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To study laser-assisted tunneling in the presence of the
magnetic field gradient B⇤ we loaded a Bose-Einstein con-
densate of about 5⇥ 104 atoms in an initial state, where
all atoms populated even sites with at most one atom
per site, while odd sites were left empty [Fig. 2(a)]. A
detailed description of the initial state preparation can
be found in the Supplementary Information [23]. The
final lattice depths were chosen to be Vx = 5.0(1)Erx

and Vy = 40(1)Ery, which leads to a negligible tun-
neling along y and a bare tunnel coupling along x of
Jx/h = 0.26(1) kHz. Due to the magnetic field gradi-
ent, tunneling is inhibited along that direction and all
atoms stay in even sites of the lattice. The running-
wave beams were then switched on for 4 ms with strength
V 0

K = 9.9(2)ErK , where ErK = h2/(2m�2

K). Afterwards
we measured the fraction of atoms that was transferred
to odd lattice sites n

odd

= N
odd

/(N
odd

+ N
even

) as a
function of the frequency di⇤erence ⌃ for a fixed value
of the magnetic field gradient. Atom numbers in odd
(even) sites of the lattice are denoted as N

odd

(N
even

).
Even-odd resolved detection is achieved by transferring
atoms in odd lattice sites to a higher Bloch band and
applying a subsequent band-mapping sequence [23, 24].
As can be seen in the inset of Fig. 2(b) atoms are trans-
ferred resonantly to odd lattice sites, when the frequency
of the running-wave beams matches the energy o⇤set �
between neighboring sites. We measured the resonance
frequency ⌃res for various values of the magnetic field
gradient and observed a large tunability of the o⇤set up
to about �/h ⌅ 10 kHz [Fig. 2(b)].

In order to reveal the spatial distribution of the local
fluxes induced by the running-wave beams, we performed
a series of measurements in isolated four-site square pla-
quettes using optical superlattices. This was achieved
by superimposing two additional standing waves along x
and y with wavelength �li = 2�i, i  {x, y}. The result-
ing potential along x is V (x) = Vlx sin

2(kxx/2+⌥x/2)+
Vx sin

2(kxx), where Vlx is the depth of the “long” lat-
tice. The superlattice potential along y is given by an
analogous expression. The depths of the lattices and the
relative phases ⌥i, i  {x, y}, can be controlled inde-
pendently. For ⌥i = 0 we realize symmetric double well
potentials along x and y to isolate individual plaquettes
as shown in the schematic drawings of Fig. 3(a). Due to
the presence of the magnetic field gradient, the plaque-
ttes are tilted along x, with an energy o⇤set � for |⌃↵
atoms and �� for |⌥↵ atoms. The four sites of the pla-
quette are denoted as A,B,C,D [Fig. 3]. The experiment
started by loading single atoms in a pure spin state into
the ground state of the tilted plaquettes, which is given
by ⇥0

� = (|A↵+|D↵)/
�
2 and ⇥0

⇥ = (|B↵+|C↵)/
�
2, for |⌃↵

and |⌥↵, respectively [Fig. 3(a)]. After switching on the
running-wave beams the atoms couple to the B and C
sites (|⌃↵ atoms) and A and D sites (|⌥↵ atoms) respec-
tively. Without the artificial magnetic field we would
expect the atoms to oscillate periodically between left
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FIG. 3. Small-scale quantum cyclotron orbits obtained from
the mean atom positions along x and y, ⌥X� /d

x

and ⌥Y � /d
y

for J/K ⇤ 2. A table with the independently calibrated pa-
rameters J,K and � for each measurement can be found in
the Supplementary Information [23]. Every data point is an
average over three individual measurements. The solid gray
lines show the fit of the theoretically expected evolution to
the data, which was obtained from a numerical calculation
solving the time-dependent Schrödinger equation of the 4x4
Hamiltonian. The oscillation amplitudes and o⇥sets were fit-
ted independently along x and y, while the value of the time
o⇥set ⇤ = 0.12(5)ms and the flux ⌅ = 0.73(5)⇥⇥/2 were fixed
(see main text and Supplementary Information [23]). The
schematics below the graphs illustrate the superlattice poten-
tials used to partition the lattice into plaquettes together with
the initial state for |⌅� atoms (green) and |⇧� atoms (blue) and
the direction of the flux. The superlattice potential along x
is shifted by one lattice constant for the experimental results
shown in (b) with respect to the ones shown in (a) to demon-
strate the uniform direction of the artificial magnetic field.

(A and D) and right (B and C), but due to the phase
imprinted by the running-wave beams the atoms expe-
rience a force perpendicular to the direction of the par-
ticle flow which is reminiscent of the Lorentz force act-
ing on a charged particle in a magnetic field. We mea-
sured the time evolution of the atom population on dif-
ferent bonds (N

left

= NA + ND, N
right

= NB + NC ,
N

up

= NC + ND, and N
down

= NA + NB) by applying


