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The experimental observation of spin-orbital exchange interactions in ultracold atoms opens a window
for the exploration of poorly understood magnetic behaviors.
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The interplay between electronic charge, spin, and or-
bital degrees of freedom in solids is at the heart of the
complex and exotic magnetic behavior. The electrons,
whose spins play a central role in these magnetic effects,
primarily interact through the Coulomb force, which is
spin-independent. However, the Pauli exclusion principle
imposes constraints that give rise to so-called exchange
interactions, which couple the spin and orbital degrees of
freedom of the electrons. The exchange coupling is not
a normal force but is instead the outcome of a symme-
try that a quantum system must obey when two of its
electrons swap their spins and (orbital) positions. Ex-
change interactions are in fact the essential ingredient
behind “orbital magnetism,” a phase in which electrons
confined in localized orbitals interact with one another
and with other valence electrons populating different or-
bitals. Orbital magnetism includes ferromagnetism, as
well as more exotic effects like colossal magnetoresistance
(an enormous decrease of resistance in certain manganese
oxides exposed to an external magnetic field [1]) and
heavy fermion behavior (a thousandfold increase in the
effective mass of electrons in rare-earth or actinide com-
pounds [2]). But this type of magnetism isn’t well under-
stood: Simplified models can’t accurately describe these
nontrivial magnetic behaviors and, in spite of intensive
efforts, many open questions remain in our understand-
ing of orbital magnetism and its consequences.

To shed light on the physics of orbital magnetism,
researchers are looking to use fully controllable ultra-
cold atoms as quantum simulators of spin-orbital models.
These atomic systems offer unique capabilities, in that
spin-orbit exchange can potentially be studied directly.
Giacomo Cappellini from the European Laboratory for
Non-Linear Spectroscopy in Florence, Italy, and his col-
leagues have taken an important step towards reaching
this goal. The authors report the first direct observa-

tion of coherent spin-orbital exchange interactions using
ultracold fermionic ytterbium atoms trapped in a three-
dimensional optical lattice [3]. They also confirm that
this system obeys a generic spin symmetry called SU(N).
A fundamental ingredient required for simulating or-

bital magnetism is having atomic systems with long-lived
orbital states that can be controlled without affecting
the spin. Fermionic alkaline-earth atoms with two va-
lence electrons and nonzero nuclear spin, such as stron-
tium (Sr) or others with similar atomic structure, like
ytterbium (Yb), are thought to satisfy this requirement
[4]. The appeal of these atoms arises from their intrinsic
atomic structure that possesses stable “clock” states con-
sisting of a ground state, g, and an extremely long-lived
excited state e. The excited state’s extremely long life-
time makes this type of atom ideal for timekeeping—the
best atom clocks in the world now operate with 87Sr
and 171Yb[5]. In relation to orbital magnetism, the clock
states act as stable orbital degrees of freedom, decoupled
from the nuclear-spin degrees of freedom. This is because
the two outer electrons in the clock states do not have
any net electronic angular momentum, J = 0, and thus
the hyperfine interactions, which generally couple elec-
tronic and nuclear spin, I, degrees of freedom in atoms,
vanish. The clock states and the nuclear spins, respec-
tively, can thus be used to mimic the role of orbital and
spin degrees of freedom in solid-state systems.
Besides the opportunity to simulate orbital magnetism,

the electronic-nuclear-spin decoupling in alkaline-earth
atoms gives rise to a novel and unique SU(N) symme-
try in their collision properties, where N , the number of
populated nuclear spin states, can be as large as 2I + 1.
This symmetry means that collisions between two atoms
should not depend on their nuclear spin. It is similar to
how the Coulomb interaction is independent of electron
spin, and indeed, one can describe electrons in solids as
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having SU(2) symmetry. And just as the Pauli exclusion
principle imposes constraints on the spins of electrons
in the same orbital, the quantum statistics imposes re-
strictions that, for example, forbid low-energy collisions
between fermions in the same nuclear-spin state. The
exchange interactions within a system obeying SU(N)
symmetry can lead to frustration, a high degree of de-
generacy and new types of topological phases of matter
long-sought but so far not found in real materials [6].

