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A new experiment reveals the different dynamics of particles and holes in ultracold fermionic gases
in an optical lattice, opening the way to investigate condensed matter transport phenomena such as
photoconductivity via quantum optical systems.
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When a crystal absorbs photons of suitable energy,
electron-hole excitations are created in pairs leading to
an increase in conductivity that is proportional to the
photon flux. Such a phenomenon in which light gener-
ates electrical current, turning a nonconductor into a con-
ducting material, is known as photoconductivity. While
photoconductivity occurs, in principle, in any material,
a substantial photocurrent is particularly easy to gener-
ate in semiconductors because of their small band gaps.
Photoconductivity is of crucial interest for investigating
electron-hole dynamics, transport properties of complex
compounds, possibly displaying novel physics, as well as
for its technological applications like semiconductor pho-
todiodes and photoresistors. However, solid-state sys-
tems can be complicated because of the density of con-
stituent atoms, so there is a desire to study physical ef-
fects from condensed matter physics in well-controlled
analogous systems, such as cold atomic gases, as well as
to understand how particle-hole dynamics operate in the
latter case.

Writing in Physical Review Letters, Jannes Heinze of
the University of Hamburg, Germany, and collaborators
present results from combined experimental and theo-
retical work on the excitation dynamics of an ultracold
fermionic gas trapped in a periodic optical potential or
“optical lattice” [1]. The experiment is specifically de-
signed to mimic the phenomenon of photoconductivity
in an atomic gas. In this experiment, particles are trans-
ferred by modulations of the lattice amplitude from the
lowest band of the lattice to the second excited one, leav-
ing holes behind. An external harmonic potential induces
oscillations of both particles and holes, corresponding
to transport in the condensed matter system, and the
ensuing dynamics is monitored via momentum-resolved
absorption imaging techniques. The parallel with semi-
conductors is transparent and very appealing: photons

FIG. 1: Excitation process leading to photoconductivity in
a condensed matter system (upper panel) and its cold-atom
counterpart (lower panel). In the condensed matter system,
incoming laser light (hv) excites an electron to the valence
band, leaving a positively charged hole behind. In the cold-
atom analogy, the optical lattice is tuned to allow an atom
to move into the excited band, also leaving a hole behind.
(APS/Alan Stonebraker)

in semiconductors are equivalent to lattice modulations,
electrons are played by fermionic atoms, while holes re-
main. . . holes. Figure 1 illustrates the excitation pro-
cess as occurring in the condensed matter system (upper
panel) and in its cold-atom counterpart (lower panel). In
the spirit of quantum simulations, one goal is to exploit
these analogies to investigate the physics of semiconduc-
tors using quantum optical systems.
The research team uses, for the most part, an ultracold
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gas of spin-polarized noninteracting potassium-40 (40K)
fermionic atoms. In a few cases, a mixture of two differ-
ent spin states is utilized instead, adding the possibility
to include and tune interactions using a Fano-Feshbach
resonance (i.e., a resonance with a molecular state that
allows for the control of the sign and strength of inter-
species two-body interactions). Modulation of the ampli-
tude of the optical lattice promotes, without transferring
quasimomentum (i.e., an intrinsic quantum number aris-
ing from the translational symmetry of the lattice), a few
particles from the lowest to the upper band. However,
in contrast to semiconductors, the two bands are curved
here because of the presence of a confining harmonic po-
tential—the optical dipole trap. The resonance frequency
for excitations thus becomes quasimomentum-dependent
because of the different curvatures of the bands, which
allows for full control of the initial quasimomentum of the
excited particles. Their dynamics can be then monitored
using adiabatic band mapping and absorption imaging af-
ter a characteristic time-of-flight of 15 milliseconds (ms).
Rather than just doing transport measurements, this
method allows the team to follow the periodic dynam-
ics of the atoms and resolve their momentum completely.
A surprising new feature of this experiment is that here,
essentially the same is done for holes: differential ab-
sorption imaging techniques are crucial, in this case, to
follow the time evolution of the hole depth (i.e., the hole
momentum with respect to the Fermi one).

