condensed
matter physics (1, 2). Spin systems often tend to
show long-range order at low temperatures; how-
ever, the interplay of exchange interactions with
geometry and quantum fluctuations can lead to
quantum states characterized by their short-range
magnetic order. Examples include valence-bond
crystals, spin-liquids, and possibly high-temperature
superconductors (1–5). Interestingly, the underlying
many-body physics gives rise to computation-
ally and theoretically intractable regimes, even
in the phase diagrams of simple models such as
the Fermi-Hubbard model. Moreover, the direct
measurement of local spin correlations in solids
remains a major challenge.

The controlled setting of ultracold fermionic
atoms in optical lattices is regarded as a promis-
ing route to gain new insights into phases driven
by quantum magnetism (6–8). This approach of-
fers experimental access to a clean and highly

flexible Fermi-Hubbard model with a distinct
set of observables (9). For repulsively interacting
fermions, density ordering in the metal–Mott
insulator transition has been explored exper-
imentally (10, 11). Yet, progress toward enter-
ing the regime of quantum magnetism has been
hindered by the ultralow temperatures and en-
tropies required to observe exchange-driven spin
ordering in optical lattices. For bosonic systems,
promising progress has been reported: By map-
ping the spin onto the site occupation or the local
phase of a Bose-Einstein condensate, the phys-
ics of one-dimensional (1D) decoupled Ising
spin chains (12) and classical magnetism on a

triangular lattice could be simulated (13). Fur-
thermore, arrays of isolated double wells and
plaquettes were used to study the exchange dy-
namics of artificially prepared few-boson sys-
tems (14, 15).

To enable the study of quantum magnetic
phenomena in thermalized many-body Hubbard
systems, cooling schemes based on the redis-
tribution of entropy between different regions
of the trap have been suggested (16, 17). In this
work, we propose and implement a local entropy-
redistribution scheme within the lattice structure
to reach the regime of quantum magnetism. The
atoms are either prepared in a dimerized or an
anisotropic simple cubic lattice (Fig. 1). In both
geometries, a subset of links of the underlying
simple cubic lattice is set to a larger exchange
energy as compared with the other links. As a
result, the entropy is predominantly stored in
configurations involving the weak links. For fixed
total entropy in the trapped system, this allows us
to reach temperatures between the two exchange-
energy scales.

The experiment is performed with a har-
monically confined, balanced two-component
mixture of a quantum degenerate Fermi gas of
40K. The atoms are prepared in two magnetic
sublevels, mF = −9/2 and −7/2, of the F = 9/2
hyperfine manifold, denoted by ↑ and ↓, at tem-
peratures below 10% of the Fermi temperature.
We load 50,000 to 100,000 repulsively inter-
acting atoms at an s-wave scattering length of
106(1)a0 into the 3D optical lattice, where a0
denotes the Bohr radius. The lattice is created
by a combination of interfering laser beams
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Switzerland. 2LP2N UMR 5298, UniversitéBordeaux 1, Institut
d’Optique and CNRS, 351 Cours de la Libération, 33405 Talence,
France.
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Fig. 1. Magnetic spin corre-
lations. Schematic view of the
nearest-neighbor spin correlations
observed in the experiment. A
two-component mixture of fer-
mionic atoms (red and blue) is
prepared close to half-filling in
a cubic lattice with two different
tunnel-coupling configurations.
(A) Dimerized lattice with the
strong dimer links td and weaker
links t. Low temperatures lead to
an excess number of singlets over triplets. (B) Anisotropic lattice with strong and weak tunneling ts and
t along different spatial axes. Antiferromagnetic spin correlations in the transverse direction are formed
along the strong-link direction. In both panels, exemplary thermal excitations in the form of spin ex-
citations, or holes, are shown.
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Simulating quantum magnetism

many problems in quantum simulators are 
characterised by long-range correlations, e.g. high-Tc 

superconductors & quantum Hall effects

open (& very difficult) experimental challenge, 
requiring very low temperatures, long time scales…

classic example: quantum anti-ferromagnets, 
characterised by behaviours such as Néel ordering, 

valence bond solids, spin liquid phases, etc



A different approach…

collective spin measurements directly 
generate long-range entanglement



direct generation of  
long-range entanglement

via quantum non-demolition 
(QND) measurement &  

spin squeezing

create a macroscopic 
singlet state (MSS)
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Quantum atom-light interface
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Collective atomic spin
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Collective atomic spin
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Spin squeezing & entanglement

collective spin

spin-1 atoms
f’

f=1

�

F =
NAX

i=1

f (i)

entanglement witness

standard quantum limit
X

i

(�Fi)
2 = fNA

⇠2 = (�Fi)
2/(fNA)



Spin singlet

Light-Matter Interaction at the Single-Photon Level

Possible Applications
Quantum communication (e.g. quantum repeaters)
Quantum memory for light (e.g. in EIT media)
Quantum metrology (e.g. with NOON states)
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Macroscopic spin singlet

Light-Matter Interaction at the Single-Photon Level

Possible Applications
Quantum communication (e.g. quantum repeaters)
Quantum memory for light (e.g. in EIT media)
Quantum metrology (e.g. with NOON states)

F. Wolfgramm (ICFO) QOIT - Meeting 2010 2 / 14

Light-Matter Interaction at the Single-Photon Level

Possible Applications
Quantum communication (e.g. quantum repeaters)
Quantum memory for light (e.g. in EIT media)
Quantum metrology (e.g. with NOON states)

F. Wolfgramm (ICFO) QOIT - Meeting 2010 2 / 14

singlet state

| i = 1p
2
(|"i � |#i)

zero spin

no fluctuations

macroscopic singlet state

F = 0

�F = 0

f = 0

�f = 0



Macroscopic spin singlet

spin squeezing parameter
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Macroscopic spin singlet

macroscopic singlet state
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Quantum atom-light interface
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spin squeezing

magnetic field
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Stroboscopic probing

spin squeezing
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Unpolarised atoms
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Long-range entanglement

⌧H = G1SzFz

collective 
measurement

symmetric  
input state
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Decoherence

magnetic field 
gradient singlet ⇒ triplet 

spin flips

dephasing  
at a rate

1/T2 = ��(@B/@z)

exp(�t2/T 2
2 )

Urizar-Lanz, PRA 88, 
013626 (2013)
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