To measure the spin-orbital exchange interactions,
Cappellini and collaborators loaded an array of ultra-
cold fermionic 173Yb atoms, with nuclear spin I = 5/2,
in a deep three-dimensional optical lattice. The lattice
confinement was strong enough to freeze the motional
degrees of freedom. Using lasers and a strong mag-
netic field, the researchers manipulated sites populated
with two atoms. In particular, they prepared an ini-
tial two-atom state corresponding to a coherent super-
position of the two orbitals e, g and two accessible spin
(N = 2) states. For the latter the nuclear-spin projec-
tions Iz = 5/2 and Iz = −5/2 were used (see Fig.1).
After letting the atoms evolve for a certain amount of
time, the team measured the spin of the ground state
g and found that it oscillated between Iz = 5/2 and
Iz = −5/2. The observed oscillations disappeared when
atoms were prepared in the same orbital or when the
swap processes were made off-resonance (i.e., in the pres-
ence of a large magnetic field) and thus could be unequiv-
ocally identified as a direct manifestation of orbital-spin
exchange. From the oscillation rate, the team determined
the strength of the exchange interactions. Those obser-
vations, together with additional spectroscopic measure-
ments, allowed the researchers to determine the scatter-
ing parameters that govern the low-energy collisions be-
tween e and g atoms.
In a very recent work [7], researchers at the Max Planck

Institute in Munich also performed similar spectroscopic
measurements to determine the spin-orbital exchange in-
teractions, however, the Florence team is the first to ob-
serve coherent oscillations that survive for long times,
thus demonstrating that exchange interactions in Yb
atoms can indeed dominate over other types of decoher-
ent mechanisms. Cappellini et al. also confirmed the
conservation of the nuclear-spin population during the
dynamics, a smoking-gun signature of the SU(N = 6)
symmetry exhibited by 173Yb. Evidence for SU(N) sym-
metry in alkaline-earth(like) atoms was also reported
in prior experiments looking at suppressed nuclear-spin-
relaxation rates and spectroscopic parameters in stron-
tium atoms [8], reduced temperatures in a 173Yb Mott
insulator [9], and the N dependence of strongly interact-
ing one-dimensional 173Yb atoms [10].

Although Cappellini et al. performed measurements
in the limit of a deep optical lattice with pinned atoms,
mainly to study two-atom collisions, their results are a
clear demonstration of the dominant role of exchange in-
teractions. They also pave the ground for the use of Yb
in the simulation of magnetic models describing strongly

FIG. 1: Researchers place fermionic 173Yb atoms (with nu-
clear spin I = 5/2) into a 3D optical lattice, depicted on the
right. Some of the lattice sites contain two atoms, each occu-
pying one of the two lowest electronic states (labeled g and
e and colored orange and blue). In addition to these orbital
degrees of freedom, the atoms were allowed to populate two
nuclear spin degrees of freedom, Iz = 5/2 and Iz = −5/2,
represented by | ↑〉 and | ↓〉), respectively. The researchers ob-
served for the first time coherent oscillations between two spin
states: |e ↑, g ↓〉 ⇔ |e ↓, g ↑〉. From the oscillation frequency,
they determine the spin-exchange interaction strength. This
work prepares for the future use of Yb atoms as quantum
simulators for spin-orbital models, which are believed to de-
scribe transition metal oxides, heavy fermion materials, and
spin liquid phases. (APS/Ana Maria Rey)

interacting materials. For example, just by allowing tun-
neling between lattice sites, ultracold atoms could offer
a first-principle demonstration of spin-orbital itinerant
magnetism (seen in transition metals), and such simu-
lations could access the corresponding time-resolved dy-
namics. Furthermore, opening the system to more than
two nuclear spins could create atomic generalizations of
orbital magnetic models with no direct counterpart in
nature, including the fascinating, challenging, and unex-
plored frontier of SU(N) physics.

This research is published inPhysical Review Letters.
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