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Journey from Classical to Quantum in
Two Dimensions
Two separate groups have extracted the thermodynamic equation of state for a
two-dimensional gas of fermionic atoms, revealing its peculiar quantum features.

by Meera Parish∗

O ne of the major challenges in physics today is to
describe the behavior of many interacting quan-
tum particles. What makes this problem espe-
cially hard is when the motion of the interact-

ing quantum particles is severely restricted by the intrin-
sic structure of the material. This is true in 2D materials
like graphene and in layered structures that exist in excep-
tionally high-temperature superconductors. Such 2D sys-
tems feature strongly enhanced interactions compared to
3D and are notoriously difficult to treat theoretically. Now,
two experimental groups have extracted fundamental statis-
tical information about the properties of interacting atoms
confined to move in a plane. Chris Vale and colleagues
from Swinburne University, Australia [1], as well as Tilman
Enss and collaborators from Heidelberg University, Ger-
many [2], have measured the equation of state for fermionic
atoms in two dimensions (2D), thus determining the rela-
tionship between temperature, particle density, and inter-
action strength. This equation of state reveals the peculiar
nature of 2D, where quantum mechanics can fundamentally
change the character of interactions, and it provides an im-
portant benchmark for theories of two-dimensional interact-
ing systems.

Since the 19th century, physicists have exploited the pow-
erful fact that a single equation can describe the thermody-
namics of many substances, even when the constituent par-
ticles are very different. A classic example is the ideal gas
law, an equation of state that neglects the interparticle inter-
actions and applies to all gases of atoms or molecules at high
enough temperatures (corresponding to room temperature
in many cases). However, it quickly becomes challenging
to construct theories of many-particle systems at lower tem-
peratures, where the quantum nature of the particles and the
interactions between them play a significant role.

The situation is even more complex if the particle motion
is constrained to lower dimensions such as 2D, giving rise to
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Figure 1: Fermionic atoms are confined with laser beams to
create a two-dimensional gas. The behavior is shown to be
classical at the low-density edge of the 2D cloud and quantum in
the high-density center. An external magnetic field controls the
interactions between the atoms (shown as yellow wiggly lines).
The existence of a bound dimer state and its associated length
scale means that the regime of strongest interactions occurs at
intermediate densities—between the classical and quantum
regions. Experiments have exposed this feature by comparing the
measured densities with those expected for a noninteracting gas.
(APS/Alan Stonebraker)

strikingly different behavior as the gas evolves from classi-
cal to quantum. For instance, when the interactions between
particles are short ranged, a 2D system of classical particles
behaves as if there is no length scale associated with the in-
teractions, unlike in 3D. However, for quantum particles, the
uncertainty principle always guarantees a finite length scale:
for the case of attractive interactions, it is set by the two-body
(dimer) bound state [3]. This length scale becomes appar-
ent in the equation of state as the temperature is lowered
(or, equivalently, the density is increased) such that the de
Broglie wavelength of the particles approaches the interpar-
ticle separation and the gas enters the quantum regime.

Experiments on optically and magnetically trapped ultra-
cold atoms provide a unique test bed in which to inves-
tigate the behavior of such 2D quantum gases since they
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can be tuned across a range of interactions and tempera-
ture regimes [4]. If the quantum particles are fermions, the
physics is particularly rich, since the Pauli exclusion princi-
ple provides an additional form of interaction between par-
ticles. In this case, the interplay between Fermi statistics and
attractive interactions gives rise to a crossover from a weakly
attractive Fermi gas to a Bose gas of tightly bound dimers as
the attraction is increased [3, 5]. Below a critical temperature,
the system eventually undergoes a transition to a superfluid
phase [6]. Within this low-temperature regime, the equa-
tion of state has already been probed experimentally [7] and
was found to be consistent with the behavior expected from
theories at zero temperature [5]. However, it has remained
an open question how the 2D equation of state evolves with
temperature.

To address this point, the groups in Swinburne and Hei-
delberg have had to combine two innovative approaches.
First, they have employed a highly anisotropic trapping po-
tential that effectively freezes out motion in one direction
and only allows atoms to move freely within a single plane
(see Fig. 1). The weak in-plane trapping potential creates a
region of high atom density at the trap center, where quan-
tum effects are significant, while leaving the trap edges at
low density, where the system behaves like a classical high-
temperature gas. By measuring the atom number as a func-
tion of position in the plane, they were thus able to probe a
wide range of parameter phase space in a single cloud. Sec-
ond, they constrained errors in the temperature and other
experimental observables by using known thermodynamic
relations between these quantities, similar to what was done
in earlier 3D experiments [8]. In particular, they could ex-
tract the temperature of their 2D gas by fitting the classical
outer edge of the atom cloud to an exact high-temperature
equation of state that builds on the ideal gas law.

Following such a protocol, the two teams have produced
complementary studies of how the particle density depends
on temperature and chemical potential: the Swinburne
group has focused on the weakly attractive regime while the
Heidelberg team’s experiment spans the crossover to a Bose
gas of dimers. In both cases, this 2D equation of state clearly
displays the impact of the dimer bound state. By comparing
the density with that expected for an ideal (noninteracting)
Fermi gas, it becomes apparent that the attractive interac-
tions produce the largest density enhancement in the region
between the quantum center and the classical edge. This im-
plies that the particle interactions are strongest here in this
intermediate location, where the characteristic distance be-
tween particles approaches the scale set by the de Broglie
wavelength. For higher densities, the effect of interactions
diminishes as the interparticle distance becomes small with
respect to the dimer state. This behavior is strikingly absent
in previous studies of 2D Bose gases [9] and in recent 3D
Fermi gas experiments [8], where the strongest interactions
occur in the quantum regime.

These experiments are just the beginning. Knowledge of
the equation of state for a 2D Fermi gas can be used to de-
velop theories of strongly interacting fermions, and it can
provide a basis for describing phenomena beyond the equi-
librium case, such as spin dynamics [10]. However, there
is also a hidden richness here, namely, the fact that the 2D
gas is embedded in three dimensions. The layer thickness
then corresponds to another tuning knob for the interactions,
which could, for example, be used to test whether super-
fluidity exists at a higher temperature when the gas lies be-
tween 2D and 3D [11].

This research is published in Physical Review Letters.
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