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We use Raman-assisted tunneling in an optical superlattice to generate large tunable effective magnetic

fields for ultracold atoms. When hopping in the lattice, the accumulated phase shift by an atom is

equivalent to the Aharonov-Bohm phase of a charged particle exposed to a staggered magnetic field of

large magnitude, on the order of 1 flux quantum per plaquette. We study the ground state of this system

and observe that the frustration induced by the magnetic field can lead to a degenerate ground state for

noninteracting particles. We provide a measurement of the local phase acquired from Raman-induced

tunneling, demonstrating time-reversal symmetry breaking of the underlying Hamiltonian. Furthermore,

the quantum cyclotron orbit of single atoms in the lattice exposed to the magnetic field is directly revealed.
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The application of strong magnetic fields to two-
dimensional electron gases has led to the discovery of
seminal quantum many-body phenomena, such as the in-
teger and fractional quantum Hall effect [1]. Ultracold
atoms constitute a unique experimental system for study-
ing such systems in a clean and well-controlled environ-
ment and for exploring new physical regimes, not
attainable in typical condensed matter systems [2,3].
However, charge neutrality of atoms prevents direct appli-
cation of the Lorentz force with a magnetic field. An
equivalent effect can be provided by the Coriolis force in
a rotating atomic gas, which led to the observation of
quantized vortices in a Bose-Einstein condensate [4]. The
regime of fast rotation, in which the atomic gas occupies
the lowest Landau level, was achieved in Refs. [5] but the
amplitude of the effective gauge field remained too small
to enter the strongly correlated regime that requires a
number of vortices on the order of the particle number
[2,6]. An alternative route consists in applying Raman
lasers to the gas in order to realize a Berry’s phase for a
moving particle [7,8]. The effective gauge fields generated
in such a setup resulted in the observation of a few vortices,
but were still far from the strong-field regime.

In this Letter, we demonstrate the creation of strong
effective magnetic fields for ultracold atoms in a two-
dimensional optical lattice. Inspired by the proposal of
Jaksch and Zoller [9] and subsequent work [10–12], our
technique is based on atom tunneling assisted by Raman
transitions [see Fig. 1(a)]. Because of the spatial variation
of the Raman coupling, the wave function of an atom
tunneling from one lattice site to another acquires a non-
trivial phase, which can be interpreted as an effective
Aharonov-Bohm phase. In our setup, the magnetic flux
per four-site plaquette is staggered with a zero mean,
alternating between !=2 and !!=2 [see Fig. 1(b)] [13].
We study the nature of the ground state in this optical

lattice from its momentum distribution and show, in par-
ticular, that the frustration associated with the effective
magnetic field can lead to a degenerate ground state for
single particles, similar to the prediction of Ref. [14]. We
also study the quantum cyclotron dynamics of single atoms
restricted to a four-site plaquette and obtain direct evidence
for time-reversal symmetry breaking of the Hamiltonian.
Our experimental setup consists of an ultracold gas of

87Rb atoms held in a two-dimensional square lattice, form-
ing an array of 1D Bose gases. The lattice was created by
two standing waves of laser light at "s ¼ 767 nm (‘‘short’’
lattices) and a third one with twice the wavelength

FIG. 1 (color). Experimental setup. (a) The experiment con-
sists of a 2D array of 1D potential tubes with spacing jdxj ¼
jdyj ¼ "s=2. While bare tunneling occurs along the y direction
with amplitude J, it is inhibited along x owing to a staggered
potential offset !. A pair of Raman lasers with wave vectors k1;2

and frequency difference !1 !!2 ¼ !=@, induces a resonant
tunnel coupling of magnitude K whose phase depends on posi-
tion. This realizes an effective flux ## per plaquette with
alternating sign along x. (b) Spatial distribution of the phase of
the Raman-induced tunnel coupling realized in the experiment.
The gray shaded area highlights the magnetic unit cell.
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