The dynamics of the fermions in the excited band dis-
plays extended oscillations in momentum space. The os-
cillation frequencies increase with that of the harmonic
confinement, decreasing instead with the quasimomen-
tum of the excitation as well as with the lattice depth.
These oscillations are quite long-lived, with typical life-
times of the order of 100 ms. Conversely, the hole depth
appears almost completely reduced after a much shorter
time (i.e., approximately 2 ms). However, and this is
one of the central results, the hole depth displays a series
of periodic revivals whose lifetime is longer as the depth
of the optical lattice decreases. The direct momentum-
resolved measurements of the hole dynamics, and espe-
cially of revivals of the hole depth, are an exciting new
result whose observation is made possible by the excep-
tionally well-controlled experimental setup used by the
Hamburg team.

For spin-polarized particles, the dynamics has a Hamil-
tonian description that is essentially determined by the
combined effects of the confining periodic and harmonic
trapping potentials. The former determines the band
structure, with characteristic width 4J for the lowest
band (with J being the single-particle tunneling ma-
trix element), while the latter fixes its curvature (ν in
text), that is, the energy cost paid when a particle moves
from the center of the trap to its nearest neighboring lat-
tice site. For the large ratios (4J/ν) � 1, realized in
the Hamburg experiment, two classes of eigenmodes are
present and can be classified according to their energy
(ε). Low-energy modes (with ε < 4J) are well described

by harmonic oscillator eigenstates and, as a consequence,
are delocalized around the center of the trap. When
populated by fermions, these modes allow for transport
and undamped oscillations, as observed in the experi-
ment. Deviations from the harmonic-oscillator spectrum
occur for ε ∼ 4J and are due to corrections arising from
the lattice potential. These corrections are responsible
for dephasing of dipole oscillations in the trap, as previ-
ously observed with bosons only [2]. High-energy modes
(ε > 4J), carefully avoided in the experiment, are instead
close to position eigenstates, i.e., localized on either side
of the harmonic potential.
Such a peculiar single-particle spectrum, which has an

analytic solution in the tight-binding limit [3, 4], can be
used to gain a qualitative understanding of the dynamics
of both particles and holes. In particular, the surprising
revival of the hole depth may be explained with cycles
of dephasing and rephasing of the fermionic cloud in the
lowest band. The dephasing is much less pronounced for
particles in the upper band because of their smaller num-
ber as well as the larger bandwidth. For a quantitative
comparison to experimental results, the Hamburg team
has chosen a particularly elegant theoretical approach,
based on a semiclassical treatment [5–7]: when interband
transitions can be neglected, the dynamics in each band is
shown to map into that of a nonlinear pendulum, whose
equation has swapped position and momentum. This
treatment fully explains the observed dynamics of both
particles and holes, here regarded as particles with nega-
tive mass, as standard in condensed matter. Specifically,
the fast decay and revival dynamics is due to a larger
spread of momentum in phase space for the holes, as a
result of the smaller width of the lowest band.
So, having understood this beautiful physics, what now

lies ahead? In their work, the authors give us a hint by
presenting results for the lifetime of particles in the sec-
ond band as a function of the scattering length in a mix-
ture of atoms in two different spin states. The lifetime
is shown to be strongly dependent on the interspecies
interactions and is qualitatively explained in terms of
interaction-induced particle-hole recombination. In con-
trast to traditional condensed matter systems, this in-
teraction is here fully tunable. Combined with the long
lifetime of the system demonstrated in this experiment,
this capability of tuning interactions may open the way
to the investigation of novel fundamental phenomena, al-
lowing for a precise determination of the role of interac-
tions in hole dynamics and lifetime, both in atomic and
condensed-matter-type systems, relevant, e.g., to photo-
conductivity. Since their theoretical treatment would be
hardly achievable using current techniques, this class of
experiments would constitute a novel example of a “use-
ful quantum simulation” [8]. Applications of quantum
simulators are now thrilling the whole physics commu-
nity, and thus, as in the best stories, it seems that the
very best is yet to come.
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